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Feynman & Hibbs - Quantum Mechanics and Integrals (1965)



Feynman and Hibbs.

Preface: this alternative to the conventional method of teaching nonrelativistic

quantum mechanics was used by Feynman for while at CalTech. Then he evolved into

different methods, but student Hibbs has recorded and expounded on the methods in
thie book. It does not work for (ED exactly, but there are some special cases that
are clarified by the path integral appreoach. Also, they claim there is something
intuitive to be gained by the moethod.

Chapter 1. It starts off with Feynman's usual two slit interference experiment.

The act of determining which hole the electron goes through destroys the inter-
ference. The uncertainly principle.is-stated in just this way: any determination

of the laternative taken by a process capable of following more than one alternative
destroys the interference between alternatives. For the screen experiemtn, this can
be reduced to the more usual form dpdx = h. .

The 90° collision of two particles is given as a second example. If the resulting
particles are distinguishable, the two final amplitudes 1,2 and 2,1 do not interfere
because the fact that you could say which happens removes the interference. If the
resulting particles are the same completely, then amplituﬂes interfere according
as whbther they are ferminns or bosons.

A third example is the background in crystal scattering of neutrons. If a
scattered neutron has no spin flip, then you cannot tell where is hit in the crystal
so full interference is present and you get the Bragg points. But, if a neutron
spin is flipped, you could in pringiple tell which nueleus it hit. The wave then
is known to eminate outward from that particular nucleus and forms a background.

The point is that you don't have to actually do any measurement. Its just that you
could in principle do it.

The picture of multiple screens with lots of holes is used to suggest the path
integral approach. Every trajectory through empty space is in some sense an alternative
and I guess all these alternatives must be added (integrated). Hence you are integra-
ting all the paths.

Finally, there are some comments about how this book is of itself a very
incomplete description of quantum mechanics and should really be used only in
conjunction with a more sytematic and conventional book like Schiff.
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AFFH: Chapier 1 "Strong Interactiona”

I am reading this thing fast t6 see if they have =ome new ways to look
at things. They oclaim that they will gtress aspects relevant to current algebra.
It starts off as upual with the Mandlestam varidbles, though they call them
8, and 8. They remark that the "substitution rule"” which I think I would call
oroseing has not been rigerously proved from-even the axioms of field theory.

Hext comes unitarity. In partionlar, the simple elegant form of unifarity
in the partial waves in the elastic regime is-remarked. Unfortunately, the
properties of analytieity are very messy in partial waves. They stress over and
over this problem of being unable to state unitarity ard analytieity neatly
using the same variables. This is supposed to be an "index" of the eomplication
of the relativistie thaory.

After a brief example of the removal of kinematical singularities. (as
opposed to dynamical ones. Analytieity of the first kind states that the only
dynamical eingularities are those unitarity branch peointe, I ;hink.), they go
right into dispersion relations, whieh is of course what analytieity is all
about. It is assumed that in some sensible region the function T{u,t] ie real
analytio. They write the disprel first with no subtractions, If the amplitude
gets too big at infinity, you have to make N subtractions and introduce ¥
unknown subtraction constants. Or, on the other hand, if you amplitude goes
to 0 exceptionally fast at infinity, you end up with "desubiracted" dispersion
relations wgich provide supereonvergenee relations.

There is a good discussion of the Mandleshdam Representation. It is the
statement that there are no wierdo singularities. From the HandyRep you can get
all other dispersion relations.. For a large class of potential nonrel theories
the thing is definitely true (with subtractions of course), but in the rel
theories thers are problems (anamolous thresholds ?77)

The rest of the chapter deals with secmnd kind nnalyﬁiuity. Firet they
do the whole thing in terms of the Khuri series expansion (power Bariuﬂl. The
idea is that you have to assume that invn:aian formulae interpolate yourseries
coefficients éven where the inversion seems to diverge. Carlson's theorem is
invoked !qu referenced) and a S-W is dotie and out pop the Khuri poles.

I have not read the rest yet. They go into the Regge theory, daughters,
superconvergence, conspiracy, NoDbwell, trajectory déubling, Toller poles ate ete.

The chapter closes with some appendiees.

1) projection operator for particle of any spin. (?)
2) spin formalism that competes with the helieity formalism (their own baby)
3) Lorentz group shortie.



Streater & Wightman - PC, Spin and Statistics and All That (1964)
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Streater and Wightman 196L
Chapter One: Relativistic -Transformation Laws
1.1 Superselection Rules. I think here they are fafiing ebout single particlé Hilbert
space. You are not allowed to make a state like 0.3./p) + O0.4/PI) + ... because
such a state (proton mixed with pion) Hoes not have & definite baryon number. No one
has ever made a particle -beam which was' such a mixture of parficles of different types.
By "types" we refer here to the superse€lecting gquantum numbers such as: B, Q .
Similarly, proton and neutron c&nnﬂh.mixzﬁsa I and I, are superselectors. A1so,
cannot mix any fermion with a boson, because R(2PT) wduld yigld a different ray if
you could mix these (but rotation of 2PT. should not change ray).

However, this should not be confused. with the idea of a direct ‘product of
states. You.can make a state /p; PT) = /p) x /PIO), even though each single state has
different Baryon number. Here you dre hot adding things in the same hilbert space, you
are formind a product hilbert space.

Let © be the set of all obserbables, and © be all operstors which commute
with these observables. Usually one assumes that operators +in © like B,Q' commute.
This allows the Hilbert Space to be Erukeﬂ-iﬂto.auparselentiﬂg subspaces, so that
a state is always in one of these subspaces and moves around inside a subspace. I
gather this is the idea of orthogonal direct sum of Hilbert spaces, as in the. right

side of a group reduction. These subspaces are called coherent subspaces.

1.2 Symmetry Operations. A symmetry operator &' = Va is a symmetry openator if
/(a/b)/. = /(a'/b")/. Such an operator must, according to theorem 1.1, be either
uniteriy or antiunitary. The idea that.ﬂﬂl = V" !ds obvious from-the above def. of
a symmetry. Wigner shows, however, that the operator must be either linear or

antilinear, but not a mixture. Also, one.must restrict to the action of V on some
coherent (superselecting) subspace.. Either ¥ maps this thing onto itself, or onto
ariother coherent subspace, and this map is 1:1. *

1.3 Lorentz and Poincare. It is shown that Lorentz group L has four components, in the
usual notation. The connection to SL{2,C) is made. Note use of “TH for' regular
Pauli matrices, so that X = x*¢* = the same thing I use. They also.define ¥ - ;Ff’
which is the kind of thing you get after parity negates three momentum. The rule

ijs X' = aXa' as usual. Then comes the complex Lorentsz group L(C). Two connected
pieces instead of L, and they use this form: X' = axbr whereas I think I prefer the
daggar. Finally, the Poincare. group P and the complex Poincare group P(C) are
menticned. .
Then comes what I think is an error. They speak of the rep (j/2,k/2) as

if it were the same as {%.G)j x (D.ﬁjk, when actually the rep (j/2,k/2) is the highest
rep in this product. Nevertheless, the (1,-1) rules as in (1.27) are correct, apart
from my different (Taylor) convention. .



Next, there is some P,C,T didcussion. 30 years ago it .was mnoted that
the operator T is antiunitary. Therefore the PCT operator @ is also antiunitary.

" The ‘substitution rule for PCT is replace @(x) with @#(-x) and write all operator
products in reverse order.”. 0

Now on page 17 we have some new (to me) material.

How do you make parity in SL(2,C)? I have a separate sheet on this, and the
answer is shown as equation (1-34). It follows that T is given by the negative as
in (1-35). ' Obviously you are in trouble, though, if you are trying to construct
a linear representation of the full Lorentz .group because not all your .operators
are linear! In .particular, parity is aﬂtilinear. To fix this up, you have to do
a certain doﬁhl’iné of your representation carrier space as in (1-37). I know that
this off-diagonal matrix business is the same as the idea of (3,8) + (%) which
makes the 4* and 3~ representaitons of the full Lorentz group out of reps of the
proper Lorentx Eroup. '

The idea is simpler to understand in the case of Dirac spiﬂc;r shown in
(1.47).. There, you know that you have to take $he (%,0) @ (0,%) in order to get
a representation of the full IG, since parity connects these two pieces. Thus,

a Dirac particle needs two spinors, one of each kind, and this is what you see in
(1-47). That parity .mixes these two is a}';d;m in the fact that the matrix for parity

is exacly off-diagonal. It is a similar thing happening in the vector case. You

have (%,%) @ (%,%) . The two pieces look the same, but they get mixed by parity. o
Hence, parity*is off diagonal ‘in(1-37)slso.

In contrast, the time reversal operator wants to be antilinear, so it
always appears as a diagonalfir 2x2 matrix .sense.

Somehow charge conjugation is conjured into the picture so they can talk
full CPT. In the end, they try to make up general rules for the separate P,C,T
operations both' for wavefunctions ahd operators. In the general case, you still
have this doubling due to parity .(and also, apparantly, charge conjugation). In
the general case, a particle has a "field" with any number of first and second
kind labels. This field needs a parther field with all undots dotted etc. As usual,
the authors think of higher fields as direct products of lower spincors, rather than
things like (0,8). .

A possible way to view C is this: since you want C to daggar operators
s0 they make antiparticles instead of particles, you in passing complex codnjugate
things taking first kind to second kind. Thus), you need the off diagonal matrix
shown in (1-52) to get things back so that pieces transform consistently.. Just

a guas's . | . O



(chapter one, con'd) -2 -

Section 1l.4: The vacuum state presumably does nothing under U(a,A).

Next, they discuss certain wavefunctions p) = [pm\nf>. They discuss
these rather than the states for the usual normalization reason. The general
transformation rule is something like (1-58) which I agree with, and the completeness
and olrthogonality have the little D(L?) factors as shown in (1-57), which I have
come to understand.

Again, the think of a particle of spin-s as a system [0,%&25. They always
avoid the full Dos functions. At least they are consistent in this. Notice that
all indices are first kind, as they say, so you dont have any (%,%) or vector
particles, per se.

The rest of the section is not too relevent for me now, but I guote some

interesting results:

1) the phase in the ray representation is discussed.

2) & tricky simple reason is given why the U(a,A) are unitary and not antiunitary
symmetries. ( &heany one can be written as a square).

3) it is possible to have & zero mass particle of infinite spin, formally.

L) the assumption of asymptotic completeness is: Hin = Hout = H.



0

Chapter Threes Fields and Vaccum Expectation Values
- - L
r ] _ -

In elassical EM and gravity; hermitian observablé fields were “introduced tolgét rid
of action at a distance. In RFT one has also unobservable non-observable fields.

3.1 Axioms.
0. State = ray in Hilbert Space. States transform as cu rep of SL(2,C). Vacuum exists.

I. Here, field operators instead of being @(x) are more generally taken as P(f(x))
where F is a test function of some sort. These field operators and their adjoints are
defined at least on a part of H which is dense in H, H being the full Hilbert Space.

This domain within H is called D, perhaps to remind us it is dense in H. The space
of vectors gotten by doing polynomials of smeared fields is called D +« Maybe D = Du

byt not kopown at time of Hriting. Co. .

/ II. The fields transform with certaln reps of EL{? C) or same plus parity. Examples
‘given, all obvious.

IIT. The usual IC (local cemmutativity ) conditions are stated: The commutator or
anticommutator valnishes at spacelike separations. Also called microscopié causality.

Comments: there are problgms with the usual equal time commutation relations, eg,
when you smear they may still be singular. The equal time comm utatirs are often
replaced with ancther assumption: fields are irreducible (smeared fields,a;e]. This
then means 'that any operator can be wrigten in temms of the fields.

Definition: field theory is what you have if appllcaﬁion of polynomiils in the
smeared fields to the vacuum gives a set .of vectors D dense in H. Qxﬂﬂﬁ “m¥$&”na”n¢)

IV, Asymptotic completeness: « This assumptinn is on a different level,
since to frame the assumptlan you musguﬁnuw about scattering states.

smeared field: instead of using @(x) you use @(f) = alx £(x) #(x), 'ie, yon integrate
your regular field against a test function to smooth it out a little. Perhaps should
think of f(x) as a ball around some spacetime point. Then the 1C condition in terms

of smeared fields says that commutator vanishes if balls are spacelike separated. These
balls have oompact supprt, do not extend far.

3.2 Free field theories. These satisfy all the axioms and are known to exist, although
their scattering theory is trivial sonce-they dont interact by definition. As a matter
of notation, an n-particle state in the Fock Space is called:

q»‘“‘(_?ﬁu Padey - Padiw)

Using free fields, you can make certain curious new fields'called Wick polynomials.
S-matrix is same as for the free fields.

Perhaps Axiom IIT on IC is too strong, Theorem 4.1 will show that if you only insist
on IC at huge spacelike separatiung, then you can prove axiom III. Other comments on

the time slice axiom and generalized free fields which I skip.




3.3 Properties of Expectation Values. We riow begin a set of about 9 theorems of this
chapter .of the book. First, here are some definitions:

¥

Wightman function: T‘v@(‘h\‘h‘, . n_(“\ = {ql\ d?;(‘&“} b, (X2 - - - {;,M_(g\‘}.\.g>1

*You write this as a script W. Fields can be @ifferent, some adjoints etc. Notice that
field label goes with its spacetime arguement. Here is an example of permuted W °
function:

'TI_"(\.L'?.\"Q?: (2, 0y =D ?\/ii_(]‘-\fﬁtfﬁﬁ) = Twcﬁtliu,'ﬁg

Mathmatically, one first defines the Wightman thing with smeared fields inside. This
makes the thing a multilinear functional in the f:%x}. Then using the_Nuclear Theorem
you can show that the existence of such a thing implies the existence of the Wightmann
as above in the sense of a tempered distribution. Ie, you smear it to get meamng,

like a delta function.
Alternatively, _*,rm:L can deal with states like this: -

"-“-‘ S&-‘h e Q\(“‘h\"-x' I T\ Q W &L(‘*L\ Cﬂ“&*“\; \:G>

Whereas D, was the spacé whose vectors were smedred field polynﬂmiale:, the space whose
vectors are as ‘'shown above_is called D;. Big deal.

Theorem 3.1 (&) Since the fields transform in a certain way as noted in axiom II, the
Wightman functions transforms in an obvious way. No need to write this down, page 10’?

Theorem 3.2 We know that™*W{x,+a, Xpt8eess ) = %Exl. Xneee) Jjust by translating
the fields. Thus, .script-W depends only on coordinate dif erences, S0 We now use

printe:i W
\I e & " = oa -
W’*l v 51 \ﬁ.nii = \l’r@\ 1Lf"‘tl.'?!‘-;! *‘3} ‘:"*'n, L ﬁ"ﬂ}

= WS, €, - f";‘.\

Joumir T YORUR L V) T SR

%emu.ﬂ.. \N (.sla""\\ = QF“-I (%.,:\1 ct‘“-l)

(¢) Hermiticity:

. . *
ARV QDS = O\ QD L () &1 M)

(d) Local Comm. This says that if all your differences like x; = x,

are spacelike, then you can relate different permutations of Wightman funections o
by the obvious statistics, since fields then commute or anticommute.



o

(chapter 3, page 2)

Theroem 3.3 (e)  Something is positive definite. Dont see relevance.

= -

Fact: The theorems {aQ through (e) shou} that any 5'a't. 0f tempered distﬂbutip:ls, must
be the vacuum expectation values of some field theory (reconstruction, see below).

-~
L]

Theorem 3.4: Cluster Decomposition Pr'cpert.;u _

TU (ki Xa, Yot ha Yyt ha) = WO Whad) e N> oot

3.= seossldess . This theorem is proved very simply from previous assumptions. It
says that at large spacelike separationg things cannot interact. CObviously the basic
assumption will be the LC condition. Proof depends on no.massless particles, though.
At this point, authors inject a statement of.C_invarience -and CPT invariance. I
skip for now because these things seem out of place. The point -is that they &dd further

res§rigions on the Wightman functioris¥ ¢

Theorem 3.5 : The function W($),....3...) .exists and is_holomgrphic in "the tube".
This analytic function has a boundary yalye which is the Wightman function mentioned

above. There is a unigue analytic continuation of this function to the "extended tube".

Note: it is W and not ™§' about which this theorem is stated.

In particular, you can eonsider the complex LT (-1,1). You find that:

- -

T T

where J is the total number of undotted indices, or in my or ~Ta;.rlc§r§ ¢ése, this would
be a product of (—1}251 where each ield transforms as {ijsi} or reVerse. Converted
to® functions the akoet says: '

W(ihi‘l.} -'E_,s-..,\ = '(."';]E r,ug(,':.iﬂf?-l,- - 1’&)

The order is not reversed. Also, in Taylor's form the phase would be just unity

since all reps are really (o,s;).

Thenrem__B.E: This says that two Wightman functions of W type which are related by

permutation are connected by analytic continuation. This is obvious at a totally
spacelike point (all differences are spacelike), and proof is very.short. You get to

utilize the "edge of the wedge theorem". Another way to say it: the extended tube
and any permuted extended tube have a real environment in common (which contains the

totally spaclike points, obviously).



Theorem 3.7:

3.4 The Reconstruction Theorem. If you have a set of tempered distributions H{n)
for all n = 1,2.... which satisfy conditions (a) through {e] above as well as
have ths cluster dencmpusition, then you can prove that these functions can be ‘;J

interpreted as the vacuum expeétation ‘values of some field theory. This sort of
reverses all the proofs given above, which showed that in a field theory the
Wightman functions have all those prdperties, hewe "reconatructicn theorem". This
theorem is proved (8 pages) only for the hermitian scalar field case, due to

notational simplicity.

-3.5 Symmetries.

JTheorem 3.8: . (for parity) Suppose there exists a unitary operator U[IE] which transforms

a.scalar fiéld in the obvious way. Then
1) on the uacuum-iﬂ.caﬂdgivaﬁanly‘a phase
2) the cPefator U(I,) is completely determined on the space D (defined at start of chap)
3) the action of U{Is) on U(a,L) is as you think, 3-59.

" The point heré is that a symmetry”operator liRé‘pé}ity. time reversal, or C, is really
completely determined in thé theory just by its transformation property on the fields.

We now have a long discussion on prublems ﬂith phases when you do C P and T on ‘;D
ﬂperators which are ‘non-observable.

Theorem 3.9: Suppose your Wightman functions in your field theory have the PCT

property as quoted in (3-66) or (3-39) [ a property which will be proved in chapter
four]. Then your field theory must have a CPT uperitar E}dwhich acts on an arbitrary
field as shown in (3.67).

This theorem.thus "extends"™ the reconstruction theorem to include the PCT
symmetry. Similariy you could show that the parity property kx implies @ parity
operator in the field theory, and so on.
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Chapter Four: General Theorems of RQFT.

L1 Theorem 5.1; if a commutator vanishes for x,y in any spacelike separated
sets ( say‘far separated), then'the same must be true for all x,y which are spacelike
separated, ie, LC condition. The proof: cbviously makes use of transforfiation properties

of fields.

L.2 Polynomial Algebra stuff. Let O be any set in spacetime. (opne set of course) Let
P(0) be polynomials of §meared fields which are defined on O. This set. happens to
be & * algebra (see Pozzi).

Theorem 4.2: I£ ¥our polynomial operators defined only over O give a set of wectors

which are dense in H , provided that this is true for all spacetime. Ie, if.your
full vectors defined over RJ+ give a set of vectors which is dense, then the smaller
A
R

(in a sense) set of vectors from the operators restricted to piece O aof |
dense. Recall that this means that the wacuum is.aTcyclic vector, by definition.

is also

Theorem 4.3: if T is an operator in P(0) and T kills the vacuum, then T ideqtically ZErC.

I think they forgot to add that T is supposed to commute with all operators toc. I dont
see what they are trying to say here..
Theorem L.k: a lemma for the next theorem.

Theorem L.5: In a "field theory " (wacuum is cyclic so polys on vac are demse. in H),

the smeared fields form a set of irreducible operators. Ie, cyclic vacuum implies
irreduciblé field operators implies any operator may be expressed in terms of fields.,
This shows. it is better to asmume cyclic vacuum rather than irreducible property.

Le3 The PCT Theorem. First, a definition:

(page 71)
Jost point: the real peint {ﬂ,..-.&lj is called a Jost point if any "positive" linear

combination of these coordinates is a spacelike 4-vector. Thus, at a Josf'pcint you
know that: & = Sb.; 51*‘?3 = SL and so.on. When we write §‘=.x1 - X, and
§. = Xy - x; this second fact implies that %,-%3 = SL. Thus, at a Jost point

all the differences X5 - xj are sp-ac&lik:a.1 ‘

-

Theorem 4.6: Let ﬁ be a hermitian scalar field doing axioms f,II but not LC.

Ly
ellnes: nl‘x‘
pett PCT condition: <o) RNQH) $R)\oH= <A §ERNGERAY(XYo) = W;’g
Weak LC condition: (@k@ (:‘_!\' Q[ﬁﬂt‘} Q("‘ﬂ i.cb = <'CI|'L ‘bh"ﬂ\d@ Qﬁtj @{:‘_1\1‘0\. - M .



The theorem then says:

(a) if PCT holds at all x, the WIC holds at all Jost x. _
(b) if WIC holds near a Jost point (neifhborhood), then PCT holds everywhere (for all Q

Now, assume this theorem is true. Then since a field theory has LC, you can certainly

reorder the fields at a Jost point, and in particular you can reverse the field order.

Ie, wusual IC implies WIC at any Jost point. Thus, in any field theory, PCY holds

for all x. : :
Comments: in the ‘proofp there is some tubology, but the main ideas are very simple.

The complex Lorentz transformation allows you to negate all argueﬁents with no

reordering. Then assumption of WIC allows you to reverse the order near a Jost

point. This proves PCT near a Jost point, which statement you ther aralytically

continue to-all points x. Nothing tou ie. - '

Theorem L.7: PCT Theorem for General -Spin. #Again, the FCT theorem reverses order

and negates the ®; . HoWever, it also cdntains two phase factors. A factor (-l]J
where again J = number of undotted indices [ this phase is zExm unity in Taylor].
Also, there is—h factor 4F where F is the number -of fermion fields. ‘ This same

phnsé iF also appears in the spin version of WIC condition [order reversal |.

To repeat, in a field theory you have LC condition. This means you have WLC or ‘;;
order reversal symmetry (with phase) at Jost points. This in term implies their
version of PCT (which includes order reversal) at Jost points, which you then continue
to all ‘points .

I can imagine that someone else might identify CPT simply with the negation of
all the arguements and no ‘order reversal, Then CPT is just that complex Lcrentﬁ
transformation, and CPT theorem just depends on fact that you can uniquely continue
a W function to complex arguements (extended tube = H&ll Wightman theorem).

Lol Spin and Statisties.

| spacelike)
Theorem 4.8: & field cannot commute with another field, but anticommute with the
adjoint of that other field. And vice versa. In particular, if a field commutes
with itself st spacelike separation, ‘then the anticommutator of the field with

its adjoint at spagelike cannot vanish!
" L] - '

-ﬁhaorem L.9: (Spin Statistics Scalar Field;ﬁ if you assume wrong statistics for ‘;J
a scalar field, (ie, scalar field with its own adjqint}, then you find that

basically @ = O.



(Chapter L, cond, page 2)

1

Theorem h.lO:(’G&neral Spin-Statistics Thenrem:\ If you assume wrong statistics for
any field with itself, you find that that field must v;niah.

Comment: these proofs (to the last two theorems) are quite simple. They depend on
the complex Lorentz transformation that one associates also with CPT, therefore, they
depend on analyticity. Use smeared fields in a simple way.

Now the subject turns to the_statistics between different fields . Some good

examples are first given, there is an intermediary theorem L.1l, and then comes:

Theorem 4.12: In any field theory with “abnormal commutation relations" (ie, between
different fields) you can always do a "Klein transformation" to get to a field theory
with normal commutation relations between different fields.

Comments: this new field theory has the same S-matrix, but it may have different
values for some observables. This point is not made clear. Ie, it may be that
the two field theories so related are not entirely equivalant. The abnormal field
theory will have certain extra symmetries called "even-odd rules".

The proof of 4.12 takes up 6 pages, with theorem 4.13 along the way.

L.5 Hagg's Theorem.

The question is this: can you say that at a particular time you can map your
interacting fields to the IN fields by some unitary transformation? Like the U(t)
of BD? Haag says you cannot.

Ty®sVe
Theorem L.lh: Consider two fields both of which PedrrcaTe transform in the same way.

If at a particular time t these fields are related by a unitary transformation V, then
V on one fields vacuum gives the other, modulo a phase. In particular, this means
that the two fields have the same Wightman functions at egqual times.

Theorem 4.15: If the VEV of § # gives the usual X' propagator function, then #
must be a free field.

Theorem 4.16 (Hasg's Theorem) Suppose that one of the two fields of theorem 4.1k is
free field. Then the other must be free. The implication here is that you camnot
have & free field and an interacting field together in the world. In essence, this
is saying that the assumption of V connecting § to f;, is wrong.

Theorem k.17 (Generalized Heag) If two fields transform the same way under SL(2,C)
and are related as in theorem L4.14, then all KE¥ Wightman functions are the same
for the two theories up to 4 operators. If one theory is free, this gives the

Haag above.



The suggestion here is thé the concept of "equatl time" may not be meaningful
and that -you must always smear time as well ag space.

4.6 Equivdlence classes of local fields. Skip.




Chew - S-matrix Theory of Strong Interactions (1961)



Chew: " S-matrix theory of atru.ﬂ interactions™" (Mtp (\

This book caontains 100 pagee of "leetures" plus 6 historieally
interesting papers. They are:

Landan 1959 "Analytie singe of Greens Fotns in Field Thelry"
Cutkosky 1960 "Sings and Discs of Feynman Amps"

Mandlestam 1958 "Getting the PI-N amp frem disprels and unit,.™
Kibble 1960 "Kinematics and the M-Rep"

BGKT 1960 "Verify the M-Rep for some potential seatter"
Regge 1960 "Bound States, Shadows, and the N-Rep"

The leetures are not what one would call highly organized, but then this was
right in the middle the operation. The most interesting aspect is that this
book contains Chew's sirongest statement of hie bias, his point of view on
the subjeet. Most of this philesophieal jazz iz in the first lecture entitled
general outlook from which I take several quotes:

"Although he has long since renounced the S—matrix approash, the eriginal
work wag done by Heisenberg in 1943... he has thrown all his efforts
behind the idea of a single underlying field.... He belisves that
simplieity lies only at the center while on the periphery there &s
confusion,"

"I tend not to believe in the existence of a "center" ... besides, the
periphery is subjeoct to experimental tests"

"So that there can be no misunderstanding af the point of view of these
legtures, let me say at once that I believe the conmventional association
of fields with strongly interacting particles to be empty." " I do not
have firm convietions about leptons or photons" " Like an old soldier,
(field theory) is destined not te die but just to fade mway"

"Postulate: the S-matrix is a Lorentz invariant, analytic funetiom of
all momentum variables with only those singularities required by
unitarity.”

" A more concrete way of saying the fundamental postulate,then, is te sqy
that once one is given certain eimple singularities (eg, some of the
poles), the location and strength of all other singularities are
determined by the constaaint of unitarity in physical regioms. (The
golution of sueh a preblem I presume to be consistent with the preserip-
tion given by Landau and Cutkosky)

"A fundamental prineiple therefore might be one of maximum smoothness:
The S-matrix has no singularities except where abaolutely necessary.
There is no "reason" for it to have any others,

"Which of the strongly interagjing particles are elementary? ... because
of general philesophical convietions I am convineed tht there can be only
one sensible answer, and that is that none of them is elementary™

".e.0ne may begin anywhere, taking an arbitrary sing as a starting point
and attempting to reach as much of the S matrix from this point as
eomputability allows... ecuplings assume the miximaum value consistent
with wnitarity.. saturation of unitarity."
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"le have absolutely no ideas as to the origin of the strong interaction
symmetries,”

", . an analytie funetion is determined through the Cauchy relatioms by
a kind of Coulomb's law for a potential due to point charges (poles)
and line charges (branch eute) . The peint charge is khe residne of
the pele, and the line charge density is the discentinuity across the
cut. A sort of reeciprocal dependence on distanee favors nearer
singularities"

"Dhe "nearby simgularities" (nearby to the origin) are assoeiated with
one and two-particle configurations and are the "long range forces".
In aur incomplete theory, we know omly about the long range and medium
range forcew. The far out multiparticle branch points determine the
short range forces, and shat is where things get tough" " Thus, we
should have & good knowledge of large~L angmom states in scattering.”

" My guess is that we will eventually be able to handle 3~body as well
as 2-body with fast computers, but nothing more complicated.”

" In principle, only one mase is independent and sets the scale for
the S5 matrix"

Here is & quick summary of the contents of those lectures:
l. Introduction, =ee above.

2. Lorentz invariant amplitude and substitution law. Here, the M variables
and kinematios are introduced.

3. The Landau Rules and the m—rep. The idea of the obvicus-singularities
reprecentation of M is stated. HRegions drawn in. Note that Chew uses
8y for his main, direct channel (we would use s now). There is a good
deal of confusion here between the single and double speoctral funections.

4. Gutkosky's generalized unitarity relations. Cut &howed that you ean find
the sings of an arbitrary feynman diagram simply by putting all the
propagators to delta funotions. Ie, put all internal lines "on shell".
For diagrams that I usually call "unitarity diagrams", Cuts technique
duplicated unitarity. However, his method says more,eg, it giwes the
contriubtion of & prticular box graph to the double spectral functionm.

5. Chargs and Spin generaliszation (ie, isospin in spin). A and B eto,

6. Physical interpretation of singularites., He calls the direct thresholds
of a channel "physical sings", whereas the invisible cross channel thresholds
are called "foreea". If yot just write a fixed-s disprel, the cut terms
loock just like what you get in potential theory using a eontinuum of
Yukawas. In fact, the mass at the start of the disprel eut corresponds
10 the lightest mass in the Yukawa distribution and thus econtrole the
range of the interaction. This is why near sings affect long range forces.
I think this is the crux of the lectures so I will write out this disprel:

A(Gue) =~ 2N dg* 9@ 2\ ds Ay 5) | < \ds;_Aslo o)
'—3'3’? .lelrl_s 2 _--\:I:_L B w Sa —Sa
~Sy e g ~ j ZE=5
gjz ﬁi e T S ' :
.\ a R A= dede aesset buag
ﬂtz&.{mw . A= e
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6 eon'd, In this disprel, the pole term contributes only to L=0 waves,

For higher waves, A is conirolled by 4, and A (the line charges). Imn
particular, 4 feels the pieces of A, and Ap that are closest in the t-plane,
Or, you might say, the pieces that have the longest range, in the Yukawa
analogy. If A is np elastic scatter, then the nearest A; singularity is

the pion pole ( which gives a delta x g to A;. So for high partial waves,
the pion pole by itself should be & good approximation! (Note: high partial
Waves suggests to me peripherality, large impact paramester, high energy)

"We do not yet have a definite method for caleulating multipartiele matrix
elements” he says. This was the need that bore the multiperipheral model,
that ate up Toller theory, etc

" One channel provides foreces for the other two — which in turn generate
the first... a self-determining situation., Our task is now to understnad
how many arbitrary parameters there are and how to ealculate,"

7. The 2-body dynamic equations: definition 6f the "potential". This is where
the lectures get a little wough. First, Chew considers the Yukawa deal
of BGKT and writeg their m~rep for f. The boundary for RHO is easy to see
and starts at 4t, or higher. By screwing around with various s and/or
t dises, and using slastic unitarity (which here is everything), he comes
up with equation (7.14) which says: f, = function of fE' If you know
RHO (the Yukawa distribution, the potantial}, you ocan compute f, and hence
RHO2 (the double spectral) everywheres, by a sheeme I think is known as
"Mandlestam iteration”. Of course, you need that potential to get off
the ground, Next, Chew finds the object in the rel theory that corresponds
to RHO(0) of the nonrel theory, He has, as advertised, defined the potentid.
Given this potential, you could selve by iterating as in the ncnrsl case,
But, the potenail is a mess of ppectral functions. Hew do you evaluate it?77

8. "Evaluation of Longrange and Medium Range Forees". What that title means
is that he will show us how te estimate the poential ( = forece) for a
reaction (3) due to the close-in sings of the oross channel (2). Now,
from the deinition in lecture 8 or 7, when s, is less than 4 pion masses,
the potential for N-N scatter is exactly tje cross channel abserptive
part. Thieg absorptive part for this range of s, = ¥ vanishes except
at t = pionmass, s0 A, is a delta funotion (life single Yukawa RHO would
be a delta funetion. Thus:

»~ e -
Ll - !
Whow ¢ <Umr, Joed o poduatad o ,%%) o € J@( = E&-ﬁ)x}---{
N
8
S, = Semda[><].
This potential iz ealled the long-range force ( see title of chapter). HNow,
for the next higher range of t, the pobdential as definekd in Ch.T7 is the
full absorpti rt miam lastic piece, so: .
1‘;.':_'|:~:|.'t|~t=p\a“L s an elastic piece, — : a5
Wam "L tC Tu _ o (U S
K '\"___ I!.H .- } ahE ’L-—_. ]
y E
However, in order to know these absorptive parts ( in order to know the
potential) you need to know a different, contained 2-to-2 amplitude. In
the long/medium foree regime,then, in order to knew NN, you will need
to know PI-N, And in order te know PI-N, you will need FI-FI, Somehow,

PI-PI is at the bottom of everything ( and unfortunately is the one
that no "correcting™ experiments have been done with.)

" At the base of the theory ie the FI-FI problem, which provides all
its own long-range forces and am important part of many other 2-body
forces..."

E‘i’-—ﬁln F annd
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Martin & Spearman - Elementary Particle Theory (1970)



The Various and Multicolored Amplitudes of Martin and Spearman.

Q Pirst, write a general S-matrix element as (¥|S({> . Then decompose the

i and f states as: 11> =|€H§@'Hi> and Sl = <5)k|.‘@ <<t| . Also, write

S=I®Sp . Here, I indicates that |S,(u] = 0, ie, that the total four-

momentum is a conserved quantity. Thus, as far as the "orbit" portion of ths

- - — Sematrix element is concerned, we have <@1¥lSIQM:> rﬂilﬁ’f} = (P#“EM)
=¥ (ff‘—ﬂﬂ ) «-The-operator- Sﬁ?_,thnnwanta..unl;r within the little Hilbert space. ___ .
for a particular choice {P ( usually one chooses 6) = 0; then SE? is an operator

in the “ha:m‘eantric subspace”.) In other Hnrdn, wr:l.te.

_ ERGNIVIEIRG ARl (MR ANIE YIS 'aigj 5”’)(#9 Sp(o()
R Now, for two-particle helicity states in the oms, it turns out that ___ = .

145 = [53—" kﬁﬁﬂﬁn‘«?} « This state is carefully defined as by Jacob and Wick, but

we do not nea& to worry munh about its origins, Th& point is that we can now sa,r'

QG 3 (#-e) 3% (B paue¥’ | SplOBmmd>

In order to remove from this _amplitude the chance of a non-interaction,

define the T operator by S m I + iT. In the direct product motation, ‘this
meanse S=T®S¢ and T= T®wJ; and T=I®I so we can rewrite the T

.definition as IT@P =TI +iT®Tp . In the 1ittle Hilbert space, thén, one has

simply Fﬁ?;j:ﬂ:LjTF . _Timrnfuru, in gensral we can say,

<EST =y [ STz T]

= (51 + <6ai®-><o<4l1'f=t-t>

_In the particular case again of two-particle cms states we have:

stste = 3(6-0) e [S(R—s-sz)éuﬁm%m«réww r/(TH QW»}

;{1 where the factor éar\nh) is written out explicitly.
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Q Now that the elements (ﬂ\ﬂaﬁ? are clearly defined, we can show that the

o _in?ari?flt crosg gsection is given by, Cdr = ;{_: K'{&Wl-fblld&
where flux = RF.‘PS—-'WH?‘% = PIE cw..n.-

= - B _Laly
o L =S/l &EM o o
and wh .
o era ( i ) 5 ( @cm) . e - .
;_:—I
- ——— g & —, ™
where there are n fi.na.l particlts. Altmativaly. égk B(P; d‘? 80 tha‘t

I T R YGRS EA YR CRY

L Again, specializing to the 2 — 2 case, we have:

G = Sy & 3 (¢ wd) A‘*f,_ 3 S (o P)
_ = (eI giemdy e L L
O = (g

" Then what comes out is! - — .-

o o 4o}™ %l‘_(gf)wﬁﬂ?'@l?'_

Or, uﬂi_t;g at = Eq%qtd.s or dﬂ.-d;#de—:)’ we om ;:'—itu,_ N B
- o .
o o de o

— —= ~~The relation between <n{1;"i"ﬁ°'i=l“> and the em-da.llnd "invariant amplitde™ Mgj -—
—— used by many other authors is ("G".Tf‘lﬂi— - "@-Ttl ’Tma « The Mp; formalism

__  has two differences from the M5 method. First, the singlg_ (and two-) particle

sates are normalized differently ( 4?\?’? = Ll‘iﬂlzl(lf 'P) for Mgy uwsersj this is

the non-invariant norm), and ﬂaoﬂnﬂ.ly, the T matrix is defined with — L(ZTT}‘{

rather than with <4 ¢ » Thus, the differancaa end up being —(Z‘H‘w [2‘-1‘1 = "(ﬁ"' )




-3-

- Using the explicit helicity states, we can rewrite these cross sections as: _ _

lb.S

JL K‘?‘i‘/ﬂyn\"ﬁ] '-'JD,,P‘}O\ _—

do_ 1 dr . - '
L BT e an (%—‘}31514 Sf’/“ﬁl,lflﬂ'ﬂ/"}‘i:)l ______ﬂﬂul’#@g&_

T T 7 The "f-type™ helicéity anplitudes arn' defimed o there trém‘ngt'mt inm dE—-" P
- - Thusy we define tlw f amplitudes -by: S —— -

_ S O . < of e T oeﬂn? = z.r <*W_i ) = mm -
. - and_tﬂe cross seatigns_'h_mamt - o o o
9¢ . -
- dr= = S > (3 de= Tn bl = (ﬁﬁ—i—w\ml -
; _o _ - 0; page 3;6_11 a_nd 5 giw the a.mplituda <d§-'|]|:-']4) the new name Tea,nb - i
— ‘_Eﬁus,wscana;; o S - o - B
35
. dlL %A‘Ta*‘\ T "%% qs?‘ \TS‘H"

%‘5‘-{,11. = E__Tc&,nln_ .

. __¥hile we are discussing all these amplitudes, we might as well record all
- the corresponding optical thai:regm. They are: B B ) o

i N
L Fad= %‘fi&:{n]__%m@:f_‘“)] = %‘% B T (3f50) = = @_1__6@”{@]

mp, LAE.
- Final¥}y, we can write the partial wave helicity expansicns for thesa ~ -7

- amplitudes. -S;he.ct:i:E‘:i.m!tn'l.—]:;,_ir~lr - (P"—-?r) = —_— = - - ) - = =

O <letuir Telogund) = eSS v 4 () Gt | Ty,
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A state vector belonging to a representation of the Lorentz group may be written as:

16> ® |
Here the state alpha lies within the "little Hilbert space"™. The little group is
the full rotation group. The state of one particle may be written as: °

182 = 1Fme> {Fr\Bim) = 2E8°(E-8)
|7 = o> il (> = 5

i B = (Bad® i

The action of a Lorentz group element on such a one particle state is given by:

!

. =3 -t 'E_h s . Car .
CIADUmi®pp = 2 Z Qe M) lims Buy - gieng
Wignia actohm
Obviously the little group here is a subgroup of the Lorentz group.

The general-frame two-particle state is given by,
WP, 1 = l4m, EPD@) Ljame Pa, pep
with the normalization,
<EPL A E\ P P> = HpoRe SR ECRE) Shw Sugur e
‘On the other hand, we can define special cms two particle states , viz,

\P OEM D

These have the normalization,

<Py PO Eppuy) = dv S (§-8) 5C-R) Svr Syt Sl
P,Pl‘

This is also the normalization of those any-frame p1P2 xtates mentioned just above.

The factor out fromt follows from some jacoblans in the change py pp to P.
e
Next, do a direct product decomposition on these states:

[POEMuE) = P> O 1<)
If we demand that <P\P'y = S'(P-%), then the [ must be normalized like so:
LaldD = YW S(2-R) =

y

Thus, define anme new states with the obvious norm, then alpha in terms of these states.

L@ pd OFmp 1> « HAR-2) S Suy S
|2 = E‘led}w{s>
Se T
- [pegmut) = [1.@*}] ®| w].
\e>

L]
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Now we can do the angular momentum states. (helicity states)
t:j} We can define a set of states corresponding to either spatial set:

=
pefpudy = Z Cx Oy, (Bond) TN, e >
P = %?,% 142 Q. o6y | PODpat
<Pt i = Y P 55 S Sy b
we"
That was the first set of states. The other set is:

$)
15@43’,4{5\) = %ﬂ Cy 'DM ﬁfjﬂ‘ﬂ \‘G‘Mﬂ./ud?

eyt
ITMugurd = 224 N4 0 I)hiﬁ‘wiﬁ,o,-ﬂ)‘ CLIY R

(xin
< ‘uly! . - 25+ . ]
SFMN' | SMu D> e QH)* (#,0,°8) Suy, 5}, s ey
In the angular representation we can still do the total decomposition as:

) 155 pgi O = [1P] @1 #3]
= P> | T |

The normalization of these states then is:
<ETH ¥ (0] BT X P> = A (66 %Bm s St
The usual partial wave expansion is then:

=24y = e Ff = 4 fogh bt
TEH = L) Tld > E—%‘%(eqsﬁ.ﬁla | Tl #pmur >

Lodpmipis | Tg) OO MM, 15> = _1._ e?‘fﬁ _2"(2:;“} d (8) {F}i;?ﬁ I-T.}':}l./q 1;>
Finally, using the alpha notation and the definition of T, unitarity says:

TS = L 1THlad = i i% AQ LA TIRIKI TS

‘o &l =81 + L 3Y )<~f{,‘;|{:fln’;> L das &(R-0) T dp S(p fow)

ok o (2" wed <

T . g-'—:'-'
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Feynman - Photo-hadron Interactions (1972)



_ 1. In the first lecture Feynman lays the golden egg:. postulates that there _ _
i ‘exists. an entity known as the hadronic electromagnetic current. The idea
_is that in an electron-hadron interactien, the electron itgelf never
gets it on with the hadron directly, but does so only via a photon. Thus,
this is an extension of GED principles. The hadronic em current is the_
"thing™ that the photen propagator latches onto, in the Lorentz sense.

Z 2. Tn the secend lecture the first appoopriate question is: why should this
i "hadrenic em current™ be a conserved current??? ‘I am happy to simply .
assume this, but F gives some motivations on page 6,7.

3. Next, he de.rinﬂs Vav as “the thing that two phut.una can latch ente".

I
|
SR P U -

In QED there is ne such thing, its just the current interacting
twice. If the electron lifiw wefd t6 tlose on itself, thénm Vyy
would be the infamous vecuum polarization tensor, called I, in BD.
- - T T = T In th& hadron cags It i not complétély obvidus that this ™
tensor can be written as the time brdered product of two curremnts, and
- + F spends pages 8 through 13 comvincing himself that this isin Tact ~ =
i the case. The result is given in (3.3), and the nasty fact is that

T~ 7 + =7 “therevery well ‘may: hu""sm""—ﬂl‘nrly, Fhopes this is ridt ‘80, =
O‘ but ca.tmnt. prove it is not so.
- ‘1’ ‘S0 muchlr for lecture 2i- T _ T = o=
s b

= *! 4. In the case of Pion vs: Photon; we now that the "vacoun polarization — —
tensor" has both current-current piece, and a’seagull plece. So, why
1 ~+  the hell should there bemo seagull stuff in general with hadronica!!? — -
It is a very peculiar thing that there are no aeﬂgulls in QED. F
- ! makesa feﬂmmant."s—mrthls‘. page 13. - =

5. From gauge invariame‘;“warhow “that—=the vac pol tensor isg "comserved™,
ie obeys the gauge conditien as ususl. This has the direct implication
that~ the" commtator-of U5 with-the-currentJ;-is equul-to the divérgence
of those seagulls, see 3.7. If no seagulls, t uhen we have the:
very-nice~equal time-commutator conditiom,—at-least “for the em current:
Later we will see that in general the et cumut.at.or dﬂes have some

R —

i - current-riding-on-the right—sides; — -— == s T e
I spen most of my notes on this chapter 3 trying to reme:rber
i what-a seagull was, Now-I will never forget,~ - ~-——= === -

——y

- - -y { —-6: Chapter i Here; observing that from-the-igospin ‘point of“view the ~
em current is a misture of scalar and vector, F generalizes all our

- == - 4 = previouw results to the scalar and-multiplet-of-isovectorcurrents. -

In particular, we have some fancy equal time com rels { the non-axial

-— - 4+ — part—of-"current- algebra"), ‘plus from these we—have various divergence - -
I conditions ef the "generalized vac pol tensor®.
' It is an- easy step-to further-generaiize-beyond isospin's
O SH(E} t.n any Lie gauge group.

- - - = - e e — — e omi e om ma e

- i w mm e ] - - - _—— = e s = e i = - — —
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P 3
. - .\ 7. Suppose_your gauge group.has mass breaking? How does this_affect -
’ our basic equations (com rels and divergence conditions.)? For
I . —one thing, it is easy to show via translation invariance that

! even the current itself is no longer conserved! (net to mention
e - -. _y _— _the wac pol tensor) _._ . -
So, to the vac -pol dwerganca :.rnru must add some ki.nd of
- - ext.ra temm _which_takes account of this mass_breakage, see L.12..
The "glimmer" that I feel here is this: in an ultravioclet problem,
e e —— _ ). _this secaond term in the divergence of Vyy will be relatively. . __ _ ..
unimportant, so this suggests that SU(Bjjwcan be OK at high energies
. — _ _ L _ _and_shert. spacetime_intervals. Is tbis why quark medels. work._so.
well at high energy scattering?
8. Hﬁfo‘m leaving this Lth lecture, F peints out specifically how
- g the function v(g2) is relavant to the modification of the photon_
i propagator (which is why we are calling it the vac pol tensor
ir the first place.) If we can get_some information on u, then
we will know how hadrons contribute to the Lamb shift, etec etec.
_This is the subject of lecture 5. There, we find that
data on v lies waiting in e*e™ goes to hadrons at SLAC and FPEP.

-

9. Lecture 5. First we show directly how p(m?) is connected to total

- | cross. section and hence is measurable with relative ease, (Scott __
| Whittaker has spent his last three years acting out this idea).

4 However, it is _cleer that p,, has g simple connection to Vyy since

0 both involve a pair of currents. Thus, p comnects to v. p is what

O _ _ we can find in the experiment, v is what we want t._n__lag%__.

e = - _ . 10. In fact, the relation between v and p takes the form of a little
dispersion relation. F is just waiting for data. No wonder he

I -4 — was surprised to find PST. = _ - e e
| 11. The close of this lecture has definitions in F's notation of the __ _
IT various propagators and commutators.
|

‘Note: I would imagine that all hadrenic. effects on such things as
. Lamb shift would be very smell because hadron masses are so large, _
¢ althotugh pions are on the same level as muons.

— = cpmabm
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Lecture 6: Low Energy Photon Reactions

1. The basic toplc here is the photoproductish of piohis 6fT nucleons, in particular
at” resonance erergies ("low "energy™)The-main object of* thecretical interest— --
will be the "current"-of: necleon-turas—inte-resenance. ‘That- is-why-we—use- —
photoproduction. Thus, we are interased in (res/J“/mucleon). The.idea that
such an "amplitude" exists is argued through factorization (sort of a macro-
causality). The idea of this lecture and number 7 is to briefly go over the

procedure whereby Walker obtained numbers for these current matrix elements

from the experiments. Then in lect;;lres on quarlé F will m_a.ke some theoretical
preductions for these matrix elements, then we can compare. The Breir form
is briefly reviewed. ’ - - ) T T

Lecture 7: more on Walkers work.

1. Briefly, the notions of "background" of a resonance, and the dualtiy-Vepeziano _
idea are presented, along wij_h the thresheld behavior form for a resonance
width. (Check this later).

2. Then we get right to Walkers stuff. He used Resonances+Background+Pion exchange
as his model for what is going on in phétoproduction. "Resonsance is clear, thé
background was some real, smooth function formed by getting best fit to-resonances.

Lecture 8: more on Walkers work._ . — - _.

1. Here, the pion exchange pole is used to account for diffraction which I guess
is present a li¥tle at low energy (especizlly &t small t). Ié, this shows up = =~ ~
in higher~partial waves omly. Feynmantakes the opportunityto show timt when
your use such a pion pole GFE-thing, yeu have to-add -certain ether terms—3in
order to achieve a gauge. invariant interaction.. S .
Aside: pgauge invariance means AY = A" + d%f should make no difference. Thus,
since L = AydY, we must have dyd" = O. If g = photon momentum, then in
momentum space, this says: Gy “';FD. Thus, in the UPE term, you replace
A" (or eV of free.photon) with g and test to sed whether. function. wanishes.
This tests gauge invariance. In general, when a charged particle is
produced, you will need "other terms" te get gauge invariance. ---
2. F makes some remarks on the insignificance of magnetic moment terms in the ~
gauge correction terms Myy and Mypy- The point ig that they are giioSEH “and
can be absorbed into the "background" constant: Thus, Walker speaks—of"electir
Born term"™ with no magnetic moment stuff presant. - - --



10,11, 12
~ Lecture-10r--"work of Feynman; Kisktinger;-Ravndal® -Up-te.new F:has-been- d}scussing

some-kind-of-non-rel-three-quark harmonida.oscillator model .for_baryons..In.this-
O, section.they_try to make things a.little more relativistic. The momerta. and _
coprdinates agpearing in the new hamiltonidn are all four-vectors. The only
constant appearing in the hamiltonian is L& , the -spacing of resonances, set at
1 GeV. I‘I_u;, once ;.mu have th&gmltwar; fr:nr_zl;e ?-qurk s.YStéE; ;ol_can add
photons as usimg ‘via the minimal couplm yields an electric current Jy as shown
in 10.8, Then you go shead as in the original non-rel model and calculate the
various conplings (res/Jy/initial) by putting-in—the appropriste-quarks for sack
baryon—{remember, we are here -tedeing-abeut-a piece of the -photopreducticn matrix
element). The. results—of.thie.relativistic modification are given in_the_table on
page L6 along with the non-rel regults and the experimental results, _
By looking at diagonal matrix elements (prot.oanu/ proton) as funﬁtiﬂn of g,
you are talking about electromagent.lc fcm factors. A modiflcat.ion of F's work
by someone else (FKN) shows t:h“z;t._by pla}d.ng with the bad neg norm states ete, you
can generate reasonable e.a:q:u‘.mnerﬂ:.iEtll:,lr daca;ring em form factors as desired. Certain

modifications and unanswered gquestions are mentioned.

o Lecture #1; "-photoproduction of mesons® We—are-at -high- energy—abeve—the—resenances

and want to.know what. happens in the titled exclusive channel (which.is only a small
pleice of the tntal cross section of ¥p. )_ Some experimental results are mentiohed:
the DCB seems to be roughly : inde dependent of s and have exponential t-dependence at
small t. Actual data is shown on page T0. Rule is Bjt at. t = .8 GeV. Then F goes
into some comments about regge t.hacry and hel:.cit,;.r f]ip which I do not understand.
Related to rules of Jackson and Hite I think.

Lecture 12: “"more on photoproduction® Somehow by using selectionm xswrutes, F can
state that "there must be helicity flip-et- this-vertext! and-so on. This enables-him
to claim.that. the amplitude (one pion.exchange) must. laok.like £2/(t-m?), where a
is some exponent you figure out from which helicities flip etc. If & = 4 or 1 then

you expect to see a dip in the forward direction in the I]CS. As page 70 figure shows,

you do gdt this dip in some reactions, but not in others. For axample, if you make
a ,J_'E. you predict a dip and you get a d:l.p. But con;;ersion of pton or vice F".rersa
shows a forward spike, though you would predict a dip.
How do we justify this spike? F says: absorption. Ie, you go t6 impact
parameter space and state your OPE amplitude @(b) “which happens to™be & curve
o which indicates nothing in the forward direction (ie, area under this a(b}-= 0).

Then you modify this a(b) by multiplication by an "absorbtion -function™. which-

-causes the area not to be zero and-then-gives you-something at t=0. Hence; the spike.



{more—Yectrre 12)—Several-other-reactions—are-discussed in-thisrvery detatled

- - -section. The-difference-between.p to.n-and-n.top is given by-RHO-exchange in

regge itheory, :and you_-get. the subsequent _dip when o =0, ie; at t. = -.5...._ 0
The agymmetry between photocross sections for different polarizations

is discussed, Your photon can have its polarization either in the reaction plane
Certain exchanged .only

(parallel) or .perpendicular to the reaction plane.
corit¥ibute to .one.or the ﬂ_rtl';;r because of certain selection rules based on parity,

so you can try to make some kind of theory to explain your asymmetry experiments.
“"In thé photoproducticn of"d neutral "picn., yol car &xcHangé a phiotod. For
—--obviousreasons;—this causes‘a large .forward-gpike—at- t=0+ -¢The—Primakov-effect).

-I -have -rather-ignored-the-last page-of -this-phenomonclogieal- leeture for lack of

~dntereste__ ___ . _ . .

- ——
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Lecture 13: " t-channel exchange phenomena™ In this brief lecture, F discusses

three "theories™ which purport to explain per:l.pheral reaction phemmana. First,
there is the geometrical viewpoint where .;r_n-u_ga to impact parameter space and
visualize the amplitude a(b) in some intuitive way. For example, in regular diffraction
you imagine that a(b) = 1 except for small b where there is absorption. THi® is &
grey or black disec situnation. For a charge exchange, you might imagine a ring of
activity in the b-space where, say, PI+-is-cenverted to PIO or semething.The - =
weaknese of this geometiical view is that_you get no information on energy (s)
dependence of things, only the t dependence.

The second theory is regge theory. It has the advantage of correlat.ing

different sectors of data. The use of regge cuts can simulste geometric absorbtion

as in the first theory above. F has very HI:EIl; to say aimut mggeﬁt:“l';cr?y. _
The third idea presented is the so-called "van-Hove series". You can

simulate a regge amplitude by summing the Born terms (OPE) for an infifiite Tamily -

of particles, say scalar,vector, tensor. Of course the coupling has tobe just

right to make this work. As an example, you could- sum-ever the spectrum of-the-—

harmonic osc guark model; F claims yau do get a regge behavior..I note. in_ passing how.

F accents things he has worked on.

Lecture 14: " s—channel resonances" This is another theory to explain peripheralit}.r. -

You can imagine resonances of larger and larger J getting active as s incresses. In
order that these explain dips which remain fixed int, you need very special couplings.
F is not at alt convinced of duality. He stiIl “thinks you Mmight hdVe tb add both™s
and t channel stuff. He mentions-the-dual: -model, though, of Veneziano; -bat—does not
know how to correct it (analog of .absorption). In.closing, he mentions that-the
quark model does lead to peripherality in this ways: __the amplitude for 3_quarks as .

a proton to remain a proton requires low relative momentum, ie, small momentum
transfer. The amplitude then is only large if a phbton is absorbed and a pion emitted

by the same quark, so the net transfer is very small. Small py requires the pinn

go off forward, ie, peripherality., A nice intuitive picture, but hard to Euppc:rt
since quarks never appear. The dual diagrams are mentioned. In them, interaction
is always explained by one quark interactinmg with ore” dther guark (say between two —
protens). At least that accounts for the bulk of the amplitude. -
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Gasiorowics Chapter 12 Bremsstrahlung

First, we write the S-matrix and M-matrix element for Brem. using the ——-x
trick. We are thus assuming that the nucleon mass energy is much larger than
anything else around.

Next, we look at the soft photon limit of the S matrix. It looks just like
the glastic or Conlomb S matrix times a characteristic Brem. factor (a bunch of
dot products which are the remains of the propagators). Now, when you write out
the computed cross section in the soft limit, you get:

dog oo = (factor) x %% dQljdog, i

The cross section clearly blows up in the usual infrared way as k- 0. Also, the

"factor™ has two strong directional peaks in it: these peaks are in the direction

of the before and after electron momentum. These peaks were not discussed by Halpern.
These peaks do not require a quantized matter field. If you treat only the

photon field as quantized, and let the electron current be classical, the same

peaks show up. They come from the time integral of an exponential (see (12.9).

In other words, we use L = JyAY except the current J is classical. Compare:

e - BT

W v "]

b classical current

The next move in the chapter is to rewrite the Brem cross section by assuming
a small photon mass u. The result, after summing over photon polarization states,
is given in (12. 14). In this expression {lE.lE% there are three terms.

Question: what is the cross section for Brem. where the emitted photon has
energy between u (the small mass) and something call itAE? To answer this question
we have to integrate (12.14) over all angles of the photon, and also over the
energy range just mentioned. When the momentum transfer p - p' is large, only
the third term in (12.14) is significant. This result is given in (12.19) and is
clearly log divergent in the photon mass u. It is claimed that this divergence
will be cancelled by another divergence yet to come so let us wait.

The next topic is high energy Brem. Here we use the Wiezacker-Williams ideas
discussed in Jackson. In the rest frame of the electron, the em field of the
relativistically approaching nucleus looks like a packet of photons. These photons
do Compton scattering from the electron and the scattered photons are the Brem
photons when you go back to the lab frame. In this method, the relativistic cross
section for Brem is obtained by integrating the Klein-Nishina formula with a
special weighting for the nucleon photon packet. Gas uses *'s to denote variables
in the electron rest frame. After doing the integration and transforming back to
the lab frame, the result is (12.27). From this cross section, the energy loss
and radiation length are easily calculated. In air, a "hot" electron loses B/L of
its energy in 330 meters of travel due to Brem in this relativistic limit.



(chapter 12, con'd)

Along the same lines as that rel Brem, Gas discussed pair production in the
field of a nucleus. First you go into a frame in which the nucleus approaches the
incident photon XXXX. You first transform to a reference frame in which the nucleus
is travelling near the velocity of light. Then its field may be treated a s the afore
mentioned photon packet. In this frame then we have photnn-qpaslphnton scattering
or pair production. We know the cross section for this pair production from our
- lowest order calculation. ©Stick this in and integrate over the photon packet
weighting function to get the pari production cross section. Then from this cross
section we can obtain a characteristic length. This is the length a hi energy photon
can travel through some material before it produces & pair. Strangely, this length
is almost exactly the same as the electron radiation length. See (12.36).

These last two proceeses can of course be done exactly in perturbation theory.
It is the high energy case that prevents us from using the simple ——-x technique
for the external potential. The relevant diagrams are:

i-{-l‘*t}t ( Bran)

:j-mi + e (Poin ?Mcl-\r-iw)

These calculations are all done by Bebhe and Heitler. Woner what they use for
the large momentum transfer form factors.

The final remarks of the chapter are that a polarized hard photon transfers
all of its helicity to the faster of the pair it produces. Also, when a hot electron
brems, the created or emitted photon gets the helicity that the electron had.
Several references are given for these ideas and calculations.

Finally, a comment about the WW technique. It uses the on-shell Compton
formula, even though one of the photons is really off shell. As CM energy increases
this approximation must fail. That one photon is really a propagator and is not
transversely polarized etc.



Gasiorowics Chapter 13 High Order QED

The one-particle-to-vacuum matrix element of the current which drives
the Dirac equation is zero. This is simply a result of the fact that the one
particle state is stable. We can write this zero matrix element in various ways
using the reduction formalism. One example of this is 13.8 .

As an aside, we must keep in mind where the unrenormalized and renormalized
operators occur. The reduction formulas in Gasiorowics always use the renormed,
unhatted operators. All masses in the reduction formulae are experimental, and mo
Z factors appear. In particular, the external leg factors contain physical masses.
On the other hand, the field operators which occur in the lagrangian and the com
rels are unrenormalized, hatted operaotrs.

When we write the lagrangian with the usual unrenormed operators, we want
the physical mass to appear in the usual place. This of course requires a mass
counterterm; this counterterm therefore appears in the Dirac drivigg current which
Gas. denoted by the letter f.

So, from the reduction formalism we have an equation relating Z,, dm,
and a reduction type integral of the VEVTOP of this driving current and its bar.
This reduction may be evaluated to order e? in the usual way, the Z, factors
cancel, and we are left with 13.13 which expresses dm as a divergent integral.
This integral 13.13 is none other than the usual lowest order correction to the
electron propagator. However, it is in terms of the physical mass! And, it involves
the bare electron charge.

Evaluation of Z2. Again he makes use of the one-particle stability to obtain a
reduction type expression for Zou(p). To order e we end up with expression 13.18

for Z2. It contains an integral that looks much like what we called dm, but

we find that really dm is only one piece of three pieces which comprise the

total integral (labelled capital sigma as in B+D). The fact that u(p) sits on the
right end does therefore make a difference. It is the factor A that we identify with
dm. Then it turns out that the factor B is exactly z2 - 1. Thus, at this point we

know exactly how to calculate dm and 22 to second order in terms of infinite integrals.

Why does Gas. have no external leg factors. It all stems from his strange definition
of his one particle states. The creation operator at* which creates an electron

is defined differently from everyone else. The norm of a OPS in this book is

not 1; instead it is E/M for electrons and 2w for others. Thus, the leg factors

do not appear explicitly in the S-matrix. However, now the density of probability
is no longer 1/2%PI cubed but is say 2w times same. In the end, then, these leg
factors reenter.
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"Qlassical Beta Oetay

Gasiorowics Chapter 29 Weak

In 1934 Fermi suggested a vector-vector coupling to explain beta decay.
There are 5 possible- curent-current couplings that..conserve P.
In beta“decay the nuclei afe nonrelativistic- so the reduction is appropriste.
When this is done, the P term dissapperas -so there are only J terms left
in the interaction. The S and V go-with the [1], Fermi, and the 'T and A
go with the [sigma,], Gamow-Teller. -
Using these terms, one can calculate the rate. There will of course beAT
and SV interference terms.. These terms are not observed. (Fierz)
Notice that our coupling does not connect nuclear states of differing
parity. This is because we only considered the first and largest term
in the nuclear matrix element expansion.
Pure Fermi transitions are : (0,&) to (0;%) for (J,P).
Pure Gamow-Teller transitions are: (J,+/-) to (Jil, +/-). ie, dJ=l
All other transitions are .mixed. (eg, neutron decay is mixed)
Consideration of the PI;, decays:
a, modelled with a PI-np vertex.
b. parity conservatibon and Lorentz invariance restrict us to A and P terms
c. the elentron/mucn ratio shows that the P term is zero.
d.

In light of the fact that parity is broken in weak interactions, why should

any of the above stuff be valid. The .parity violating terms are always left
out, even in the PI decay.
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Gasiorowics Chapter 31 Weak

1. On Lee and Yang's suggestion, the Co®C decay was investigated for parity

violating terms in the year 1957 by Wu et all at NBS. The decay is pure
Gamow-Teller so the four terms.to.start with are A, A', T# T'. In chapter
29 we' jgnored the A' and.T' terms.

SxxThexfeng

2. The Euﬁu is a beta decay, by the way. .

3. An assymetry is observed and at once, parity is dead.

L. The data shows that either T and T' aye present, or-A and -A'; not both.

5. In either case, the electron should have helicity = -beta. This was also
checked in 1957 by Frauenfelder.

6. The two component neutrino theory emerges.

7. Ga(66) is a pure Fermi decay. The neutrino-2 theory says that either
5 or V terms are present but not both.

8. Question: does the neutrino involved in the fermi decays have the same
helicity as the neutrino in the gamow-teller decays? If so, then in
a mixed decay there should be interférence between the two_terms. Exper
did show interference and the com¢clusion.was (S,T) or (V,A). .

9. The question was finally resclved in.a correlation experiment. An example
is discussed involving K-shell electron captutre followed by neutrino and
then photon emission. The neutrino that was produced(not an anti~v) was
shown to have negative helicity. This selected out the V-A terms only.

& The S and T terms had the wrong correlations.

10. Longitudinal polarization in pion decay was further evidence. Then.the

. muon decays and the resultant electron again has longitudinal polarization.

11. Another lepton conservation test is u yields e + v + v. Must be differnet
kinds of helicity on those.neutrinos, says the theory. So says.exper§f!

12. The muon-electron-v-v hamiltonian is" written down with the root 2.

13. From the muon lifetime the value of G, is found to be 10-5 inverse proton
masses.

1. From the pure Fermi '014 decay the value of Cy can be measured. It is
exactly the same as G.. To me this is an amazing resuli. The muen
decay and beta decay must be the same interaction.

15. From the neutron decay(mixed) we find CA/CV = 1,18.

16, Finally, it ie snggested that this 1.18 ie the fomm factor and deoes not
really belong in the interaction current.

17. Hote that this entire chapter is abeut 5=0 currents.
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Gasiorowies Chapter 32 Weak
1. So .far we have considered only AS = O currents.
2. These currents have alwdys cartied charge. No neutral currents.
3. For these currents, -exper shows that T is OK, hence CP is OK.
. When strange particles decay weakly, the rule AS = 1 always works.
5. The rule AQ = /AS also applies.
6. The rule AT = % also works.

a. svidence 1 is decay of K into two plons. 500K rate difference.
b. evidence 2 is lambda zero branching ratio into Pi-Nucleon.

c. evidence 3 is sigma-into Pi-N decays{3); graphic amplitude sum prediction.

d. cascade into lambda pi branching ratio.

e. evidence 5 is E Kg and K; branching ratios (=2) into two pions.
The strong weak current now has four obvious terms.
There is some evidence for AT = 3/2 processes. (k* decays).
The pT = 4 rule is thought to be a "dynamical enhancement."

10. The K°-K° system.

a. construct the non-diagonal Hamlltunlam 232 matrix.

b. find the linear combinations of K and K-bar which diagonalize H.
¢. use special K1 and K2 notation for these lincoms when CP holds. (32.26)
d. using approx CP conservation, show whay one is longer than the other.
e. using AT = 4 rule, find some branching ratios = 2.

f. in a pure K beam, K-bar appears-downstream because of mass difference.
g. this allows measurement of the'mass difference.

h. if a Kj, beam hits something, K. can be regenerated.

i. there is recent evidence for Gg violation

je this may lead to the death of the current-current simple picture.

11, By the way, the AS = O currents have ,T = 1,)0.
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Gasiorowics Chapter 33 Weak

g.
9-

We write the M.G.F. for the lambda decay amplitude and identify the

S and P wave pieces.

From polarization experiments one finds the paramategs alpha, beta, and
gamma. From these one can compute ag and a, at low

A large alpha indicates both channels A ang P are. actlve in the decay.
A small alpha shows that only one channel is going.

By assuming CP invariance, we can write down the possible SU; invariant
couplings for the S and P waves sepikrately. These lead to various triangle
relations which are borne out experimentally. It is assumed that H is
transforming as al\ ¢ member of an octet.

The other non-leptonic decays involve the sigma and cascade.

. In the leptonic decays (lambda = pev, eg), the experimental rates are

always slower than the theory predicts by factor of 10. Maybe the
strangeness-changing current should not be wBlghted the same,

A compariedn of the form factors in Koo and PI,o decays again suggests
that,thé two kinds of currentsare nof on the same footing. The K is a S=1
current and the PI is 5 = )O.

In the Kg3 decays there are two form factors possible (maybe more).

A simple OPE model for H3 decay using the K* resonafnce predicts an
f+/f- ratio of -.3.

10, This ratio can be found experimentally in two ways. (1) look carefully at

the shape of the lepton energy spectrum. {2) look at the e/u rate ratio
however, this gives two posgible values for the ratio.

11. In all these  rates, the f- form factor is always multiplied by a few

lepton masses so it really‘duaan't count for much. It is "supprESsed"

12. A comparison of X3 to PI, decay again shows a factor of ten difference

in the principle form factors.
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Gasiorowics Chapter 34 Weak

1. The CVC hypothesis is made. The em current has a piece that transforms
under SU, amd T like the PI-0. It is postulated that the weak vector
currents transform like the PI+ and the PI-. Isotriplet othesis.

a. evidence: in PI beta decay, CVC prddicts f, = SQRT(2). Works.

b. evidence: in beta decay CVC predicts that F, is same as for em.
This is the "weak magnetism™ prediction. Works.

¢. evidence: in e+/e— decays of T = 1 -nuclei, CVC predicts. details of
the lepton energy spectrum. These shape details depend on the magnetic
form factor F, and verification has been shown. This test is like b.

d. evidence: in neutrinc-proton reactions, again CVC says that the em
form factors apply for F, and Fg. When these cross sections are
measured experimentally, the theory can be checked again.

2. The above statements apply only to the vecotr current, not- the axial.

3. In the above, the conserved vector current is the isotopic spin current!

L. The fact that Jy is conserved makes the induced pseudoscalar form factor (P)
vanish. Gas forgot to mention this. Thus, in weak vecbbr decays there are
only two form factors to. worry about.

5« Axial current. If it were also conserved, then PI,» could not go. It does go.
6. Several theories suggest that the divergence of the axial current is proportional
to the pion mass and the pion field (sigma model, eg). In the limit of
vanishing pion mass, the J, is conserved. This is called PCAC.
7. Using PCAC, and considering (nfUA/p], we comé up with a relationship between
the Fy Form factor, g (the strong PI-N coupling constant) and the NNPI
vertex form facbor. We also produce a relatior between F, and Fp; the
induced -pseudoscalar-form factor which is present because the axial current
is not &onserved. Finally, we can find the constant that appears in- the
PCAC equation for the axial current divergence. It is simply F {U) /g
8. Knowing this constant, wé now apply the PCAC equation to Pqu gecay.
The result is a relatdon between F, @ (of beta decay) and - of
FI, decay. (and g). Thus, knowing g and'Fj,~we can predict F TE
prediction. works dnd PCAG-is thus vindicated. This relation Df Fpo F 40 815
the original Goldberger-Trieman-relation. P

9. The above statements apply only to 5=0 currents.
10. The S=1 vector current cannot be conserved because that would block a
certain decay which is observed to go.
11. The S=1 weak currents are associated with J% and J2 of the octet of
conserved currents developed from SU, symmetry. The S=0 currents of course
are associated with J1 and J2. This ﬁypnthesis, made on sound bbservations,
at once predicts the dS =.dQ rule.and the dT = & rule.
12. The vecbbr currents are directly associated with the 5U., generators and
thus contain only F-type SU3 coupling. The- axial curren%s however can be
a mixtureof F and D touplings.
13. Cabibbo's sin and cos are thrown in and universality is saved by writing
the hadronic currents Jj and Jy in terms of the angles arnd the octet currents.
14. It is shoWwn that this result comes from a simple F? rotation of the plain
isotopic spin current. This leads to the dtatement that H, = Fg xform.
15. Congideration of certain K and PI decay..ratios’ shnws that the' angles which
appear in the JV. and JA are the same. ‘
16. Analysis. of the semileptonic baryon dec ays gives tha same angle once again.
17. Gell-Manns  extension to SU3xSU3 -is mentioned and there is a 5 page derivation
of the Adler-Weisberger-Fubini sum rule which relates Fy to pion cross sections.
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The Klein Paradox

{:J __TEEE_iﬂ a qufpg- pituation that triggf_;g’relatlvlutlu quantum
mcihanica. I read about it on p 40 of B+D V1 where they give the original
reference (- -0sKteiny Z; -Physik;53;157 -€1929)—).~ -- -~ -
o In normal quantum meshanics, if you shoot an electron at a potantial
wall, it bounees off if the height of the wall is more than the energy of
-- - the elegtrom, If--the-wall-is- of finite height; there -ig an expenentially- -
d-caying laak thrﬂugh probability so that if 'the wall is of finite thlnknnss,
o thar- is a nhanct that the electron will tunnel thrnugh the wall. This is
- a- standard- quantum- mechanics -islustration-of "etrange things."
Now, if the height of the wall is greater than the electron energy
by an amount more than msa;*énd'if we use the appropriate egunation to
_analyze this situation (the Dirac Equation), ithen we find two very strange . _ _ _
results. Inside the wall, which-we take as infinitely thick, the wave function
doss not die off exponentially. Instead, it propagates. However, it propagates
in much a way that the "eurrent" (probability ourrent) inside the wall is
negative! Secondaly, the reflected current is larger than the incident current!
This is the Klein paradox.

I have not yet read the solution to this paradox, but_it is clear what

is happening. The electron hits the wall and reflects. In addition, since the
potential is mo large, an elecétfon-positron pair isg created at the wdll. This

Gnrrant is paradnxieallx largt. Tha poa1trnn propagatca into the wall and
- ) PIpIEinE thHé Megative traemidsion curr#nt. THeé positron ig able to survive == —
and propagate inside the wall where an eleotron would die.
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THE SPM~PROTECTION OPERATOR

ZE) = s(1+GE)

o
p T neit Erorme winena é: {Q‘S]}

+( |- Y53 5)

[‘L-{l-u- 25 o 1
o (-9 «

Lat qti} be o ?..-:PW'IH. Sake Thak

2.4 9% = QB) y FE Y= -463)

2¢3)

T pure Snouns : )
w(e) = [q(’}] W (S = ['ﬂ L.S}l

=]

w0 15 o[ g

Thus Ust, coumn show Yaak:
Z2(Hw(e) = w'(o)
ZEE} w (o) = Q
sE) W) = o
(5 W@ = W'
O'Tkus; & o w'eo) amd w'le) that cne "s?'m_u.?','

FEHWe)= o
(%) W () = O
S0 S) = wi
2(3) W)= ©

To qamenalize to B#0;

2(3 w (& = W()

P = SDwW(E) whwe

S'4(HS = F(S) wwm

[sime S pS= g’ omd Sy =s]
Trus Was peew Shouwsn!

A(HW P = WP sk
Stomdarid spwmns one

wCps) = @ (f)
wCprs)= w' Cf)
vp® = w' (§) & nore!
v (ps) = W (B)

™Mus | Spim progasiom souga:

AW = wips)
O sy vies

P': 'ﬂai;

¥
S= a3

One cannot help but wonder why it is that

the spih-projection, operator hes this

gpecial ferm. It. wauld geem more "reasonable”
to have Z(S) be a straight 4-dim version

of the 2-dim projector. Instead, we find

a minus sign in lower right 2x2 corner (see
arrow). Suppose we try to set up the naive
4~dim projector as () = L1+ 3)
% is just a 4~dim versiom of thé Pauli o .,

. Here,

Thies candidate projection operator is fine
in that it now makes (0 have "gpin up" the
way we want it to be intuitively. However,
F(F)wor=w's) is not
In order for the equation

then the equation
Lorentz covariant.
to be covariant, it must have the same form

in any frame (above wé have only the rest
frame). This means that we need ¥ to do this:
Sy FGISG) & 2(5) . However, the only type

of objeet which transforms in that way is

a slash 4-vector, :‘3:@1# S(a)= g’
The matrices 1 and is
by the transformation S. In our candidate
projector, the object o simply does not
transform in the Dirac &pace as the spatial

where p=ap .

are mnaffected

part of a "4-vector". It cannot be writien
as terms of the form £ or ¥, £, and these
are the only terms that will work. Thus

we are stuck with the othsr form. Note that
the { is necessary to_pull the projector
into a diagonal form. Lorenz oovariance says

there is no other way.
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