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Feynman and Hibbs.o 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
this book. It does not work for QuD exactly, but there are some special cases that
are clarified by the path integral approach. 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 determinationof 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 usval 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 amplitudes interfere according
as whether 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 nucleus 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.

a: 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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AFFR: Chapter 1 "Strong Interactions"

o I am reading this thing fast to cee, if they have some new ways to look
at things. They claim that they will stress aspects reievant to current algebra.

It starts off as usual with the Mandlectam variables, though they call then

8,t and . They remark that the "substitution rule" which I think I would oall

crossing has not been rigorously proyed from-even the axioms of field theory.

Next comes unitarity, In particular, the simple elegant form of unitarity

in the partial waves in the elastic regime is remarked. Unfortunately, the

properties of analyticity are very messy in partial waves. They stress over and

over this problem of being unable to state unitarity ard analyticity neatly

using the same variables. This is supposed to be an “index” of the complication

of the relativistic theory.

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 singularities are those unitarity branch points, I think.), they go

right into dispersion relations, which is of course what analytioity is all

about. It is assumed that in some sensible region the function T(s,t) is realre) ‘analytic. They write the dispre] 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 "desubtracted" dispersion

relations wich provide superconvergence relations.

There is a good discussion of the Mandleskam Representation. It. is the

statement that there are no wierdo singularities. From the MandyRep you can get

all other dispersion relations. For a large class of potential nonrél theories

the thing is definitely true (with subtractions of course), but in the rel
theories there are problems (anamolous thresholds ?7?)

The rest of the chapter deale with secund kind analyticity. First they
do the whole thing in terms of the. Khuri series expansion (yower series). The

idea is that you have to assume that inversion formulae interpolate youseries
coefficients even where the inversion seems to diverge. Carlaon's theorem is

invoked (and referenced) and a S-W is dotie and out pop the Khuri poles.
T have not read the rest yet. They go into the Regge theory, daughters,

superconvergence, conspiracy, MoDoweli, trajectory doubling, Toller poles ete ete.ro) The chapter closes with some, appendices. .

sad 1) projection operator for particle of any spin. (7)
2) spin formalism thet competes with the helieity formaliem (their ow baby)
3) Lorentz group shortie.
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Streater and Wightman 1964

Chapter ne: Relativistic Transformation Laws

1e1 Superselection Rules. I think here they are faling ebout single particlé Hilbert0 space. You are not allowed to make a state like 0.3./p) + 0.4/PI) + +++ because
such a state (proton mixed with pion) Yoes not have 4 definite baryon number. No one

has ever made’ a particle -beam which wast,stich a mixture of particles of different types.

By "types" we refer here to the supersélecting quantum numbers such as: B, Q »
Similarly, proton and neutron cennob.mix, so I and-I5 are superselector's. Also,
cannot mix any fermion with a boson, because R(2PI) would yiald a different ray if

you could mix these (but rotation of 2PE 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; PI) = /p) x /PIO), even though each single state has

different Baryon number. Here you ére 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 operators which commute
with these observablés. Usually one assumes that operators *in @ Like B,Q° commute.
This allows the Hilbert Space to be broken irito superselecting subspaces, so that
‘2 state is always in one of these subspaces and moves around inside a subspace. I

gether this is the idea of orthogonal direct sum of Hilbert spaces, as in the. rightre) side of a group reduction. These subspaces ‘are called coherent subspaces.

1.2 Symmetry Operations. A symmetry. operator a! = Va is a symnietry operator if

/(afo)/. = /(at/v')/. Such an operator must, according to theorem 1.1, be either
uniteriy or antiunitary. The idea that.v~! ~v* tas obvious fromthe above: def. of
a symmetry. Wigner shows, however, that the operator mst be either linear or

antiliner, but not a mixture. Also, one.must restrict to the action af 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 SH{(2,C) is made. Note use of “ for regular

Pauli matrices, so that X = x*y" = the same thing I use. They also.define ¥ = x,t"
which is the kind of thing you get after parity negates three momentum. The rule

is X' = aXa* as usual. Then comes the complex Lorentz group L(C). Two connected
pieces instead of J, and they use this form: X' = aXb" whereas I think I prefer the
dagger. Finally, the Poincare. groupP and the complex Poincare group P(C) are

0 mentioned. :
Then comes what I think is an error. They speak of the rep (3/2,k/2) as

if it were the same as (4,0)5 x (0,4), 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 agé it was moted that

the operator T is antiunitary. Therefore the PCT operator @ is also antiunitary.
" The ‘substitution rule for PCT is replace (x) with f(x) and write all operator
products in reverse order.". : e

. 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 entilinear. To fix this up, you have to do
@ certain doubling of your representation carrier space as in (1-37). I know that
this off-diagonal matrix business is the same as the idea of (3,3) (3,4) which
makes the $* and 3 representaitons of the full Lorentz group out of reps of the
proper Lorentx group. .

The idea is simpler to understand in the case of Dirac spinor shown in
(1.47). There, you know that you have to take the (3,0) @ (0,4) 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 shown in the fact that the matrix for parity
is exacly off-diagonal. It is a similar thing happening in the vector case. You

have (4,3) @ (3+) « The two pieces look the same, but they get mixed by parity. e
Hence, parity'is off diagonal ‘in (1-37) also. : :

In contrast, the time reversal operator wants to be antilinear, so it

always appears as a diagonal 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 partier field with all undots dotted etc. As usual,

the authors think of higher fields as direct products of lower spinors, rather than

things like (0,8). e

A possible way to view C is this: since you want C to daggar operators

so they meke antiparticles instead of particles, you in passing complex conjugate

things teking 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 guess. : °



(chapter one, con'd) -2-

Section 1.4: The vacuum state presumably does nothing under U(a,A).

A Next, they discuss certain wavefunctions KP) a = (P_\r)- ‘They discussthese rather then the states for the usual normalization reason. The generel

transformation rule is something like (1-58) which I agree with, and the completeness

and olrthogonality have the little D(z?) factors as shown in (1-57), which I have
come to understand.

Again, the think of a particle of spin-s as a system (0,8). They always
avoid the full D°° functions. At least they are consistent in this. Notice that

all indices are first kind, as they say, so you dont have any (4,4) or vector

particles, per se.

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

interesting results:

1) the phase in the ray representation is discussed.

2) a tricky simple reason is given why the U(a,A) are unitary and not antiunitary

symmetries. ( kheany one can be written as a square).

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

4) the assumption of asymptotic completeness is: Hy. = Hoyg = He

fe)

6 .



In classical EM and gravity, hermitian observable fields were “introduced to get ridfo) of action at a distance. In RFT one has also unobservable non-observable fields.

Bel 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 J(x) are more generally taken as (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 His called D, perhaps to remind us it ig dense in H. The space
of vectors gotten by doing polynomials of smeared fields is called D,. Maybe D. = D,
but’ not koown at time of writing. ” .

/ 11. The fields transform with certain reps of SL(2,C) or same plus parity. Exemples
‘given, all obvious. .

;

IIT. The usual _LC_ (local commutativity ) conditions are stated: The commutator or
“anticommutator valhishes at spacelike separations. Also calied microscopié causality.

Comments: there are problems 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 another assumption: fields are irreducible (smeared fields are). This
then means ‘that any operator can bawrittenin temms Of the fields.Definition: field theory is what you Have if application of polynomials in the

smeared fields to the vacuum gives a set of vectors D, dense in H. (aaled “eychic vacuum")0 IV. Asymptotic completeness: Hj, = Hoy = H+ This assumption is on a different level,
since to frame the assumption you must“tnow about scattering states,

gneared field: instead of using f(x) you ise (£) ay ahx £(x) B(x), ie, you integrateyour regular field against a test function to smooth it out a little. Perhaps should
think of £(x) as a ball around some spacetime point. Then the LC condition in terms
of smeared fields says that commutator vanishes if balls are spacelike separated. ‘These
balls have compact 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:

,

CR, Bade ++ Pate),
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 separationg, then you can prove axiom III. Other comments on

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



3.3 Properties of Expectatiori Values. We riow begin a set of about 9 theorems of this

chapter of the book. First, here are some definitions: °
Wightman function: AEGk,Ke) = Col C6) a Gee). Suey \0>,

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

TORD= A) DS Wye,¥8) = Wx,%)
Methmatically, one first defines the Wightman thing with smeared fields inside. This

makes the thing a multilinear functional in the T3(x)- Then using the Wucleer Theorem
you can show that, the existence of such a thing implies the existence of the Wightman
as above in the sense of a tempered distribution. Ie, you smear it to get meaning,
like a delta function. .

Alternatively, you can deal with states like this: - :

NPS Lae die SG KA) QO) degeey-- QOHSY
Whereas D, was the spacé whose vectors were smedred field polynomials, the space whose
vectors afe as ‘shown above _is called Dy. Big deal. i

Theorem 3.1 (4) 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 ak *)
Theorem 3.2 We know that*Wix,+a, xp#a....)- =x, Xpeee) just by translatingfem? 2Fields. Thus, sscript-W depends only“on coordinate differences, so we now use
printed W: . °

RIG Red) WOKEKar Fay oes Kore Ka)
= WO, &, 0. Ba)

Fourie UG) = Bn ye)
Join Gee\ = Ware ten)

: (c) Hermiticity: :

: :

= CA dtaad neh *AHA IAQEDIS. = LBA GG EMS)

(4) Local Comm. This says that if all your differences like x; ~ x,
are spacelike, then you can relate different permutations of Wightman functions

by the obvious statistics, since fields then commute or anticommute. e



(chapter 3, page 2)

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

(o) Fact: The theorems (a) through (e) show, that any set .of tempered distributions, must
be the vacuum expectation values of some field theory (reconstruction, see below).

Theorem 3.42 Cluster Decomposition Propertys .

TWO,Xa, Yo Pha, Ferd) > UP WHa Ys) ae d= a!
4 A= spoke. This theorem is proved very simply from previous assumptions. It
Says that at large spacelike separationg things cannot interact. Obviously the basic

assumption will be the LC condition. Proof depends on tio.{hassless’ partidles, though.
At this point, authors inject a statement of.C invarience -arld CPT invarience. I

skip for now because these things seem out of place. ‘The point “is that they 4dd further

restrigions on the Wightman functicrisy ae

Theorem 3.5: The function W(%,+4.-3..) .exigts and is_holomorphic in "the tube".
This analytic function has a boundary yalye which is the Wikbtman function mentiqned

re) above. There is a unique analytic continuation of this function to the “extended tube".Note: it is W and not WS about which this theorem is stated. .

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

\yWS Be) = GI WER, faa)

where J is the total number of undotted indices, or in my or-Taylr@ éase, this would

be a product of (-1)°°i where each Yield transforms as (0518;) or reverse. Converted
to@ functions the alvaet says: . :

AW (2,Be) = OY AD (Ztack, 7)
The order is not reversed. Also, in Taylor's form the phase would be just unity

since all reps are really (0,5).

Thevrem 3.6: 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

A 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 Ww)
for alln=1,2.... which satisfy conditions (a) through (e) above as well as

have the cluster decomposition, then you can prove that these functions can be e
‘Interpreted as the vacuum expectation 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 properties, hewe “reconstruction theorem". This

theorem is proved (8 pages) only for the hermitien scalar field case, due to

notational simplicity.

.

-3.5 Symmetries.

+ Theorem 3.8: (for parity) Suppose there exists a unitary operator U(I,) which transforms
a.scalar fiéld in the obvious way. Then

1) on the vacuum it. can give only’a phase
2) the operator U(I,) is completely determined on the space D (defined at start of chap)
3) the action of U(I,) on U(a,L) is as you think, 3-59.

The point heré is thiat a synmetry“operator 1ike*parity, time reversal, or C, is really

completely determined ‘in thé theory just by its transformation property on the fields.

. We now have @ long discussion on problems with phases when ‘you do C,P and T on (*): operators which are “non-obseivable.
“ .

.

Theorem 3.92, Suppose your Wightman functions in your field theory have the PCT
property as quoted in (3-66) or (3-39) [ @ property which will be proved in chapter

four]. Then your field theory must have a CPT operator @ which acts on an arbitrary

field as shown in (3.67).

This theorem.thus "extends" the reconstruction theorem to include the PCT

symmetry. Similarly you could show that the parity property kk implies @ parity

operator in the field theory, and so on.
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Chapter Four: General Theorems of ROFT.
7

0 hel Theorem 4.1z_ if ® ‘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: obviously makes use of transfortiation properties

of fields.

4.2 Polynomial Algebra stuff. Let 0 be any set in spacetime. (opne set of course) Let

P(0) be polynomials of Smeared fields which are defined on 0. This set, happens to
be a * algebra (see Pozzi).

Theorem 4.2: _%£ Four polynomial operators defined only over 0 give a set of vectors

which are dense in H , provided thet this is true for all spacetime. Ie, if.your

full vectors defined over R* give a set of vectors which is dense, then the smaller
(in a sense) set of vectors from the operators restricted to piece 0 of RY is also
dense. Recall that this means that the vacuum isa cyclic vector, by: definition.

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

I think they forgot to add that T is supposed to commute with all operators too. I dontfe) see what they are trying to say here..

Theorem 4.4 a lemma for the next theorem.

Theorem 4.5: In a “field theory " (vacuum is cyclic so polys on vee are danse. 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 assume cyclic vacuum rather than irreducible property.

4.3 The PCT Theorem. First, a definition:

(page 71)

Jost point: the real point (6,,-..+5,) is called a Jost point if any "positive" linear
combination of these coordinates is a spacelike 4-vector. Thus, at a Jost point you
know that: § = SD +8, = SL and so.on. then we write § =x, = x) and
§, = %2-%3 this second fact implies that 4-%3 =, SL. Thus, at a Jost point
all the differences x, ~ x, are spacelike,

Theorem 4.6: Let # be a hermitian scalar field doing axioms 1,II but not LC. x

Define: rroelo) PCT conditions — CV REE) &KN= CA PCHAEKQ HERI = M9

Weak 10 conditions Zo\ &(%,) & (Ke) is) (Y= GLUE (Ke) OOK) |9}, = ee”



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 (neighborhood), then PCT holds everywhere (for all(*)
Now, assume this theorem is true. Then since a field theory hes LC, you can certainly

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

Ie, usual LC implies WIC at any Jost point. Thus, in any field theory, PCT holds

for all x. .

Comments: in the ‘proof there is some tubology, but the main ideas are very simple.

‘The complex Lorentz transformation allows you to negate all arguements with no
reordering. Then assumption of WLC allows you to reverse the order near a Jost

point. This proves POT near a Jost point, which statement you ther arialytically

continue to-all points x. Nothing to ie.

Theorem 4.7: PCT Theorem for ‘General Spin. Again, the PCT theorem reverses order

and negates the x, . Holever, it also céntains two phase factors. A factor (-1)"
where again J = number of undotted indices [ this phase is xexm unity in Taylor].

: Also, there is-a factor i° where F is the numberof fermion fields. ‘ This same
phase’ i” also appears in the spin version of WIG condition [order reversal].

To repeat, in a field theory you have L¢ condition. This means you have WIC 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 revérsal. Then CP? is just that complex Lorentz
transformation, and CPT theorem just depends on fact that you can uniquely continue

a W function to complex arguements (extended tube = Hall Wightman theorem).

4e4 Spin and Statistics. aaa

spacelike)
Theorem 4.8: a field cannot commute with another field, but anticonmuté (ith the
adjoint of that other field. And vice versa. In particular, if a field commutes
with itself at spacelike separation, ‘then the anticonmutator of the field with

its adjoint at spagelike cennot venish! .

‘Theorem 4.9: (Spin Statistics Scalar Field?) if you asgume wrong statistics for (®)
a scalar field, (ie, scalar field with its own adjoint), then you find that

basically $ = 0.



(chapter 4, cond, page 2)

Theorem +10: (General Spin-Statistics Theorem.) If you assune wrong statistics for
CO) any field with itselt, you find thet that field must vanish.

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 anelyticity. 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 4.11, 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 certein extra symmetries called "even-odd rules",
The proof of 4.12 takes up 6 pages, with theorem 4.13 along the way.

@) 4:5 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.

Oe
Theorem 4.14: Consider two fields both of which Poincare transform in the same way.

If at a particular time t these fields are related by a unitary transformation V, then

Von one fields vacuum gives the other, modulo a phase. In particular, this means

that the two fields have the same Wightman functions at equal times.

Theorem 4.15: If the VEV of $9 gives the usual & propagator function, then
must be a free field.

Theorem 4.16 (Haag's Theorem) Suppose that one of the two fields of theorem 4.14 is
free field. Then the other must be free. The implication here is that you cannot

have a free field end an interacting field together in the world. In essence, this

ra) is saying that the assumption of V connecting f to $;,, is wrong.
Theorem 4.17 (Generalized Heag) If two fields transform the same way under SL(2,C)

and are related as in theorem 4.14, then all YEW 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 th the concept of "equatl time" may not be meaningful

and that you myst always smear time as well ag space. a

4.6 Equivalence classes of local fields. Skip.



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



Chew: " Smatrizx theory of strony interactions” (aed
= This book caontains 100 pages of "lectures" plus 6 historically

S interesting papers. They are?
Landau 1959 “Analytie singe of Greens Fotns in Field Thelry"
Cutkosky 1960 "Sings and Disos of Feynman Amps"
Vandlestam 1958 "Getting the PI-N amp from disprels and unit."
Kibble 1960 "Kinematics and the M-Rep”

BOKE 1960 "Verify the K-Rep for some potential seatter"
Regge 1960 "Bound States, Shadows, and the l-Rep"

The lectures are not what one would call highly organized, but then this was
right in the middle the operation. The nost interesting aspect is that this
book contains Chew's strongest statement of his bias, his point of view on
the subject. Most of this philosophical jazs is in the first lecture entitled
general outlook from whioh I take several quotes:

"Although he has long since renounced the S-matrix approach, the original
work was done by Heisenberg in 1943... he has thrown all his efforts
behind the idea of a single underlying field.... He believes that

simplicity 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 subject to experimental tests"

"So that there can be no misunderstanding ef the point of view of these

lectures, let me say at once that I believe the conventional associationro) of fields with strongly interacting particles to be empty." " I do not
have firm convictions about leptons or photons" " Like an old soldier,
(field theory) is destined not to die but just to fade mway”

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

"A more concrete way of saying the fundamental postulate, then, is to say
that once one is given certain simple singularities (eg, some of the

poles), the location and strength of all other singularities are
determined by the constaaint of unitarity in physical regions. (The
dolution of such a problem I presume to be consistent with the presorip~
tion given by Landau and Cutkosky)

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

“Which of the strongly interacting particles are elementary? ... because
of general philosophical convictions I am convineed tht there can be only
one sensible answer, and that is that none of them is elementary"

"s+.one 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

computability allows... couplings assume the mximaum value consistentfo) with unitarity... saturation of unitarity."
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"We have absolutely no ideas as to the origin of the strong interaction
symmetries."

~~

S ",, an analytic funetion is determined through the Cauchy relations by
a kind of Coulomb's law for a potential due to point charges (poles)
and line charges (branch cuts) . The point charge is the residue of
the pole, and the line charge density is the discontinuity across the
cut. A sort of reciprocal dependence on distance favors nearer
singularities"

“The "nearby singularities" (nearby to the origin) are associated with
one and two-particle configurations and are the "long range forces".
In our incomplete theory, we know only about the long range and medium
range forces, The far out multiparticle branch points determine the
short range forces, and that 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 mass is independent and sets the scale for
the $ matrix"

Here is & quick summary of the contents of those lectures:

1. Introduction, see above.

; 2, Lorentz invariant amplitude and substitution law. Here, the M variables

.@) and kinematios are introduced.
3. The Landau Rules and the mrep. The idea of the obvious-singularities

representation of Nis stated. Regions drawn in. Note that Chew uses

83 for his main, direct channel (we would use s now), There is a good
eal of confusion here between the single and double spectral functions.

4, Cutkosky's generalized unitarity relations. Cut showed that you can find
the sings of an arbitrary feynman diagram simply by putting all the
propagators to delta functions. Ie, put all internal lines "on shell".
For diagrams that I usually call "unitarity diagrams", Cuts technique
duplicated witerity. However, his method says more,eg, it gives the
contriubtion of a prticular box graph to the double spectral function.

5. Charge and Spin generalisation (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 "forces". If you just write a fixed-s disprel, the cut terns
look just like what you get in potential theory using a continuum of
Yukawas. In fact, the macs at the start of the disprel eut corresponds
to the lightest mass in the Yukawa distribution and thus controls 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:

= £ ‘ > ‘ 1 ALCS 55: ‘6 AChane)= $X dgSO Sasi Av) dss Ado)
7 ds, “ENE sau wd Si Ss,783 fads

z 4 wesnek
Er aes aSate

- RAS duce aceet heyAsdiie acu .nents



: -3-

6 con'd, In this disprel, the pole term contributes only to L=0 waves.
For higher waves, A is controlled by 4, and A, (the line charges). In

particular, 4 feels the pieces of 4 aid Ap that are closest in the t-plane.re) 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 Ay. So for rc partial waves,the pion pole by itself should be a good approximation! (Note: high partial
waves suggests to me peripherality, large impact parameter, high energy)

"ile do not yet have a definite method for calculating multiparticle matrix
elements” he says. This was the need that bore the multiperipheral model,
that ate up Toller theory, eto

" One channel provides forees 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 calculate.”

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 mrep for f, The boundary for RHO is easy to see
and starts at 4to* or higher. By screwing around with various s and/or
+ dises, and using elastic unitarity (which here is everything), he comes
up with equation (7.14) which sage: fy = function of fy. If you know
RHO (the Yukawa distribution, the potential), you can compute fo and hence
RHO2 (the double spectral) everywhere, by a shceme 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(O) of the nonrel theory, He has, as advertised, defined the potentia.[o) Given this potential, you could solve by iterating as in the nonrel case.
But, the potenail is a mess of ppectral functions. How do you evaluate it???

8, “Evaluation of Longrange and Medium Range Forces". What that title means
is that he will show us how to estimate the poential ( = force) for a

reaction (3) due to the close-in sings of the cross 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 tye cross channel absorptive
part. This absorptive part for this range of s, = t vanishes except
at t'= pionmass, 6o Ay is a delta function (lige single Yukawa RHO would
be a delta function. Thus: wow z

“ 5 4Wham t < Hom, “feel a” poduatead fo Jb ni & 26 = Sem)
So, Wa T(dom)x[>-<]. s
This potential is called the long-range force ( see title of chapter). Now,
for the next higher range of +, the pobential as definkd in Ch.7 is the

full absorptive part minus an elastic piece, sot ..

ae HCE, ya EH al on sada 5.
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 force regime,then, in order to know NN, you will need

to know PI-N, And in order to know PI-N, you will need PI-PI. Somehow,fe) 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 is the PI-PI problem, which provides all
ite own long-range forces and an important part of many other 2~body
forces..."

shop Se mnd.
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Martin & Spearman - Elementary Particle Theory (1970)



-——_ —— —_—_—-ll o_o —_—_—_— aor me

The Various and Multicolored Amplitudes of Nartin and Spearman.

oO First, write a general S-matrix element as (f|S|¢> . Then, decompose the
i ana f states as: (> =IPS@14> and l= CRO Cel « Also, write

~ " “" “Sat @Sp. Here,I indicates that LS, Qu] = 0, ie, that the total four
~ motientum ie a conserved quantity. Tus, as far aé the "orbit" portion of the =~

-- = Sematrix element is concerned, we have <ft|Si Pxi> = Chey = CPAIRO
= BS ((LLRM). oe operator. Sp_then-acts only within the little Hilbert space. .
for a partioular choice P ( usually one chooses ? = 0; then Sip is an operator _

_ in the "baryoontric subspace".) In other words, write:
4

~ SUSI =_SUTICY © Gel Selain = SCL) Sate Seldr
_ -____ Now, for two-particle helicity statesin the oms, it turna ont that __

I= y logy? > «This state is carefully defined as by Jacob and Wick, but
we do not need to worry much about its origins. The point ie that we can now say:

Oa EM) BE, Mgt! Soloway
_ Im order to remove from this amplitude the chance of a non-interaction,  __

__

define the T operator by S= 144% In the direct product notation, ‘thie

means S=I@Sp and T=x@TJp md T=IOI so we can rewrite the T

\definition as I@=XGL+it©7. In the little Hilvert space, thén, one has :

"simply Sp=T+iJe . Therefore, in general we can say, ~ ~ oe

<GISTES =<PIBD Laid +E SGITHR] : ——

a = <5 +t <BADDLag Tela
In the particular case again of two-particle oms stateswe have: __ a

WwW + Se!CELS1y= BGR) FE [Se RD hip Buy Devs i<otpnr” Tegan),
Zev where the factor é|di> is written out explicitly.
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ior Now that the elements Guay are clearly defined, we can show that the
invariant cross section is given by, = x (al BdI da |
where flux = \(0rpa me = pls cw

orm ph® tale :

a eee SA RE ew LLL

__and where = dcy a, 7 oo.

-—— - ~ ee=where there are n final particles. Alternatively, can = &(i mH \d fi so thata ee aan oe
aeTECwe) ape BCR) a

__ Again, specializing to the 2->2 case, we have: _
A 4

- AGA _ = SEphwd) do SE -md) de SCorte P.)
. — = Spy SC pewd) dip .

ir aOe = —en at comes out ist u

oma» (9) oat Tel— = =) | des| Te le| ee geltn (Gi) ONT AD)

On, using at = 2ayqde oF ade ipien Brat we can write,. J ge

de ot s~
a rr aae

~ = “the relation between (xi{Tp|d:> and the so-called “invariant amplitde"Bey —
—- used by many other authors is <s(Tldiy=~CTL Wye , the Mpformation —

__ has to differences from the MS method. First, the single (and two-) particle _
- sates are normalized differently( <plp'?= Ow? B(¢-1) for Wry usersy this is

the non-invariant norm), and secondly, the T matrix is definea with ~¢(2m)* .
rather than with +{ . Thus, the differences end up being —(2n)\. (any = (7).
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~ oO Using the explicit helicity states, we can rewrite these cross sections asi _
Stes| ot uate ey- &- EG) aad Ak = =r [ogpyps|Teloonpa|” ve

OE gage AL GPGE[LobmymalTreo ryeey|  exopt Ga: oe
| ~~~ Phe "f-type” helicity amplitudes are defined-so there su heonetant ir de =
- - Thus, we define the

f amplitudes by: ano e--+ a ~~ -= Bant BiotinPl cower =apg HEM=~Me; and the oross sections become: re:
ay cs 77 =

» (4) mim = os :oe dee Vaunl<(H) dem aie ol = Qe Fars] Ms]

: Fe) 7 Onpage 326M ana $ give the amplitude | <4 TP the new name Tedjab a
"thus,we can say: 7 —_ Te 7

2 gee (agi Tu aps 8 [Taal= SEEB Taal —— sds sq | Si
. . Soar = JR Tea ee a ae a

a —While we aredisgussingall these amplitudes, we might aswell record all =|
_ _ the corresponding optical theorems. They are: . _ . a

et AT tm[Faallitel]= BE br Tawa(ates) = - dass Ande]&
as RIE’ 18.-~"Finalgy,we can write thepartial wave helicityexpansionsfor these fi a

- amplitudes. ‘Specifically, - (p\78) - —- = — - -
Rade BG

CL <Ptaiae Mloompnd =ae SLC)du (9)Supace (TR AD
-Sp  awet  -e -= ew) ot
Sadye = ae E07 = Tye



MorbitSpearman Stole Notations
A state vector belonging to a representation of the Lorentz group may be written as:

C0 (> @ 12>
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: ~

\02= Pep KBr Binty = ZESR-FO
(e7= Niner Kil iar = Sy Se

Vivre, Fer = 1B x>@ typ

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

os migt wb - soe. at ‘
VADjm BPP = € PSZA Oy. (ReApne)Linmes BD pleAg\ wigs notatern

Obviously the little group here is a subgroup of the Lorentz group.

The general~frame two-particle state is given by,

\pipe pypaa 2 = [Arm BAaP® |jemBa may .
with the normalization,

fo) <PPLAYK SBP ywat> = Hep? SCHRCER) Say Suga’ Sex. ‘On the other hand, we can define special cms two particle states , viz,

\p OPpyrt>
These have the normalization,

<POP uur] POSH =oy SC R-€) SC=R) Swe! Sey! Suptepi
This is also the normalization of those any-frame p1P2 xtates mentioned just above.

The factor out from: follows from some jacobians in the change py Pz to Py
Next, do a direct product decomposition on these states:

[petas> = |P>@l«>
If we demand that CP\P'> = SCP-©), then the [dy mst be normalized like so:

LZala> = Sw S(W-R) Sop
Thus, define some new states with the obvious norm, then alpha in terms of these states.

Odpy pM OP ape — GA-R) Syy: Soyst See’
lee \w \edgums>

oma.O . é =
[petppax> = \ b>] e| va josyux>]Jf AA

\e
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Now we can do the angular momentum states. (helicity states) Ss Ur

fe! We can define a set of states corresponding to either spatial set:, oy

(poeypady = Zi Ce Onn papHOt) [PIM Maer
= aipoMyae> = BE Van OP hore | pote

<pPMYn|PSMA = HW SCP-R) Soir Sinn Sayph Spy rewe

That was the first set of states. The other set is:

@)loyppwt>= 2 Oe Payne Vompyre
.<)myers BRL Sak ORandy ledayerd

(B\n

<oPMpiN' | SMyypar ~ BEE! Dyn 0-H) Saye SayeSee
In the angular representation we can still do the total decomposition as:

re) 1G;TM, pywi ry = [ 1] @Ll a>]
= eo] )H yyunrf

The normalization of these states then is:

<PSM pynd'(e)| PINya cA> = — S (6-8) Bey Sau!SyuSaysderPP’

The usual partial wave expansion is then:

TEOS Gal Tle? = a Co'e'nin.8'|TO xaypet >

Ke bpinit \Te\ COMM = L, oh ery SWO) Spee Te yee
Finally, using the alpha notation and the definition of T, unitarity says:

CHT — <esITHAD = i ZL dQ GeiThared TMD
Lu 2(Q-) * TT dip Siew’8 APHID+ BOAIED das 8R%) TT Anan)

v poke no(2ry* od +6
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Feynman - Photo-hadron Interactions (1972)



.* 1
H

|

Comments on Ghapter One of’ Photon Hadron InteractionsO--= — Gey the first five lecturés) Lk
-  -_-.-:-14 In the first_lecture Feynmanlays the golden egg:.postulatesthet there . _"exists. an entity known as the hadronic electroiagnetic current. The idea

_ _____., _. is that_ingn electron-hadron interaction, the electron itself never ___gets it en with the hadron directly, but does so only via a photon. Thus,

—_ .  . this is anextensionof QED principles.The hadronic emcurrentis the _ __ mthing™ that the photon propagator latches onto, in the Lorentz sense.

~~ 2 2. In the second lecture the first appoopriate question is: why should this
4 “hadronicem current" be a conserved current??? I am happy to simply _____assume this, but F gives some motivations on page 6,7.

~ | 3. Next, he defines Vyy as “the thing that two phetons can latch onto".

In QED there is no such thing, its just the current interacting
‘twice. If the electron ling WeFé to tlose“on itself, then Vy *
would be the infamous vacuum polarization tensor, called Iyy in BD.

ianiniaiie In the hadronvase Tt~is notcompletélyobvious ‘that this ~~ ~~~tensor can be written as the time ordered product of two currents, and

- - F spents pages 8through io womdncing hidsel? that ‘this isin Pact ~~ ~~I the case. The result is given in (3.3), and the nasty fact is that
ST cthere-very”

welt ‘may -be"seugutie"s Clearly; F topes tis is" rist 36, -Oo but camnot prove it is not so. .

- oF ~ + So much for lecture 23° ao eee as
. ~ 31" ds In the vase of Pion vs: Photon} we ‘mow that “the-"vacaun polarization — ——~

tensor" has both current-current piece, and qseagull piece. So, why{7+ the hel should there beno-seagull "stuff in’ general with hadronies!!? ~~
It 4s a very peculiar thing that there are no seagulls in QED. F

- ‘ makes‘a few-comments” onthis,~page 13+ se
— ee | 5, From gauge invariance;-weknow ‘thatthe vac pol tensor“ t¥""¢ortserved"; .

} ie obeys the gauge condition as usual. This has the direct implication

nn) that; the commutator “of Jg-with-the-currentJ,-is quelto the divergenceof
those seagulls, see 3.7. If no seagulls, then we have the:| very-nice-equal time~commutator condition; ~at~least for ‘the-em-currents—Later we will see that in,general the et commutator does have some

— currentriding-on-the right-sides ~~ ~= == 07 St mene
I spené most of my notes on this chapter 3 trying to remember

Seite what-a seagull was, Now-I witk never forget <~ 9 —"- t
2

7 -  ¥ | --6s Chapter i Here; observing that from-the-isospin ‘point of-viewthe ~
ent current is a misture’ of scalar and vector, F generalizes all our

sore - previous results to the scalar and multiplet-of-isovector-currents. ~
In particular, we have some fancy equal time com rels ( the non-axial

—- —-+ + —part-of-"current: algebra"), plus from these we-have-various' divergence ~ ~
i Conditions of the "generalized vac pol tensor".

‘ It is an-easy step-to further-generaiize-beyond isospin'sOo SU(2) to any Lie gauge group.
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, |
. . . 1 %. Suppose_your gauge group_has masa breaking? How_does_this_affect—— _
P

our basic equations (com rels and divergence conditions.)? For
_- ,  -onething, it is easy to. show viatranslation invariance that____i even the current itself is no longer conserved! (not to mention

~~ + -- + ——thewac_pol tensor)... ___ .. .. ee| So, to the vac -pol divergence you must add some kind of
-- | extra tem. which takes account of this. mass breakage, see_4.12.. ___

The "glimmer" that I feel here is this: in an ultraviolet problem,

eens ee ~ this. second term in thedivergence.of Vuy willbe relatively. |unimportant, so this suggests that su(3) can be OK at high energies
-—. — - | — .and_short. spacetime_intervals.Is this why quark models. work.so. 2 _well at high energy scattering?

8. Before leaving this 4th lecture, F peints out specifically how
oe ' the function v(q2) is relavant to the modification of the photon. -

| propagator (which is why we are calling tt the vac pol tensor

| in. the first. place.) If we can get_some information on x, then _
| we will know how hadrons contribute to the Lamb shift, etc etc.

- -This is the subject.of lecture.5. There, we find. that. -
¥ data on v lies waiting in ete™ goes to hadrons at SLAC and PEP.

9. Lecture 5. First we show directly how p(m2) is connected to total,
- gross. section and hence is measurablewith relative ease. (Scott _ _

t Whittaker has spent his last three years acting out this idea).
4 However, it isclearthat pyy.has asimple_connectionto Vuysince. __~. both involve a pair of currents. Thus, p connects to v. p is what,@) _ - we can find in theexperiment, Vis what we want_to know! 00

-- —-~ ~ 10:In fact, the_relation between v and p takes the form ofa little ©. _dispersion relation. F is just waiting for data. No wonder he

ss 4 Kassurprisedto find PSE. Oo o ee eee
. _ | Aly ‘Thecloseof this lecture hasdefinitionsin F's notationof the __| Various propagators and commtators.

| Note: I would imagine that all hadronic. effects on such thingses
-- . | _ Zamb_shiftwouldbe very small because hadron magses are so large,_| ¢ although pions are on the same level as muons.

I -- cee -- wee ee
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Lecture 6: Low Energy Photon Reactions _ - - -

ro) 1, The basic topic here is the pHOUOpFOdiCtionOf pions OFF vucleons, iW particilér ~
* at“ resonante erergies ("low energy");—The-main object of theoretical interest-—-~~

will be the "current*-of; necleon-turas—inte-resonence. -That- is-why-we-use-—-

photoproduction. Thus, we-are interesedin (res/J'/mucleon). Theidea thet.
such an "amplitude" exists is argued through factorization (sort of_a macro~
causality). The idea of thislecture and number 7 is to brieflygo over the _
procedure whereby Welker obtained numbers for these current matrix elements

from the experiments. Then in lectureson quarks F will make some theoretical
preductions for these matrix elements, then we can compare. The Breir form .

is briefly reviewed. 7 ~ ~ - a

Tecture 7; more on Walkers work. 7
1. Briefly, the notions of "background" of a resonence, and thedualtiy-Veneziano__

idea are presented, along with thethresholdbehavior form for a resonance .
width. (Check this later).

fo} 2. Then we get right to Walkers stuff. He used Resonances+BackgroundsPion exchange
as his model for what is going’on in photoproduction. “Restnafice TSclear, thé

background was some real, smooth functton 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 little at low energy (especially Gt Small t): 16, this showsup ~~~
se in higher~partial waves only. Feynman-takes the opportunity-to show thmt when

you use such a pion pole OFE-thing, you-have to-add certain other term-in -- -

order to achieve a gauge. invariant. interaction. --- -

Aside: gauge invariance means AY= AY + dYf should make no difference. Thus,sinceL = AyJ¥,we mast _have dy = 0. If q= photon momentum, then in _momentum space, this says: QJ“= 0. ‘Thus, in the OPE term, you replaceAY (or e4 of free photon) with q"and_test to sed whether function_vanishes.This tests gauge invariance. In general, when a charged particle is
produced, you witl need “other terms". te get geuge invariances -~~

2. F makes some remarks on the insignificance of magnetic moment terms in the ~

. gauge correction terms Myx and Myyy- The point is that they are stioctli“nd =~
fo) can be absorbed into the "background" constant: Thus, Walker speaks-of"electic-

Born term" with no magnetic moment stuff presant. - nee



10,11, 12
~ Lecture-10r--"work of Feynman; Kisbinger;Ravndal"_ -Up-to.now Fshas-been-dfscussing

some—kind-6f-non-rel-three-quark-harmoni¢a.oscillator-model for-baryons.—In-this-‘e] section.theytry to make things a little more relativistic. The
momerita.and._coprdinates appearing in the new hamiltonidnare all four-vectors. The only 7

constant appearing in the hamiltonian is. , the spacing of resonances, set at

1 GeV. Now, once you have this hamiltonian. for the 3-qurk system, you can add
. photons as using via the minimal couplingsThis yields an electric current J, as shown

7 in 10.5. Then you go aheada5 in the Ofiginal tioi-rel imodel and calculate the
various cotplings (res/Jy/initial) by putting-in-the appropriate quarks for eacir

-  baryon~{remember, we are here -telieing-about~a piece of the -photopreductidn matrix

element). -The. results—ofthie-relativistic_modification are.given-in_the-table on :
page 46 along with the non-rel results and the experimental results. _.

By looking at diagonal matrix elements (proton/Jy/proton)as function of a,
you are talking about electromagentic form factors. A modification of F's work”

by someone else (FKN) shows thatby playing with the bad neg norm states ete, you
can generate reasonable exponentially decaying em form factors asdesired. Certain
modificatfons and unanswered questions are mentioned.~

Lecture 21: "-photoproduction of mesons" _ We-are-at hhigh- energy-abeve-the-resonances6 -and want to-know what- happens in the titled exclusive channel_(which.is only a small
pieice of the tatal cross section of Xp. _) Some experimental resultsare mentioned:
‘the DCB seemsto be roughly independent’ of sand haveexponential t-dependence at _
small t. Actual data is shown on page 70. Rule is e at t = .8 GeV. Then F goes

into some comments about regge theory and helicity flip which I do not understand.
Related to rules of Jackson and Hite I think.

Lecture 12: "more on photoproduction" Somehow by using selection xmrrules, F cen
state that "there must be helicity flip-at- this-vertew!! and-so on. This enables-him

to claim.that. the amplitude (one pion.exchange) mst. look. like t2/(t-m@), where a
ig some exponent you figure out from whichhelicitiesflipetc.If a = + or 1 then
you expect to see a dip in the forward direction inthe DCS. As page 70 figure shows,
you do gdt this dip in some reactions, but not in others. For example, if you make

a 2, you predict a dip and you get a dip. But conversion of p to n or vice versa
shows a forward spike, though you would prédict a dip.

How do we justify this spike? F says: ‘absorption. Ie, you go td impact

parameter space and state your OFE amplitude «(b) ‘which happens to~be & curve6 which indicates nothing in the forward direction (ie, area under this a(b}-= 0).

Then you modify this a(b) by multiplication by an Yabsorbtion function". which.

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



-— +  {morectecture-12}:—Several-other-reactions-are-discussed in-this-very-detatled
- = --section. Thesdifference-between-p to.n-and-n:.to-p is given-by-RHO-exchange in

regge theory,-and_you-geh.the_subsequentdip when& 20, ie) attare5e...- *]
Lee The asymmetry between photocross sections for different polarizations _

__. _ is discussed, Your photon can have itspolarization either inthereaction plane
(parallel) or .perpendicular to the reaction plane. Certain exchanged .only

” corittibute to.one.or the other becausé of certain selection rules based on parity,
soyou can try to make some kind of theory to explain your asymmétry experiments.

— “I the photoproduction ofd neutral“pion., you cari GxcHahgé a phiotoii. For
- —-obvious reasons; thts- causes *a large forward-spike-at t~Os -{The-Primakov-effect).

ne -I have <vathen-ignored-the-last page-of -this-phenomonological. leeture for lack of
- ~ Anteresta 2. - : = wee :
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(a4
)Lecture 13: _" t-channel exchange phenomena” In this brief lecture, F discussesthree "theories" which purport to explain peripheral reaction phenomena. First,

6 there is the geometrical viewpoint where yougo 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 émall b where there is absorptién. THis is a ~

grey or black disc situation. For a charge exchange, you might imagine a ring of — ~
activity in the b-space where, say, Pi+-is-converted to PIO or something—The - —

. weakness of this geometiical yiew.is that.you get no_information_on_energy(2) .
dependence of things, only the t dependence. __ .

The second theory is regge theory. It has the advantage of correlating
different sectors of data. The use of regge cuts can similate geometric absorbtion

~

as in the first theory above. F has very littleto say about regge theory. a
“The third idea presented is the so-called “van-Hove series". You can

- simllate a regge amplitude by summing the Born terms (OPE) for an irifinite Yanily’*
of particles, say scalar,vector, tensor. Of course the coupling-has to-be just a

right to make this work. As an exemple, you could sun-over the spectrum of-the~

harmonic ose quark model; F claims you do get a regge behavior. I note. in passing haw.
F accents things he has worked on. _

cel Lecture 14: " s-channel resonances" This is another theory to explain peripherality. _=

You can imagine resonances of larger and larger J getting active as s increeses.In
- order that these explain dips which remain fixed int, you need very special couplings.

F is not at ali convinced of duality. He stiT1 thinks you might hiVe to 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 thatthe.

guark model does lead to peripherality in thie ways the amplitude for3_quarks as.
a proton to remaina proton requireslowrelative momentum, ie, small momentum _.
transfer. The amplitude then ie only large if a photon is absorbed and a pion emitted

.

by the seme quark, so the net transfer is very small. Small py requires the pion
“ "go off forward, ie, peripherality. A nice intuitive picture, but hardto support

since quarks never appear. The dial diagrams are mentioned. In them, interaction
- is always explained by one quark interacting’with one’ other’ quark (say between two —

protens). At least that accountsfor the bulk of the amplitude. -

6



Gasiorowicz - Quantum Physics (1974)
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Gasiorowics Chapter 12 Bremsstrahlung

fe] 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 @lastic or Coulomb 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:

doeem = (factor) x a ADA) actic
The cross section clearly blows up in the usual infrared way as ku» 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:

LS

I~ - haps omAa v %

4 va) classical current
The next move in the chapter is to rewrite the Brem cross section by assuming

a small photon mass y. The result, after summing over photon polarization states,
is given in (12. i}. In this expression (iat) 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 ita? 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 3/4 of
its energy in 330 meters of travel due to Brem in this relativistic limit.



(chapter 12, cond)

8 ‘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 photon-quasiphoton 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 a 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:

= ’ TE + ck (Bron

6 “4 + ek Rain Producten,
These calculations are all done by Behhe 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.



os Gasiorowics Chapter 13 High Order QED
8 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 formas in Gasiorowics always use the renormed,
unhatted operators. All masses in the reduction formilae are experimental, and no
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 22. Again he makes use of the one-particle stability to obtain a
reduction type expression for Zpu(p). To order e* we end up with expression 13.16

for 22. It contains an integral that looks much like what we called dm, but8 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 22 - 1. Thus, at this point we
kmow 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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Qlassicat’ Peta Decay

Gasiorowics Chapter 29 Weale

&
1. In 1934 Fermi suggested a vector-vector coupling to explain beta decey.
2. There are 5 possible: curent-current couplings thatconserve P.
3. In beta'decay the nuclei ate nonrelativistic: so the reduction is- appropritte.

When this is done, the P term dissapperas so there are only 4 terms: left
in the interaction, The $ and V go-with the [1], Fermi, and the'T and A
go with the [sigma,], Gamow-Teller, ~

4. Using these terms, one can calculate the rate. There will of course beAT
and SV interference terms... These terms are not observed. (Fierz)

5. 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.

6. Pure Fermi transitions are : (0,«) to Cova} for (J,P).7. Pure Gamow-Teller transitions are: (J,+/~) to (Jil, +/-). te, dJ=1
8. All other transitions are mixed. (eg, neutron decay is mixed)
9. Consideration of the Ply decays:

a. modelled with a PI-np vertex.

b. parity conservation and Lorentz invariance restrict us to A and P terms
c. the electron/muon ratio shows that the P term is zero.
de

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.

=]



oJ Gasiorowies Chapter 31 Weak

1, On Lee and Yang's suggestion, the 6° 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' §gnored the A' and.T' terms.

2. The Co” is a beta decay, by the way. -
3. An assymetry is observed and at once, parity is dead.
4. The data shows that either T and T' are presefit, orA 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

S or V terms are present but not both.
8. Question: does the neutrino involvedin 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 conclusion.was (S,T) or (V,A). .

2 9. The question was finally resolved in.a correlation experiment. An example

6 is discussed involving K-shell electron captute, followed by neutrino andthen photon emission. The neutrino that was produced(not an antivv) was
shown to have negative helicity. This selected out the V-A terms oily.

& 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!

12. The mon-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.

14. From the pure Fermi OM decay the value of Cy can be measured. It is
exactly the came as G,. To me this is an amazing result. The muon
decay and beta decay ‘tmst ke the same interaction.

15. From the neutron decay(mixed) we find CA/CV = 1.18.
16, Finally, it is suggested that this 1.18 is the fomm factor and does not

really belong in the interaction current.
17. Hote that this entire chapter is abeut Sa0 currents.

S
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_ Gasiorowics Chapter 32 Weak

1. So far we have considered only AS = 0 currents.
2. These currents have always cartied charge. No neutral currents.
3. For these currents, exper shows that T is OK, hence CP is OK.
h,. 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. evidence 1 is decay of K into two pions. 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 K Kg and Ky branching ratios (=2) into two pions.
7. The strong weak current now has four obvious terns. .
8. There is some evidence for jT = 3/2 processes. (K* decays).
9. The sT = $ rule is thought to be a “dynamical enhancement."

10. The K°-K system.
a. construct the non-diagonal Hamiltonian 2x2 matrix.
b. find the linear combinations of K and K-bar which diagonalize H.
c. 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 = $ rule, find some branching ratios = 2.
f£. in a pure K beam, K-bar appeai's ;downstream because of mass difference.

i g- this allows measurement of the mass difference.

fe) h. if a Ky beam hits something, K, can be regenerated.il there is recent evidence for CP violation
js this may lead to the death of the current-current simple picture.

11, By the way, the SS = O currents have pT = 1,)0.



Wrouge Arachiong ID

Gasiorowics Chapter 33 Weak

1. We write the M.G.P. for the lambda decay amplitude and identify the
$ and P wave pieces. .

2. From polarization experiments one finds the parameters alpha, beta, end
gamma. From these one can compute ag afd a, at low q*.

3. A large alpha indicates both channels A ani P are. active in the decay.
‘A small alpha shows that only one channel is going.

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

5. The other non-leptonic decays involve thé sigma and cascade.
6. 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 weighted the same.
7. A compariedn of the form factors in Ky and PIg2 decays again suggests

that,thé two kinds of currentsare not on the same footing. The K is a S=1
current and the PI is S = 0.

8. In the Ke3 decays there are two form factors possible (maybe more).
9. A simple OPE model for Kj decay using the K* resonance 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 possible values for the ratio.

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

8 lepton masses so it really doesn't count for mich. It is "suppressed".
12. A comparison of K3 to PI, decay again shows a factor of ten difference

in the principle form factors.



Consmved Curmnds.

Gasiorowics Chapter 34, Weak

1. The CVC hypothesis is made. The em current has a piece that transforms

under SU, and T like the PI-O. It is. postulated that the weak vector
currents’transform like the PI+ and the PI-. Isotriplet hypothesis.

a. evidence: in PI beta decay, CVC prddicts f, = Saray Works.
b. evidence: in beta decay CVC predicts that Fp is same as for em

This is the "weak magnetism" prediction. Works.
c+ evidence: in e+/e- decays of T = 1-muclei, CVC predicts. details of

the lepton energy spectrum, These shape details depend on the magnetic

form factor Fo and verification has been shown. This test is like b.d. evidence: in feutrino-proton reactions, again CVC says that the em

form factors apply for F, and F,. When these cross sections are
measured experimentally, the theSry 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!
4. 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 Ply2 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 Ja is conserved. This is called PCAC.

7. Using PCAC, and considering (n/J,/p), we comé.up with a relationship between& the Fa Form factor, g (the strong PI-N coupling constant) and the NNPI

y vertex form factor. We also produce a relatiori between F, and Fp; the
iriduced -pseudoscabar.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,(0)./es8. Knowing this constant, we now apply the PCAC equation to PI, mecay.
The result is a relation between F, (of beta decay) and fpp Of
Ply decay. (end g)- Thus, knowing g and'F,,"we can predict Phi. The,
prediction: works dnd POAG-is thus “vindicated. This relation Of Fy, Fis, g is
the original Goldberger~Trieman-relation. . P

9. The above statements apply only to S=0 currents.
10. The S=1 veetor current cannot be conserved because that would block a

certain decay which is observed £8 go. .
11. The Sei weak currents are associated with J+ and J? of the octet of

conserved currents developed from SU, symnetry. The S-O currents of course
are associated with J! and J2. This Hypothesis, made on sound dbservations,
at once predicts the dS =-dQ rule. and the dT = # rule.

12, The vetbor currents are directly associated with the SU, generators and

‘thus contain only E-type SU; coupling. The- axial currents however can be
a mixtureof F and D couplings.

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 ard the octet currents.Uy. Tt is shoim that this Tesult cones fron a simple'F, rotation of the plain
; HSotopic spin current. This leads to the statement ‘that H, = Fy xform.

ro) 15. Cénsideration of certain K and PI decay.-ratios’ shows: that'tite' angles whichSe appear in the JV-and JA are the same. + +
16. Analysis. of the semileptonic baryon dec ays gives the same angle once agein.
17. Gell-Manns” extension to SU3xSU3 is mentioned and there is a 5 page derivation

of the Adler-Weisberger-Fubini sum rule which relates F, to pion cross sections.



Bogoliubov & Shirkov - Intro to the Theory of Quantized Fields
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The Klein Paradox

te) _ _Thisis a strange situation that arisesin relativistic quantum‘meahanios. I read about it on p 40 of B4D V1 where they give the original

reference (-OvKteing Zs -Physik;53;157 -(1929)-).- -- “re

____,

Im normal quantum meshanios, if you shoot an electron at a potential

wall, it bounces off if the height of the wall is more than the energy of
“7 the electron. If-the-wall-ie- of-finite heighty there -is an exponentially: ~

decaying leak through probability so that if ‘the wall is of finite thickness,

~~ “there is a chance that the electron will tunnel through the wall. This is

- a. standard-quantum- mechanics -islustration-of'strange things."

Now, if the height of the wall is greater than the electron energy
7

by an amount more than me®, and if we use the appropriate equation to
-analyze this situation (the Dirac Equation), then.xe find two very strange. - .
results. Inside the wall, which we take as infinitely thick, the wave function

a aces not die off exponentially. Instead, it propagates. However, it propagates ~ ~
in aucha way. that. the "ourrent” (probability ourrent,) inside the wall is
negative! Secondaly, the reflected current ie larger than the incident current!

"Mie is ‘the Kei paradox.

~ ToZon - 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 so large, arf elestioi-positron pair is created at the wall. This
second electron comes off as a reflection and explains why the reflected = ___
current is paradoxically large. The positron propagates into the wall and

7 - explains the Wegative travenivsion current: The positronis able to-survive ~~ ~~
______ _ and propagate insidethe wall where an electron would die. = _ oe

On eH



THE SPIN~PROTECTION OPERATOR

26)z (AGF) One cannot help but wonder why it is that

 tanaitrame wee Be (0,2) the spin-projection, operator has this
oO a > special form. It, wauid seem more “reasonable”

£@)= ¥(1-¥e8-8) to haye £(s) be a straight 4-dim version

= er? ° | of the 2-dim projector. Instead, we find° QF le a minus sign in lower right 2x2 corner (see

Let be a Z-apinn sucks That arrow). Suppose we try to set up the naive

BL aa = QE) FE QEH=- 465) 4-dim projector as ¥G)=4(1+o-$) . Here,“hou woe Snowe: # is just e 4-dim version of the Pauli >™ 3) gs ace ‘This’ candidate projection operator is fineB= | ° | son] } | in that it now makes ld have "spin up" the
way we want it to be intuitively. However,

wo) = | so] w= [ aca] then the equation 2()wi)=W'c) is notLorentz covariant. In order for the equation

Thus unt carn show Pst: to be covariant, it must have the same form
Zw) = wo) ECHW)= 0 in any frame (above wé have only the rest

ZO) v@ = 0 2) vie) = ws) frame). This means that we need X to do this:
2G) 8) = 0 ECHO) = WI Bay ¥5} ge) & Fes) « However, the only type
44) BO= wl ZC3) wo) = © of vbject which transforms in that way ie

Arvus, & & wo amd we) that ane “sping” — a slash G-veetor, Swg5@)= #’ where pap .
.

The matrices 1 and Ys are unaffedted

Te gonmalite 40 P# Os ny the transformation 8. In our candidate
2(38 = WC) projector, the object > simply does, not
GCA) = Ew) owe peak transform in the Dirac space as the spatial
<\ x ra part of a "4-vector". It cannot be written
S48 = 40 ~ SSS ge terms of the form for yg and’ these
[sme Spss pond Suse] are the only terms that will work. Thus

“Trus has beew how! we are stuck with the other form, Note that
AQ w<#).= w'@) ete the % is necessary to. pull the projector

Stamdaid spies one into a diagonal form. Lorenz covariance says
tos there is,no other way.ucps) = wo CP)

acprad= wt cA)

vcpa) = wt GG& Rove! .
v Ges) = ot @) .

Trus , spin prcycttou song:
AOU= HCH) ‘O  ze@veas ve) :
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