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1. This was my third "shet" at this chapter. The first time I looked at
. it was during 230. I  absorbed very little because I failed to_ ignore.._
" the integration detaidd. Also, I was unhappy with the feynman rules
at the time and so did net. bulim the various expressions.. The_  __
second reading must have been during 230C. Again, I got very little
ou-tl

This time, I got the whole picture. The reason I suppose is that

I have more general knowledge of what is going on, but_also, this time
1 took careful notes, section by section, to keep myself honest. I
made. am _decided effort te find the "results" and to ignore the details
of integration. Maybe some other time I wiil look at all the tricks
for doing these integrals.

Usually it is the joR of the auther to cleanly sspﬂrate the "results"
from the messy detalls, not the job of the reader. That is one of the
majer faults of Bjreken and Drell, that you cannot go in there and
read the results without trampling over all calculetional detgil, _

For example, I wanted to look up the re result for the Lamb shift. The
dielegue necess to locate this result was 1nteratrewn with cal- _ _
culatien, so I'gig to read the whole damn chapter to get the result.

In retrospect, of course, it was good to have read it, but I would
have preferred to make that decision independently.

PR, == ——

-

T "2, Mary ideas are contained in this chapter, so I will just list some
0 key words. Many of these were on my "list", se this was a profitable _
© “digression: ~ -

relative signs of Teynman graphs and generalized Pauli
photon symmetrization can .generate disconnected graphs
' - the cutoff method of déing infegrals
subtractions
gaugu conditien
and vac pel charge renormalization
T - ) pﬁuton vav pol propagator correction
vac pol Uehling potential and -2? mc .
- == - T 7 T ofder by erder arity = 7 Tt emmm T
external wavefunction renormelization for photons
I - “#lectioli propagator modifaction T ST )
mass shift dm, mass renormalizgtien
*Zg*Eharga”fanﬁrﬂhliaatiﬁh T orTreTmrm s memmm o mnrm e
external slectron wnvefunctiun.renarmnlization
foT ‘mass”counterterms
Ward's s Identity
m%ww oo
the rared problem and Brem.

Lamb shift end~vactus fluctuations - e e

I
i
1
I

————

e T 3. 'This chaptér~ should. haverDeen Tequir®d redding béfore wé went into
our renormalization discussion in 230C. It _took me maybe 3 days to-

O do this. ~— T
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‘ Bjorkel Drell on *Vacuum Fa]_.ariz.at.iml"
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1. Any time you have ana electron photon situation, it is possible that
T the _’f)ho’tior'i'f.:?a'ﬁ" wgpend some of fts time™ béing Eh"q%é—"—p'é‘i?. “Hhen we
correct the photon propagator Ior this possibility of having the
Hotori ™polarizeé fhe vacuum', twd things résult:s ~
P a) the chﬂrg;Ehget.s rgmfmalgzed_b;r alyel- (a/3PI)1n(M/m)?,
" Wwhere M 15 & cutoff. - ""_'_'__' - T T " T T T
b) the momeptum space propagator has added to it a small constant

piete -(a/15PIn<). This condtant piecs in’ configuration space appedars —

as a erigin point corfection to a Coulomb petential, a strengthening

E—— - i ———— ——

‘of “the negative poventials As—g résult, snergy 1eVely foF L=0 afohic =~ =

states are stabilized by {05 ev. For hydrogen, it is.-27 mc.

e —— = - o ——em

2. This atomic correction is only a small part of the Lamb shift which

- ~is more like +1000 me total. Cur small piece ts known &y the Uehling
correction and was found by him in 1935. '

3. We can always consider an "external photon" to be.just 4 propagator
very close to mass shell; so-véc pol has fhe same” effect. The self
interactions on the propagator "increase"™ the size of the propagator

b oo ~by-Z3: We can assoctate ‘& SQRI‘-{Z:‘;'} with eacfi~end, amt thén simply -~ ~

forget about the source end. Heénce, thé charge where an external’
photon—attaches-is-renormalized-in the same way as the intérnal — — -
changes. '

—— - —_ - [ — =

o " 4. In the LSZ picture we allow an external photon do all its self
S - 4 -

interactionsy Jjust- as if it were-any-other photom:—Then; *however; -~ —

we amphtate it as if it were a noninteracting photén propagater.
~Thus;—that-photon-has-donated a-factor S@RT{Zs) to our amplitude— — - —
" of interest which we do not want, so in the .[gZ rules we divide ~

b~ —by€this-SQRT:~ ~In eother words; we-should -completely remeve the- -

Fr—

e R

full, slfinteracting 'external line to get just ‘the Greens functions.

- — i

B T EEE - — e v s e e m—
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o ! Gnmmerrhs on Electron Prnpagat.or Renormalizatiom

-~ - = - =1, When we add- the secend-order-self energy part term to the bare— — — ~
electron peppagator, we of course get a corrected propagator,
e A just-as-the—second order-photon—self-energy part caused & ~— ~

I correction to the photen propagator.

- I — e e

2. Thus, we first have the problem of computing the self energy part.,{&:)_
ks -In-the-photon- case, we" do"t.h15ﬁrira—suht—ractim—'a:ﬂ theresult

is given in 8, hﬂ.
3. In this self energy part calculatim, you need both a cut.ui‘f(auhtract.:l.an)
: ~ and a photon mass {rugﬂ.atur} ~In 6ther words, both-the IR and WW  ~—
catastrophes are.present,. i
! 4« So, what happens t.u t.he. electron propagator as a result af thia
| correction? = - =
a) the mass ia shifted by a (computable) amount.
b; the propagator is multiplied by Zp

no other effects for p2 very t:lnsa t.o m? where c(p) = D.

—_ m———— =

———— —

1

|

v 2

i 5. What about a p~modification? In the photun case we had a q change
— - - in the photen prepagator which ded-to -an-observable effect, namely -
' vacuum polarization caused shifts in energy levéls because the
i -{- static-potentials- were-modified- (Uehling).-Of course "potentials®
) involved photons, not electrons, se we get ne corresponding analysis
—-here.- Still, I feel there -should-be -seme-ebservable effect- due-to
this C(p). We ‘ignored this in the course, BD 1gnora it in t.heir text.

- I e e e - -

1 6. What about the scale factor Z, ? Am electron prc-pngat.nr {as wit.h the

—— _.f - -—photon) always occurs between- two-"vertices".- Thus, we ‘gould takd-
N __J?Y\ a S@T{% to each vertex and renorm the charge.. Then, we have
L SQRT(Z3 so-far renorming the charge. Later -Z,'s effect will-be--
o 59) exactly cancelled via Ward's identity, but wait on that.
0 » External electrans" I retract my earlier paragraph on this. In
J‘xr - —-comput-ing—a-ﬁr&enﬂ Function, you-do want- te iaclude all-self — - - -
‘)'?' ’ interactinns on those external lines, because those self interactions
‘E‘y - - are-part-of the physical external-particles.-When we apply-thé— -—
amputator operators, we do pick up the 2,2 sitting on each ex;t.ernal
< -- --electron.propagator. - — - — o g e e ey - -
However, somehow this is too much. It is not consist.unt. t.u
- ‘om keep.-the.entire-Zo because- the- "source™ .should -get-half of it.
This is a poor argument, hut. there are other proofs that you only
want to .picltuupmtﬂz for.an external electron, not a full
In perturbation theery, %hen, we can include all ‘self int.aractiuns
. by using bare.charge -and then pultiplying by SQRT(Z2).-Or, we ean - —
Jjust use the Z; renormed charge and do nothing else. OR, in LSZ, we
- = = 4----——will gain a full Z, by treating:the.external-line as internal. Then.
on amputation we have to divide by SQRT(Zp) to correct. ~

O B. Mass cnuntarturml if in the full free. lagrangian you decide to go
with the physical mass, then you. must correct with an dnteraction- - -
mass counterterm. This is because. lagrangianu are really only
.- - . - supposed.to have. bare quantities in_them._ Of course, if we neglect ..
T self energy graphs, we can sometimes use renormalized charge, eg.
but then we_would never get the observable correctiong!
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' 1. The vertex Correction. In .’:,lﬂaéﬂ,iﬂjvj-'?l? we_first -deal with_the Dirac matrix__
element of the'ventex at q=0. We show that when g=0, this matrix element
_ __ _____ _must be proportional to gamma'-so this defines constent Z;.
2. However, from the Ward Idemtity which relates the second order yertex-part
at g=0 to the second order electron self energy, we can show that Z; Jjust
Ay = -3 Ekv} _ defined is equal t0-Z,, The result is that the charge renormalization _ __
i induced by the electron self'energy is exactly cancelled by the charge
. . . _yp. _renormalization induced by the vertex correction. :
E - =
3._Speciffcally, BD add up all the:vertex corrections (6_terms) including
the mass counterterms. The result of adding all these things (at g=0)
_ is that only the SQRT(Z3) charge renormalization survives, This was__ _
induced by the second order photon self energy (vacuum polarizat.i-éﬁ_).

———————— IS

& = - T —

L. Note on mass counterterms: the electron "propagater™ should really have
1 the bare mass. But we like using the physical- mass in.this prépagater. InI
X order to be able to use 4he physical mass, we have to modify the Dirac
| equation and the angian igm whence the propagator derives ) with
a mass counterterm. Then we have to include all separate graphs wit
counterterms: Of -course this counterterm "X* already is equaivalent )
to two vertices in “order" because as we compufed, it is propertional to o.

5. The Feynman rule for a mass counterferm is (idm) at vertex.” ~ ~
6. NéwBD beginto compute the vértéx correctioh for 7ofD. THiS Téquires: once
again both ‘IR and UV cutoffs in the photon mass position, but the small
o gLt depends only on The Infrared-cutoff. This résult (pagé 17) shows ~

three terms: : . « =
B " " &) an infrared divergent term ~3IK(X) T
b) a -3/8 term which is exactly like the vac pol which is -17/5,
T 77 77 notyet included inté this"result. —— - T T T T T T 7 T 7
c) for the first time, the anemolous -magnetic mement term appears.
z}wj‘ AIT three terms comé from the ons feymnan graph. if “wWhith & photon bridges
1

the vertex.

—— m— - B e - - - — s s e o e — - - —_—— - - s

7. Now begins a very long analysis of that infrared divergent term. This term
- modiTies eldstic Colllomb scattering. 'If we Wére Lo Temove the infrared =~ =~
| cutoff, this modification would be infinite and Coulomb scattering would

) | not migke §emse. — T S =TT
We ran into a similar problem with Bremstraullung. There, unless we

- T Tput &n ivifraredeutdff ‘eh the photon enérgies wnmittable, the Brem c¢ross B
section again became an infinite modifiecation. )

| ©  Here it is arguéd that when the differefitial ¢r6Es s6¢tioH mbdifications
of these two processes are added, the infrared cutoff disappears.

- . ' . - —— mmas =a

R R i B

Q However, we camnot directly add our results to show this cancellation
: because_the Brem was. computed usipg massless photons_and excluded_energies _
up to kmin. On the other hand, the vertex correction was done with massive
photens. and. included all lower energies. We have to_get these_onto the _ .
same footing somehow.

_—— e




8]

=, _ _ . _.8. In order to_go to this "same footing", BD in effect recompute the vertex_  __
O ! correction be removing photon phase space up te Kmin. They assume that
- . —.__._kmin is much larger than the photon mass._So, after computing the _ = _
change in the vertex due to. this photon phase space modification; they
__discover that they_also have:fo imcluded an effective change in the
vertex caused by a change in the electren self energy part, because it
. to0o has a' photon loop, The sum of these'corrections is illustrated on
top of page 176.

= ¥

e — Em = = e e 5 s

' 9, What results from this photqn phase space correction?
| a) the infrared term which was ln(mw/) in 8.62 is now replaced with
| ln{mm. us, we can add to the Brem result in a second.
.. __'b) a +5/6 vac pol type term appears out _of thinm air,

10. Now:we can add the Brem correction to the Vertex correction, and also
" add in the zeroth order ‘elastic Scattering, On page 21 we see that
the sum is no longer infrared divergent, but depends only nn__kmﬂ‘. ;
“This in tern is determined by.your experimental Tesolutien. Although
this equation.does not seem to say so, I would-assume that as your .
. resolution-gets more and more perfect, the modification should vanish.
; Note here that we only added in that infrared piece of the vertex: _
- T From now on we do not simply ignore this piece.. We have explained how
we" riment@lly avoid the infrared catastrophe, but that "piece" is .
still there in the vertex-correction and will fead to. still more Tl
observable effects (Lamb).

e — [ —1 = -
]

_— [ - o
O | 11, The Lamb Shift. The vertex graph is the primary centributer to the Lamb
- ) “shift. We learned thaf the verteX graph contributes that kg, term,.
the ~3/8 term; and the +5/6 term. It.turns out that kpin . has a
natural value of about nine inverse Hohir radil.” “We certainly expected: =
| it'to have something-to 'do with the scale of the problem” (atomic radius).
| So, iIf the vacuum polarization ferm (the "1/%) wére <1 fhen the t T
k{m;.n}term would be about. 435, and the. ether two fractions contribute
*+‘2-' - - - - - n.r-.- +.I--_ - - - ' e e -
Thus, when these three effects .are added, I get.+975 -mc for the energy
“ghift. T have left out tlie .Enomolous magnetic momént Correction, and maybe ~
some other .corrections I dont know about. ‘But the point is clear: the
" ‘main Feason Yor the Limb shiff is tha Tact that the elsctron In the hydrogen
atom cam emit .a photon and. then catch .it again on the oterh side of -
. it5 Coulomb iAterctioch vertsx. This is called "fluctuations.” This ~~ =~ '
: "yvertex" -correction is about 35-times larger then the Ushling vafuum
: - Tpotential corractiofi wedisciussed surliery

= e meed el ik bl 4 A -

- ‘IIZ- I 6rder to evaluate knin; BD go to the Beth& nonrel-calénlation’of - -
the energy shift for photons of energy below“kmin. This is done via
a stafidird 61d fashiohed seétohd drdef Pefturbation caldulation using -~ =~ -
as a perturbation the j*A, where-j-is the elctrons Dirac curréat)-and
A isjust2e*™. It is as"ifthe VACUUM ‘caused “the electron to emit -
a photon, and then the electron catches the.photon again. The vacuum
tickels the electren and makes it do~this, ‘hefice th& hawe "vaSGum™ ~ ~
fluctuations", We lknow that even the vacuum-has a certain nénzero
x ‘=  VEV fur-electric “field, end it is—this" L':lec‘t-rié"l'iol"d' Whichis irducing”
O | this transition, loesely*speaking: -~ oo ‘
i "Having“done the "Bether~calfulation, Bl add its result to thEir " -

former result, The k(min)'s cancel, and you get a specific result, (8.89).
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Anomolous Magnetic Moment, of Electron. 3 _Q_;ﬁ‘i”"

—— rra———. s —

and an "ﬂperatinnal“ mea:ﬂ.ng Hominally, we write down an
operntor for ‘the magnetic moment by just bbing from vldssival

PR

E&M. _This operator ls*ﬂ_sﬁd:ain spatial_ lz}pegrﬂl of the current _

Je If you put in the well~known Dirac electr-:m current, _you get

] Jird M= e?ZHa. This is exactly uhat :,rau get, 'bh re are no "corrections"”
- = = when youdefine magnetic moment in-this w. v Similarly,iff~you — "7 ~
| "
| . ____insert fancier currents (with form factors, etc), you sgain find

-— =

the nmninal ma,gnet.ic mument. fur t.hat. parl:.:.cle.

——— e — e — — ——

-2+ The "operational™ magnetic moment is the magnetic moment you would - -

operationally meapure. The only way you can measure it is wia an. _ __ _

interaction between the electron and a classical magnat.ic flald.

In “external pctential field theory™ “the "source™ of magnetism

is represented by -an"x":—This "x" is exact in- that if-you made - -
a field theory model for the external potential ( ie, you make a _ __
proton go in a circle and have a current which generates a vector
potentisl etc), you would have to include corrections "on the proton

.- side™to-all -orders -to-get—"x"«( In-passing; we-note that-this-is - -

why there are no corrections to the Mott formula; you cannot talk
about "double Coulomb scattering™ etc because the entire effect of
the source proton has been included in the Coulomb Potential).

- Howevery yow-can—stilkl dHﬂfrqctimsnwtm "electron-side™ ~—

of the interaction, This means that the upga‘bicnhal magnetic _ )
moment can only be exactly computed from an infinite sum of feynman

- . aakis masin

" graphs. The lowest order graph is the nominal magnebtic moment which —
you-cannet -measure because-you-camnot—"turn-off" -the corrections. -
~_In this picture, the operatbnnal magnetic moment is that magnetic

momént you would have to use with no corrections to .get the same

S—matrix. - ST o

- = m— = -

3. The first order cnrract.ion is 1.1 16::10" 3 = .00116 relative to 1. NaMELY,

a/2PI. It was first comput.ed by Schwniger in 1948. The second order
correction was done in 1950 by Karplus arid Kfoll 6 be -2.973(a/PT)2.
They -goofed,-however,-and-in 1957-8-Sommerfeld .and Petermann redid -
_the calc to get -.328(a/PI)°. This new raault,ri’_qng@q by BD and GAS).
As of 1963, expar says .328 % .005, see BD).
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FPHYSICAL REVIEW

Axial-Vector Vertex in Spinor Electrodynamics

STEFHENW L. ADLER _ :
. Institute for Advanced Study, Princeion, New Jersey 05540 ) EEETRR T
(Received 24 September 1968) .
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Working ‘within the framework of perturbation theory, we show that the axial-vector vertex in spinor

electrodynamics has anomalous properties which disagree with those found by the formal manipulation of
field gepuations, Specifically, because of the presence of closed-loop “irinngle diagrams,” the divergence of
axial-vector current is not the usual expression caleulated from the field equations, and the axial-vector -
current does oot satisfy the usual Ward identity. One consequence is that, even after the external-line
wave-function renormalizations are made, the axial-vector vertex is still divergent in fourth- (and higher-)
order perturbation theory. A corollary is that the radiative corrections to i elastic scattering in the local
current-current theory diverge in fourth {and higher) order. A second consequence is that, in massless
electrodynamics, despite the fact that the theory is invariant under =y transformations, the axial-vector
current i2 not conserved. In an Appendix we demonstrate the dniqueness of the triangle diagrams, and |
discuss a possible connection between our results and the =® — 24 and 5 — 2y decays. In particular, we
argue that as a result of triangle dingrams, the equations expressing partial conservation of axial-vector
current (PCAC) for the peutral members of the axial-vector-current octet must be modified in a well- -
. defined manner, which completely alters the PCAC predictions for the «° and the 4 two-photon decays.

INTRODUCTION

THE axial-vector vertex in spinor electrodynamics
is of interest because of its connections (i) with
radiative corrections to » scattering and (ii) with the v
invariance of massless electrodynamics. We will show
in this paper, within the framework of perturbation
theory, that the axial-vector vertex has anomalous
properties which disagree with those found by the formal
manipulation of field equations. In particular, because
of the presence of closed-loop “triangle diagrams,” the
divergence of the axial-vector current is not the usual ex-
pression calculated from the field equations, and the
axial-vector current does not satisfy the usual Ward iden-
tity. One consequence is that, even after external-line
wave-function renormalizations are made, the axial-
veclor vertex isstill divergent in fourth- (and higher-) or-
ter perturbation theory., A corollary is Uhat the radiative
corrections to wd elastic scattering in the local current-
current theory diverge in fourth (and higher) order, A
second consequence is that, in massless electrodynamics,
despite the fact that the theory is invariant under
s transformations, the axial-vector current is not
conserved, .

In Sec. I we derive the usual formulas for the axial-
vector divergence and Ward identity, and then show
how they are modified by the presence of triangle
diagrams. In Sec. IT we discuss various conseguences of
the additional term found in Sec. I. In the Appendix
we show that it is no! possible to redefine the triangle
diagram in a physically acceptable way so as to elim-
inate the anomalous behavior discussed in Secs. T and IT.
We also discuss in the Appendix a possible connection
between our results and the »* — 2y and 5 — 2y decays,
In particular, we argue that as a result of triangle
diagrars, the equations expressing partial conservation
of axial-vector current (PCAC) for the neutral members
of the axial-vector current octet must be modified in a
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well-defined manner, which completely alters the P
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predictions for the =* and the 5 two-photon decays. 1 A
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I AXIAL CURRENT DIVERGENCE AND 438 b, l-energy pa

WARD IDENTITY Wik

We work in the usual spinor electrud}rnan;f;,
described by the Lagrangian density! o
i

£(2)=P(x) (iy O—moly () =1 F (DF(x)
— e (#yab (@A E):, (1)

-

dd . (z) 64,(x d e -
Fnr{'t}"!’ ’( }_ { }l y-O=yr— ¥ A
dx dz* dxr P

4

We define the axial-vector current j,%(x) and ¢
pscudoscalar density 7%(x) by )

(=)= P @b (a):, -

7 )= o (x)yep(x):; T

the corresponding vertex parts I',*(p,p") and I"{;
are defined by

S¥' ()T (0,)S# (') g
= [ sty ,,-p-sﬁp--r{m,{x}j;;m;.m};,,}.;I
SH O (p,)S7'(2) -
== [ty r2e- NG POF DN g

Using the equations of motion which follow from I A |

(1), the divergence of the axial-vector current m £t

! We use the notation and metric conventions of J. D. Bje
and 5. D, Drell, 1
Co., New York, 1965), pp. 377-390. Note that enn=— =], 59

o

Sy
-

stic nium Fieds (McGraw-Hill Bk D48

e
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N renormalizatio
trand Z, Eq. (5)
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Taxial Vector Vertex inm Spinor Eiectrodymamics® - - - -
PRll 2 6 = 1 e - _— - . — -
1. First recall some basic QED fact..s: *Tie_-ii'ard Idmlt.it.y redlat.es the full

k-

y — ——— mme—m — = =

vertex to the full pinnr propagator. "An alternative form relates the

vertex correction to the spinor proper self—dnergy part. In lowest order
the Ward identiy may be tirivally proven by Ueing thé liffle Ditae —
spinmor space identity. - - — - _ -

The axial version of this identity sppears. in (9) of Adlers_paper. There-are. —
three terms instead of two on the right side. This leads to_the thres term
axial Hard identity shown in {.{;} and ag&in in {5] This Ward identity is
fnrmall:,r "proved"” in the nnual way b:,r -:onsldering all possible “‘:l.nser'hicns“

of the "axial photon" onto the axial vertex blob., Unlike the vector Ward
case, the closed loop contributions do not vanish. However, when one adds

Fhe loop and line contributioms; the formal result (7) obtains. ~ — =~
N ‘ .

-But-there.is a catch. Part of the proof requires translation-of-the-opigin

% ip a divergent integral. Such a translation is only justifiable if
the integral is only 1ogarit.hmica.lly divergent.. It turns out that the
triangle closed loop is actually linearly divergent, as. opposed to the higher

loops, so you are not really sure that the Hard holds. It turns out in

fact that the naive Ward is m'cmg, and that there is an extra term as shmm
in (32). B

5:-You can directdy derive the Ward ddentity—Frem ewrrent conservatiomrand - -

axiomatic stuff (reduction_stuff). See equations (3) and (J).-The faet that
the actual perturbation theory Ward has that extra term means_that_current.
conservation (axial) also has an extra term as shown in (30).

The effect described above is called "the triangle anomoly”. It is directly
related to another triangle effect which is this: according ﬁiﬁarg,
you can obtaif the "asymptotic behavior" in a certain sensé of a féjmman
graphis by doing a certain power count. For axfal stuff, the aétual power
is one lower than the power count gives-because the leading -power has
vanishing coefficient. BUT, for the triangle graph, Weinbergs power-is

correct.



7. _What are some of the implicat.ions of this triangle anomoly? First, recall

the t.hemrem prove-:l by Preparate and Heisberge.r: if the current is

conserved apart. from usual mdss terms, then you cdan mulhiplicatively

renormalize the vertex: ie, “the theury ‘can be renormalized. Adler

shows that thextra term™in the current cdnservation ruins this
Mc‘au’s&s—ﬁm 'Ii:bh—order"vertermrrectim to brﬂnergent"'ervan
- - ——ﬁf‘hﬂi‘—'ﬁh&-ﬁbm wavefunctd on- ranemalmat.;ons. OUCH.

g8, Next, he shows that the Lth order radiative corrections to ev, eleastic

scattering dj.verge for the same reason. (Huwever, to understand this you

have ’c.n understand that. Fierz transformation which takas you to t.he
charge retention nrder‘mg, I do not know about this)

P g — i\ -

9, The Third h‘ﬁu’s;.jﬁi{TaEt_Tm althtigh thHe axial curreént is not
-——-=—=- - --  wcpngerved"; the tagrangiamr-stiti—has—perfect gamma-5 symmetry.

) . - 10. Finally, on page 2,38 Adler §iwveds the form for a coeficient in the
___ _ broken current conservation. If you can meke your axial charges -add up
right, you can evade t.hia pruhlam altngethﬂn Harari in ancrther paper

claims that the condition ia act.ually t.hat- the hadrona.c quark + lapt.on
charges must add up to O. This fact'- obta:.nei in the GIH t.henr;r with a
fnurth quark,

©
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Pogitroninm ncsus \GUA March 26, 1976

1. reference cards: Pend -Dicke, Beuisehey -Green—Lee, Ore Pewell, — - —-
other refs: Heitler book, Segree book,

2. General description., Positroniug has the same genoral energy level structure
as hydrogen, except spacings are all scaled down by facter 2 due to smaller
reduced mass. Thus, ground state binding -energy is -6 ev -relative-to-total
mass of about 1000 ev. Thise is why potential comwept =till works.

"~ 3. Ground state hyperfina: due to the cbvious .spin gituation, you get & aplit
ground state with the triplet 38, Iying about 10~ eV above the singlet 'S, .
The singlet (alse called " para" alithough epins are nat. "parallel®).decags —
inte two phtons in kX 1010 seconds. This iz a standard QED calculation

of annihilaiion, you have to multiply by wavefunction a% origin etc.

The triplet {also ealled- "ortho" meaning-straight in Oreek, =a- spins aligned)-
state is metastable in +that it can only decay inko three photons in 10=T sec,
Ie, thie triplet Btdte is long Iived, Of vour®w thHerw ure tlhred@ fuch states.
I have not meen a “modern" calcgulation of three photon decay in QED, bul the
graphs are pretty clear, 0ld caloulation is Ore Powell zbove. You would
sipsct three photon deeay ito be -down by order-alpha, -Actunally, factor--is -
mere like 1000.

4. You can also radiatively go from triplet down to singlet, bul easy tw show
that only M1 transition can do this. (No parity change). The spontaneous
Hl lifeiime is on the order. of a month, sea you can forget abou® -this, But,
when positronium is in a paramagnetic gas whese molecules like 05 have
magnetic momenis, I gather that MI—radiation flvatsz around and -carstimutate-

this triplet to singlet #ransition. This effect is called quenching. In fact ‘.

thie can happen very fast so that quench 3ime is 1010 Seconds. Depends on
£aBs pressure.

5. Selection rules: you can show that singlet mugj_gg into_even number of photons _ _
merely my charge conjugation arguments. The catch is that i-—-lit'g tells you
the C of a specirescopic siate. Similarly, this shows that triplet. cannot

go into %wo photons. Analysis is analogeus to PIO decgy imto two photons.
By the way, EX¥X PI0 has never—been seenm—going into three photons? -(Hit1—1970)



o Attt ave. pondka - . e

. _odao _pos\konum —> X

———

OQMMMMMW m_ﬂm_- _Mt___ —

€ .8 omd =GR &“"‘.M dn@jwmm
ol Soas. Qv Fevw: e -

W = A 2. ~ R¢c@@yR . .

“\m?m\ﬂ%x%ﬁ\mmm \"ﬁ‘.—‘r -3\
WL - MW = AR.2 — Q_._&.}_E

@ Dl Moa. P=\ = MW= A < . _ﬁ .
= - = . MW= El??ne:l"‘f
0 [\\mnm&iw wm&:;m_mw MI _*.-.._
§=+\ =5 Puwon Lowson, @\ﬁ;wﬁ%_w&u&_ﬂwl |
_______\ =0 i N W B " LI g ?] .
&J\%ﬁi Q\mm MJ@JE}M" .E‘-.-G_TB \ros. ?":‘_L

& gmkt“'i%& m_ mhldmm.n.._z.&. ‘S, on 3\?)\
1\%&“ m—@ﬁa& g%_ —-1({*@__-——-'} )
M WMM E)Qm_ _EE.J._._,,H (&r\mm&‘i},
.M-p.éc mqw L 3m_ﬁﬂ WS@:@&.@E%_,-_- —
=ﬁ— =D =

‘S—*'QJJMMS\GAK %«me 5&%9&»@3
). =\ f\ﬂmmm@f’

@ W &\%[vmmﬁﬂﬁ\w Slae va~p20.
- galcwm —~ ?_1‘4.5_‘ N Q \

Qo ~ p 6



_-,QN%MMmM Rodu Sazbiaa _caak.
- oﬁm:.uﬁ_mm s cudoa Qelnu?aénw:?m 'Se

.- ?omm Aﬁ_ﬂ%ana&m&% ?cu\lhs w.&ﬂ-w
Osra. ~ngt. ﬁa&nu&;

O S.ﬁ?w_su MM&&&LM&_ P=1\. Mﬁﬁ\&.&ap&cﬂ_m_*_ﬁ_
] | “r:mu_ Eﬂf

i

Eﬂﬁn s G.a €?_‘a._..ﬂ

Qr’-.m i€uy(Eax i€y & (Ex ~A Etﬂ)(&;-‘r t.é'{.“_.b
clel, ~ele]

clef E:'E;f ?jou.ms dntn. Oo \\f\sﬂ.&uis

Pl

S BE —~. el m%« o L ﬂLr{' '
o Eexeh ~ RR—LL poss .

' ® Q‘\ﬁ- . _LN: - -Wm - wm@lvﬁo
il T Vs iﬁ&ﬂ oy =\.. Qe \A.DWEQ [*]
Do . My = ECENE- Y NN Y ol =, O "W'l'a— Q.

m “Q»L'I\.mm stada | .»di_ %w.auv%o i
%ﬁa&aix.%m&gl , :

_ Bxam).
L G +
R -~ LL +

(W __f§=;‘;~ rQ__Mg&aQaé&uL o~ Pﬁmm
: _M_‘M_M ALY A wans
Qmﬁ:\m .

® ﬁmxm ot 6y S, o 'S Rde ol S,
\oscamae ST =L ~atv—adlsansd. aa Qs ot @ w [®]
P condodum o %«Mﬂ\ {J\zwéhswa_ SueL Qmﬁa o\ %osx\mmh%

ool . —\.

.(Mmm%m_ﬁwé,_ﬂ“‘\ -(W ==§’ -S'. Wc&o wido (13\

u.,n..w-ﬂ-ﬂ-a_ut.,\_.u.um




[ amb Swifr



o B8

o/

A Brisf Raview of_the Lamb Shift as Described .In-BD volume 1 -— - HMarch-26, 1976

S —————e = —

—_— —_ L i
—_— ] a= — —tnm — - —_

1. Firat, lets get Uehling out of the way. Even Wefore that, lets smay what the

Lamb sHif4 ias: it is the energy difference between dhe 2Srand EB;Jlavuls in

hydrogen. Ia basic hheory, these are degenarate. (ia,- Sehmdingln_-bhmry]-.

In the relativistic Dirac theory of hydrogen where you use the Dirac Hamilionian
_4in the SEyyou -get some --Ufine—struchure™ namely: - —- I

- -

2p,1s dm_ = [0 oco -'mHt

S - Gottfried.page 369 - ..

T I'WUMH?_. ) -

- - /r o T L -

'Buh.{!,, Ratahushe e L o .- -
Puac, Lamb

Ditac theoTy sbtomatically {nciludes spin efTects ( perturbation {heory calls

ihis spin-orbit. interasciion) and thus yields the fine struciure . Bus_ I $hink
ntates with the same » and J are miill degenerate. For sure, the Dira¢ theory
"ef hydrogen does not give the Lamb-shifé-- fou Teailiy -need QED. By the way;

thn Lamb lime is what mterutell&r hydrogen du-s all thc t:.mc.

2. Yow for Uehling. The Uehling correctiem_scconis_for 27 mé of ‘_hh.l-l.-ﬁmh“;hifj,

about 1;'4() th of the full shifd. It is simply the vaecuum polarization correctien
to the photom-propagater. This- cerrection-causes- @ conshant -tern—to—appear -
in the renormalized (to lowest order} propagator. This censtant term in the
mefiefitim spacé phoiBH propagator appoars as & delva funciiom term im fthe
petential im cenfiguration space, a simple fourier fact, Thiz im t_hg_ﬂ_thn.ng
potential, also known a= & contact potential. This poteniial clearly only
affects S-waves which hage seme amplitude -at the-origine I% tends-{to—sbabilizse -
S-orbitals, although a® shown ebeve the tofal Lamb shif$ is a raising of the
S~stdte. For details on Ushling, ses page 8 0f BD notes chapter 8.

In the messy formulas which are obltained im BD and below, this Ushling

term always appears as —1;’5 term in the vertexr corraction Gnr‘h-x in the
non-"proper" sense). le, vacuum-polarization can .be considered-as—one—term in
a full vertex cerrection. b

—— m e e e w — -

3450, where does that bulk 1000 me of the Lamb sh:.ft comes from? To gei the a.nawer, )

we can think in ferms of the Ushling effoct described above. In the above, we
ohtained the Usehling corraeciien as_a_caorrectien s the photsn propagater. But
you could alse think of this as ap‘mrrmtlﬂn to the vertex. ‘I'h-n this Uehling
cnrr-c-hmrr—apptarl in-this wayt -wowpopths ———— - -

. - - _1-_. .
‘g\l-i” +N" . h).\.= bl --rw,;--—v 1-—-*51
From this point of vuw you can see the f factor which cancels the 5[; of

the pheton propagator cummg from your x@Ex external podential x fo this
correched vertex. Thus, the size of -thie- '213,_ “term -in- ble -verdex—correction

will always determine the size of tha contact potential, which in turn Wwill

determine the Lamb shift. ——— = -
We shall now show that the (-1{5 | is only a small part of the total.
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k r 3 g Wm
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mm culate * ée‘huar} ections §n lowskt or .tr.
lbilp\ means _yon add tdgether 6_graphs., Thies have simple- \. -
n , R~

the\, VP, and tWwo are mass counterterm grapis whic

s—opder—hen; you—add all this spuff up; you

eriex correctiom,

T

Ll_g‘%_tl_% a) the anomodous magnetic moment term appears wWith usuﬂ‘i /Xi. This

T duen MUt COMUEFE the Luib SHITt hoWevar becalse net & g* Term.
ﬁwmu-\%’ b}-a-{(=3/8)vern -appears like—theHehlimg (-1/5).

ﬂ _.a}.minfrznuLdimgmt term M&y{k—)——appoaa'ﬂ bocause you have-to - ——
ok -\ﬂJ‘"B regulate the veritex loop integral.

S Elarification om Ulhli_n‘g versus vertex, We are arguing ithat the vertex
corrections give terms which are effectively like the Ueylimg term. BUT
v — . You myi _ 1l _have Ja_imclude the llehling along with the werbex coprection. -

Uehling i= a co;?ction t0 the photen prepagator, vertdx correction is
- -~ -- - —something else. —'W—'—“b*/;—'—\owc}*——}?z-' WM do nmolrl&ug Laanla wota. |

- 6...&11!_ ap_now whab do you do with $hat-infinite tending infrared correction??2
This is where things get complicated, The first thing that BD de is
- ——— ——makewcbrrectiom—to —the—vertex correctiovmwo birat ~looy photons With & -
below eome k(hin) are'net ceunted in the integrations. Wham thim i=
T T doney Ihe photon mass vanishes From the new correctien and the new log
term ig ln iv _tha pracess of thes correction o -the vertsx
correctiom, a¢ term of (+5/6) appears. So, the "veriex correction without
- -—8o¥é-pholons ‘belew kg5 ds-now gisyen by:- T oufy N
f-— - _1.-: - - .r- ’F:‘n-'"' T .
— AT P S ¥ m__ s 2 L
Lp= APRL s L TR [ W LTSS (™)
—fetualiy,— inciuded—tire UehitingHere -even though it is -mot really
a part of Yhesvértex correction itself. The (~3/8) came from the original
Verfex calculation, the (#5/6) Gomas when you modify ithe vertex correctien
for =apft ‘photons,. . .. - .
__T. Se, we have gotten rid of the photen mass, but now we have this arbitrary
soft photon cutoff k(min) appearing. What do we do with $hat?? This part
- 4is very subtle. There is. still another "vertex correctiem " that wehave
not yet dome, and 4hat is the possiblity of soft physical photons being
radiated from the vertex, (czlled Bremsitraullung). Well, actually BD da
not work it- this way. Theyenlyshew—timat—~ They zxiim claim that that
~k(min) really is present in the vertex correction. It must be there to
- — _..cancal angthar kmin which eccurs in ihe Bremstraullung craoss section.
Then when you calculate elestic mcaitering (Coulomb say) with Brem and with

vertex--cerreciion -containing- kmimy—the—two—ltming eancel -and-your- aciual -
Coulomb scattering is independent of k{min) a= well as photon mass.

-

8. Se, we sbill have kmin present in the vertex corrsctiom. Now comes a siupendous
gimpick, This is the "hard photons" vertex correctiom. We showed above that
if fau--im}uﬁ.—tho-;ﬂaﬁ—phatons} :tlu_u vertex corréction depends own phoien
mass, However, somehow if you handle the soft photens in a Fermi nonrel
- caloWlatiol b0 Eet the woft piivton emérgy shift, ‘again the kmins cancel,.
This extra calculation in effect gives you a vertex correction which
cancels the kmin term. No terms like (-1/5) are wmdded hers. G

9, Total Lamb shift then becomes:
_ jq" . o 5 \

AT M _
E= Fadwm Jn hodunanm, |
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-2 =

Here is the relative size of these térmsi f/ffJ} B 1 8‘ 1%E%EZ =TT

o€ =: vk - X\S-Qm({;&)"“ "':;E l
- eaaﬁk.x:EHcﬁ + 2.3 "rk

{l

is 1002 mc, Schwever mays this shonld he_1010. New, the anemalous magnfeci
moment increases the shift by 68 mo, Uehling pulls i® down by 27T me. This

takes yeu to 1052. Experiment says 1057.8. The remaining few miz come from

higher order stuff plus finite m=ize efftctn (I read this as protbn or

nuclsus is not really a po;nt but ha= a ridlus. Hot clear hew this change=

" calculation Which was based on an external potential anyway. Perhaps finite

proten mass also enters in this éatagéry).

11, Comclu=ion and comments: We havt sean that thn Lamb shift iz a direct

consequence of higher ordar QEB corrcctluna. The vacuum polarization

‘correciion is relatively unimportant camiﬁg in at 27 mc. tHowuvar, the

VP correction is proportiomal fo elecfron mass so would be about 200 times
larger for muowic hydrogen. AImey VP is proportienal tU*Z4**fur hydrogeniike

-sy=tem, This at least suggesbs thet VP is more significentd -in -heavy atoms, -

but I have not thought that. through.) Except for dout SeV due io higher order
and fini e size effecis, the eniire rewt of the 105Tmc Lamb shift comes from

the simple lowest order veriex correctiom. This vertex cdrrtqjiun gnnnratqs
H."_tl—'—""—

among other things .the anomolous magnetic moment fterm whlch accounts enly

for 68 mc + » The real prohltm is how to handle the seft phmtan prohltm o

in actually calculating the vertex correction graph. Somehow BD end up

“not using GQED for a gart of their calued®iod Which is suppodéed To test QEDT -

I think a bound state theory is & lit¥le batter at dving this Lamb whift:
Roughly, the pictures.you might dwaw for--Lamb shift are these: —
Roughly spesking, wiriual photons from the nucleus allow

the elciron to emit and recapture photons. This precess

shifte the energy of the alectrons siats.

261 R Pwme. = ALY me

10. Some numbers. from Schweber., If I take eut-the Uahling, my -actual’ number
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THE COMPLETE COMPTON CALCULATION FROM M .TO dos
s 1. the invariant matrikx element
2. general rules for M of the form ulu.

3. explicit trace calculations

L | e

he W

5. The cross section Klein Nishina formula
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First, a quick summary of Jacksons chapter on classical radiation by moving
w chargea. Probably this is unrelated to at.nmic radiations, but ma;rba it h'ill

be relmrant.. The basic idea is simply to ésa;,r* E and B fields may be cnmputed

from A, which in turn may be obtained (at retarded time) from the curremt.
density J,. Buf the current density of a single particle is trivial. Thus, you
obtain—the" trivialIienard Wiechart potentiats—orpage 465 ~Theomly famcy—

- aspect is thelittie-k- factor yhich, causes—potential-fields-to-eempress-into-—- -~
a beam in the direction o.f the particles_mation. - = —— .
Now, given these L{ potentials, you can calculate E and.B. But it

turns_uut t hat B = mxE so you only need calnulat.e E. This is done in lh 1h

where.we get a fast falloff "velocity field" which we shall negelct, and the
standard raiiehion f:n.eld which _j.s_prﬂ_"cm;r%ional to m This
is probably the fundamental formula of the chapter. ST
Next, JDJ goes.to a nonrel frame and computed the radiaféd enstgy
—  into—solid angle. Youw get the standard result that dP/dOMESA ~—aiphax accel®
x ain{apgle}g., This -then-integrates—over-solid-angle to give -the-Larmeur-formula. -

This Larmour formula.is non.rel but is easily.relativissed &o give

result 14.2L or 11,.26. The main differences from the nonrel Larmour. are the

on to calculate radi&tion from linear and circular accelerators. This glves

the famous gamma™ radisted power Qgpm_e_ which so much limits energy
of electrons in circular accelératers: It is noted that radiation losses in

& linear accelerator~dre ‘totally negléagable, Heénte why slac was Built’l
) Next-comes—the "angular-distribution‘of radiated power™stuff: - You-

. . get the searchlight effect with a width in angle of gamma ’. - Frem-an -estimabe

of the "see time" yon can guess thah the frequency spectrum will run up to
gamma3 times the fundamental frequency of the .rotating particle. Another. rule of
thumb is that it is alweys the lll-.Jt-::u'mw-z:t'ﬂ.w.a acceleration that causes radiation.
Next, he mentions that one simple way to make a particle acdaI;ate
is to apply a plene wave. This leads to the Thomson formula for the cross section
for radiation upon a free particle {or effectively free). The resulf is the .
standard i.'l+r:c132} angutar-distribution;-with Thomson total-crosz—sectiomof-
8PI/3 times 1‘02: the-classical -etectron-radiués At high energy this process
is called Compton scattering-.and-the-Xléin Nishima - fermula-must be-used which

shows. peaking in the forward firection. __._ -- -




————,

- -——— —Jackson-closes—out—the chapter wiht comments- on_Cerenkov effect.—- —-
The main idesa is that when a particle travels at a speed greater than the e
. speed.of light in the medium, the particle radiates only in a specific direction g

whcs.e cosine is' the, ratrio c/'v + By mea.surlng this radiation direction, you

can figm*.ﬂ out the exact speed ‘of the particle. of course it has to be going
faster than the local speed of nghtf'"_’ o

—— = - —_—— = - - - -

4

2:‘WMEWWrEﬂI&Wf'Bh@1&‘pHﬁ¢I§s “In-moticn, @e mow "

= “—turmbo-the—cha ds—hltoping- this-will-have more relevance
& 40 atomic- and -charmohium -transitions.-.. We_are. still completely .calssical, no
B} . oguanfum mechenics yet. _ . . . .. - -

We start om page 543 which shows that there are two ways to make

t.he wave equation describe elect.rumagnetism in tha abs&nﬂe of sources. On e way

has B satisfying the wave.equation. B must then have no divergence (transversality
" condition on B), and you get E.from B by taking a curl. This is the "electric"
o 7 T "mode Iike for EL transition to be described Iater.
~ But~once” you know that—B:safisfies the-wave equation (by the way, the
- - === ——time-dependence-is—always fixed-ab—a-certain-frequency H@Eh»@hus-,{-da—lg + kz)--
is the wave operator), you can expand this thing_onto. ppherical harmonics as
. in 16.35,  Ie, the angular stuff is deseribed by spherical harmonics becauge _0

these solve the angular equation. The radial equation is then solved by some

version of.spheiical Bessel functions. You usually cheose hankels because these

‘have disbant plane wave behavior that you want for radistion theory. Of course

“in this expansion there. are.certain undetermined vector coefficients, These

" Tay_be_partTally determined by obwerving that B mest by Mtransverge” . Herice

:,rnu-_end—up-'wﬁ:th—g‘wr'{_:_-f— where L—is the -anguiar -momentum vector-operator and Y

- -=-is-spherical-harmonic.—Then-there -is-only-a-scalar.coefficient £-(kr). -See 66.42.
_These_fields By = fyfkr) L .Y,  and E;, = curl B, are the famaus

"multipole fields". Of course these are only half of a complete set of expansion

. fields because  you also have to include the."magnetic possibliities" as shonw

in 16.44. ‘

—

. SeYection. Tuleg; Jackson claims that angular mométum selection rules are simply
given By vettor addition: The multipolerfield carries off L, If your ihitial
state is-Jyfinal- state<is J*, —then-J' must be-contained in JxL-to get action.
Obviously this.is just_Wigner.Eckart and.the multipole field is a tensor operator.
- The parity selection rule.is more interesting. The parity of the g
radiated "multipole™ field is actually given by the partiy of By, which is {-1]1




-2 -
for electrics, and !_lzlmne for maﬁﬁnﬁﬁ ‘Thus, for example, in EI trnasition
(electire dipole), the field has parity =I tothe—initist-and-finsl=mtomte—statds
must have—opposite parity.- If the atomic-states—have same- parity,-thenEl-is -
forbidden-and you can then have only Ml or.E2 which are bath two phokon opérations . .
I think._Je, they are at the same level of weakness relative to El.

In this discussion of 'sélection rules there is mention only of
parit.:,r and total J « No mention of orbital L as in Russel EaundersT stuff, I will have

1:.0 loock elsawhare for discussion of more det."azl_led at.cmc s.lalectlon rules and rules
of thumb, o -

—— —_—— e =

BJ bire ways it-seems—rather—elder 6606
" © 0K, mow we trave set up the-multipote fieid- anaiysis.~The next—question -

is how do you generate a particular multipole-field.-All fields-are-generated-by

moving charges, so it all boils down to looking at_the J of the radiating. squrce..

If you integrate your charge density against a spherical harmonic, you get the

electric multipole moment Q) . Roughly, this is t.he scdlar coefficient in the we“ '

radiation expansion. Thus, just from the physical shape of the radlat.n.ng charge

distribution youn can figure out y_high eg,ecgric gg_]kgigglgs will go. For example,

a linear antenna has ag(l,m) only when m=0O and I = 1,3,5..... A circular anterma
probably has ho electric moments. IY Céftainly has @ Strong M1 Tomeht THOugHT
You get the magnetic moments Hlm by locking-at M =-curt J. T do not want-to-make
any inferenees -yet about the relatiodn between-the- shape-of quantum—wave--functiens
and the radiation. Wait until we -Ancorporate_guantum mechanics later. _ °

Now here are some rules of thumb for atomic and nuclear radiation

without any quantum mechanics. : the relat.ive contribution of multipoles is

set by size of {ka) where k = photon energy and a = characteristic dlst.ance. For
atomics, a = Bohr like distance and k = 1 ev more or less. One gets that ka = order
of Z x ALPHA so generally small except for heavy atoms. Thus, usually you keed only
deal with the léading mulfipole, THiS; you have a Migh guality” perturbation——
expansion. By making a simple model; you can ‘show-that—M is downrfromE at the -
same 1 by same matio of (2 alpha)”. That is.why El sits by itselfi, thenMl and-E2 —
are_same strength in atomic radiations,. —— "
In nuclear stuff you take a = few fermls, but k varies over v_r_'g_larg_e
range from 10 kev to 10 mev. Still, it is generally true that electrics are

—_—— - e

stronger than magnetics by maybe factor 25 to 1Md. (of the same arder, 19, El stronger

tham M2 M1, ). But what about relation between E2 and M1 ? In atomicg t-.heag were

the same size, Xbut' in nuclear M1 tends to be 20 times Jarger than E2.  So the order
would be El, then M1, then E2, and so on if all allowed. T

- T =




What do Blatt and Weiskopf have to say?

1. Firsty-they—clorify the business of “intrinsic magnetizationn Recall how -

this magnetization found.its way into Jacksons multipole scalar coeffisients. e
In the wave equations you put a source. Wherever the current J appears, you

also want to include the bound l:urrant curl(M). Thus, this M occurs in the

e e e

varﬁcus mnrment.s Qpq and ¥y . For example, suppose you have a nf:ut.rnn irradiated
S b:,r a pia;'a_e wave. Since there is no chﬂrge densit.:,r. there will be no electric
multipole radiation.  (Except possibly in higher order due to Q' J. There will
" Tbe magnetic radiation howsver bevausze you will have” an pgeillating magnetic
- moment—Perhaps a plane wave xx. Cbviously, this hI.EIS semething to-do with
- -- —spin-S5-of particle-because spin 1s always tied to inbrinsic magnetic .moment

hence o insrinsic "magnetization" khich causes radiation. _

—— e e e ewe—— e e we mmpew mee—  Ra

2 Also in there pre-quantum comments. Blatt Weiskpf nbserve that. t.he angular

dist;ributi—:-n of radiation for order (1, m) is the same for either electnc
“or magnetic. See 16.72 of Jackson.

iiiii

quanﬁ-a--wh:ch-can'y—hw -jI'hi:ﬁ-a a "phaﬁorﬂ'\-ﬁqweverw, this hobon—e#n-

angular momentum-of L where L. is the multipole order. Roughly, this must 0
. be_the. total angular momentum carried off by the photon, which is the vector

combination of the photon spin (1 unit) with the orbital angular momentum.

This idea comes, across in the Heitler type theory below where the exiting
ik*r

phot.nn is put in a plane wave e which we Jnow is a superposition of
arbital angular momentum states. This also supports the idea that a photon
T T T Teannotedrry off “angilar mumEtun O which” yourmight think possible because
S-ﬂjand-{wl‘cmﬂ:d-::nmbiqﬂﬂ-gﬁe— 9+ The- reaserr must be that M; = O is not
- - possible-for-a- photon-due- to-masslessness. -Thus,.you never get mulltipole
_ . xadiation with 1=0. Always_starts with dipole.

So, I will drop my erroneocus : idea that multipole radiatinn of

order L inmlvea and L-photon process. In fact, only one photon is involved
in mpltipole radiatllﬂn.

s Now flnaIly comes the transfti where you must somahmr replace the clagsical

The- :l:dea is tﬂr'raplace charge denslt.y -RHD wi}h uf uj/ le, =& charge deinsitr
becomes-the—actual physical overlap.of two wavefunctions (.‘nrb:l.t.al_su} O

S Similarly, the current goes over inta-us p W /where p = momentum operator.



=3- .

The-reason that these guantum mechanical analogues appear is of course-that -
O in guaptum mechenics, the radiation rate (transition probability) is obtained .

from perturbation matrix elements (up/H'/u;) where H' = v.A roughly, where A

is the vector pnt;ntial. Now, you might also include in your perturbation

Hamiltonian some kind of spin term like s.B and this will then cause the
magnetu.at.icm style terms to appear when you calculate the mult.:.pnla moments.

Blatt and W then go on to discuss s6fé of fhe nuclear photo ™ ~
processes—in their chapter on nuclear physics—and radiation. I will resg instesd
the abbreviated stuff in Segre.

What bbout Schiff ?
He presents some of the Heitler style semiclassical theory of radiation in

which the a.t:DI;'JiE-SE’Sth is quan’;ized but the radiation field is classical. When

you do this, you find a matrix element which looks like integral of ed{k'r A lk-;‘l-:h.‘.“

The exponential comes from the plane wave of the out.going phn't.on. the A. p comes
from the interaCtion hamiltoniad. TIT ySu Fepluve the expunsntial by unity in

the long wavelength limit (as you integratge -over the small atomic orbitals),-

you clearly see that only electric.dipole radiation survives. -Te,-yow-can replace
the matrix element of p with_the matrix element of r and this_you at once
recognize as dipole electric xakimm radiation: _:lntqgg__(_rl' up »P:Ll _is gmneral
g2lectric multipole.

If you go on to expand the expnnentlal, you next obtain E2 and Ml
radiation mult.ipules, and so cne Ie, you expand the photon plane wave in
spherical harmonics.

One also sees from this treatment that the trafstticn rate is ’ -
proportionat to the em-field present—{y‘ﬂ,ﬁ—}x “This is usual stimcated- emi'ssion~ -
idea. The idea-of-spentaneous.emission I believe requires full guantizatien
of the radiation field. (ie, "second quantization")_ This_is the magic business
of n going to n+l and ground state energy (quantum fluctuation). Although you
really cannot explain this ir'a_semi classitiall you can fake it. This is what Schiff

ql

-::loes in his chapter 11 which has a section on spunt. emission. Then when he duea

" second quantization at the end of the booH, he ge get.s spont to be par'b of the
straightforward QED calculation. B B

Actually, Schiff is probably a good placé tb read how to relate thHe Varioug
G levels of radiation theory: classical ,-semictassical, -full QED.




Jackson's Chapter 17 ) -

1. He oprps by discussing the fact that we have been neglecting reactive effects

2.

5.

so far in the book. When an elect.rnn changes configuration in a time that 15

very short, on the order of the charactenst.ic time ¥ = 107 -2k sec for alact.rc-n,

then you must consider reactive effects. Fcu_r example. an electron that is

‘accelerated by external fields radiates and then résponds fo its own radisted

fieldr - o T LT T T

Section 17.2 gives a quick Larmor-based derivation of the Abraham-Lorentz equation

of motion, equation 17.9 . What is Tew here 15 & "damping term" which is proportional
to ¥* . Recall that usual classical damping terms are proportiomzl just to v.

The effect of such a %" term is similer-te- a—standard -damping term,-as shewn- later.

I now skip; to section 17.7 where the ﬂ.braha.m:L-:;nwt.z' eqi].;t:ian is t.ransc;'ibed into
a more newtonian-looking form -:ﬁ.ﬂi._ By Esingt.ﬁis form, you get rid of undesired
blow-up solutions of the other equation. This "integrodifferential equation"

is clearly acausal, as illustrated by the ‘preacteéleration example. But you could
never make observations on such -a small time-scale -anyway; and-gM-uncertainty
would swamp such an effect anyway, -s0-no problem.. Referred to--as :-.calssical
microscopica causality violation. i _

Section 17.8 gives-the first application: limewidth.—4 radiating-atom has a - -
damping term given by the AL equation .and you calculate a uniwveral linewidth

called . Also, you find a shift from the natural frequency which is much smeller
thah the width in this model. However, when you go over into QED, _you get a much
larger shift than this classical model predlct.s due to photon loops and vertex
corrections etec (™vaccum fluctuations™ so-called} This makes the Lamb shift much

—— [EE——

larger.

Section 17.9 deals with atomic scattering of light. You assume en external el;ctric
field and put in the AL damping term into the equation of motion. Here, in addition,
Dave puts in a standard v-typé damping Term to acédunt for othér forms of damping
like thermal effects, vibraticnal decays; etecv——You solve for—the electroms motion -
x{t). From this (ie, from % ) you eakculate the-radiated field; at-the-same
frequency of course. You then get the cross section for such radiation-into ASL
and at energy 3. Then 17.67 shows. the totel radiative cross section (elastic).

If you are above the resonance agsumed in the model here, but still at reasonably

low energy, you recover the Thomson cross section rasult. {Remmbef that at high

ehergy you hazve to use QED to get Klein-Nishina r&ault.]{:l.a Compton scat.t.erlng}.

D:I.Pole sum rules are then mentioned. For notes on skipped sections, see other sheet.
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Comment= on the spim~flip synchrotpon radiatiom

1, Firat some remarks -ow classical theory. If you take some charge and make it
- accelerate, you get radiation.-There 'are.several wayso-to- analyze-this. One
way_is te compute the veclor poteniial A directly from the_curxent J, then
get the fields E and B frem A, then get radiated pewer spectrum dI(w)/d(aw
and so em., Thims i=m how you compute radiation pattern from an antma (mae

Jackson chapter 9) of radigtion from a.charge ( mee Yackson chapter 14). This

e v e

" might be called "charge radiation™, However, suppoce you have a magnetic
morrent which accelerates, but you have uo fTes current as such. Well ebvioualy

— - that magnetiv moment van be simuluted by a turremt wcvordimy tv - = wurl (M),

-— and this current is beimg -accelerated and hence-radiates., Thiw- radistien will -
tend to be HL, or "magnetic radiation" whereas. the charge radiatien tends te
be El. In either case, you can_gei ihe relativimtic radiation. paktern by daing _.
s simple time integral of the path then squaring (this is for a particle) where

tht particle velocity appears (for charge racha‘ﬁmn.} and ite mae;nc'tic mumon‘h

appears for magnedic radiation. Generally speaking, if a particle has nnth

charge and magnetic moment, the cha.rgt radiation dominates., o

2e Jacksqn reviews the notion ef regylar synchrotron radiation am spontaneous_ .
miasimn, as if the acceleraior where a huge atom. You start by prelending
there is an external A field and take H! = A.v + Ie, am if !. were an external

- —— e e asagae R A e s

pnrturbn.‘hiun (time depeadent) which. is causing & trnasitien. Bu‘t then you lat

A be the potential of the mpontanecusly emitted photon 11:5:11’ +« This results
in a frangifion rate and radlﬂmn speckrum shown in (33), ie, the QH matrix

element appears (f/te ?f.*}@ ) inside a time imtegral, 21l dexe ih Heisenberg
picture, -Bui +his can be takem-at- ence to-clasmical limit m&-ﬂ}k&:mpm&
and .you are left with the classical velocity (instesd of a matrix-element .of

the Heisenberg velocity eperator). This is of course justified because the

accelerater nr‘n:l.'t has such a huge n = m”. Thus, We recever via theory of

spnntannnua ami=sion the ¢1a=mcal "charge radiation" ef aynchrutmnz. The

spin of the ra.dn:h:.ng alm‘hrﬂn i= irrelevant to this ‘huulnurs of charge
radiatiom, Notice how the QF matrix element of velocity was rnpla.ctri with

"the clasnical velocity.

3. Jacksons text does on page 431_ _givq & clanssical formula fer radiation by 2

“famst movimg dipole moment. However, the dagnetic dipele moment of the mav_mg

cliarg® medfizs to be always in an eigenstate of mag moment. I8, you =mee B oas a
- clasgical ebject-in the equation: In-Q¥—this is like (up/p /upki—Themg - -~~~

- -noment_is always®up” because.classical physios—doees ot know-abowt—spimflips;—



something with more QM im it, Yackson takes over his previous spontanssus-

: . — - .
_emission argument but goee with H' = gle. s * B , Az hefors, you first
imagine that B is an external time dependeni periurbing magnetic field (1ike

from a plant Wavn} whichy is inducing {transitions between unperturhnd levelsn,
But them you let B = field of spontaneously radiated photom., Then in direct

analag;y you cam comput- the radiatiem, pa.thrn and lifetime of the "apper"

" " level using perturbation theory. Iop get nearly fthe right answer for
—iifetime; dbut prlﬁic"aﬂ—tﬂﬂﬂ—pnlaﬂzaﬁnn‘-ﬂf conree. <The reason i that

-the epin-is-net- at rest-really -im srour cemiwving Frame -and -ene-must imelude

— —Thomas precsssion termas,.  This yields the effecitive interactioen. Hamiltonian

given im equatien-—{46)— Note that -a=0 4is-for-g= 2. Se all you need do is

- —grind-thpough-your- perturbation theory with this hamiltonian. - The- net

_ effact is shown inm (46) whers you replace the velecity operator ef charge

-
radiation with a spin operator. The eleciric polarigatiom £ ias of course

mere or less r-plamd with the mag:nﬂln pul&mzatmn ﬁw.a The result is=

uch-ma‘h.ca.ll:,r given im (47) and completely stated in (55) with all Thomas

‘tI-I“I_I:I.H--

-

- S liow, this. "sphrnﬂia‘hii ".ha.u_huth apin-f.lip and spin.-nen‘flip pieces .

'hmm pulnr:.za.tun, non—flig ‘krn.nurkmnn leave tht beam whara it was. So

you simply compute the total rate of tra.na:.t:l.m frnn up ta dom, and dewn

U —_— - - = ————a e =

te up ( Jaekson Salls this ﬁ.}. These rates are not -qual a8 equation (5?}

shewa, and the obvious result is @ pa]:a.rlzi"ﬁlﬂn. (_933‘ Since the rate

T "7 e tHeEe Spid Tadiatiens 1s rather léw, you have 16 Wdif a4 whild =5 That

-—— —— —snough—ef—there-transitiomsocour topget—the"team to = steady state for - - -

~up-versus-doww transitionse -——- — -2~ . iy

-4o To—arrive—at—sonething-reasonable for +he magnetic moment radiatiem, you need— —-

(*§
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1 " Shaudds Gewn a3 Aot The
- ) . :
i 2 Quantum electrodynamic processes —. JEr TV, | MED deald .
; The three reactions of order «* for the study of the validity of QED with e* e~ colliding beams are:
1 e +e” wet e, (n -
| '
4 e”+e” = y+y, (2) :
: lf.‘+ 47 - ,u++p'. [3} ' FDF‘
i anm
I The QED calculations for these processes are based on the assumption that (1) leptons behave like Al
- point-like Dirac particles; (2) Maxwell's equations are valid, the photon propagator is simply given . A
i by 1/¢*; (3) diagrams of the order * dominate in the calculations, and contributions [rom higher order Brer

diagrams can be taken care of by the usual methods of radiative corrections. The validity of these as- spac

symptions has been tested with increasing accuracy and over an increasingly large energy region in Tl
i experiments reported at this Symposium from Frascati and CEA : let me say right away thateitcdesias | Frus
I dimrsrrmsheersformdt T will not discuss reaction (3) since no new results’have become available since 45
) last year's Chicago Conference. in' fi
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K. Strauch, Recent experimental results 3

Reactions (2) and (3) contain no e* or ¢ in the final state and are thus “annihilation reactions™:
they do not occur in e"e” collisions. As will be discussed below, the Bhabha scattering reaction (1}
involves an additional annihilation diagram not present in the e”e” elastic scaltering. Reaction (3)

* is the only one of the three to uniquely involve a time-like photon.

Interesting results on the validity of QED and on the search for heavy IepT:Dns arce répurtcd at this
symposium from studies of the o order Bremsstrahlung reaction:

et +eT wet e+, (4)

Three QED reactions of order «* have been studied in e'e” colliding beam systems:

et4e” —ette 9+, . _ (5)
et +e” et e +eT e, (6)
et teT et de T +ut+u. ’ , - : (N

The double Bremsstrahlung reaction (5) was first studied at Novosibirsk [5] and has since served as a
convenient luminosity monitor for medium luminosity experiments. MNew interesting results are
reported at this symposium for reactions (6) and (7) from experiments at Frascati in which the inelas-
tically scattered electron and positron are detected.

In reactions (4)-7) the final state contains the initial state leptons plus one or more particles or
photons. These reactions occur both in e*e”™ and in e”e” collisions. The name “electroproduction™
is traditionally used to describe the production of particles by electrons {or positrons) inelastically

scattered from a target ;eemrRomsie@mreexanplesnfetectaprathedw™®in contrast Lo reactions (2)

and (3) which are annihilation reactions and only occur in e™e” collisions.
-

2.1 Bhabha scattering e*e™ = e*e”

The elastic scattering process e"e™ — ¢¥e” is described by two Feynman diagrams:

For experiments which do not measure the charge of the lepton (the only ones reported to date) the
annihilation dmgram {un the right) pldys 1ts most SIgmﬁcant role dT. the H..J,I.ILTITIE angle of §f = 90 .

At Frascati the luminosity is measured using small angle Ehabha scanenna, at CEA the duub!t‘:
Bremsstrahlung process is used for this purpose. Both monitors detect events dominated by low ¢*-
space-like processes where it is reasonable to assume that QED is valid [6].

The most accurate experiment ‘spanning the region of /s = 1.2-3.0 GeV has been carried out at
Frascati by the BCF group [7]. Their results are based on 12,827 events scattered inta the region
45" < ) < 135° and distributed among 11 values of ,/s. The authors fit their beautiful results shown
in fig. 2 with the expression:



