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1. In the beginming, you consider the scattering of two particles, where
- === r ach particle—is—conceived of ws—a—"titthe ball" travelling throogh
space. Each "ball" is a wavepacket following a classicnl tra,}uct.crrar
- = == ———fhrough-space,—— —- —— & v - = o = -
Each "ball" is characterized by a momentum space wavefunction
bt - - normatized to—unity.-These wavefunctions—should be “thought of wg—

: strongly peaked at the classical momentum of the ball, but not
infinitely-peaked thereat. ‘Hatvingaminfinite-peak destroys the— -
configuration space wavefunction by blurring it out so that it

-"fills-all--space with equal -probability -density™:-Clearly; ~such -
a spatial wn'veﬁnmtion has no lma.tﬂ.ng, even if you "put 1t. in &

t - -— box" - — - m——— e e - -
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Now, once you have (theoretically) constructed your momentum
- wavefunctions, say with- strong-gaussisn peaks; you may—compute Tt T
the spatial wavefunction. This function f(x,t) should have the
- spacetime structure ef- one of -these "balls™ we have been-talking
about, travelling along a classical trajectory. Of course the norm-
alization-of the spatial wavefunction depends. on-how-you define—
it, and in general will not be unity.
- - = Once -you have -your-spatisal- wavefunctions; you can derive )
. densities. Each density should be such that at any time the spatial
e we— - ——dntegral is unity. Wotice that- a- deamsity-ie-not a-Eorentz scalar:— — —
As you "fly over™ some matter at high speed, the atoms appear more
O | closely-spaced- in- the -longitidinal- direction,-so-you-measure-a - -
higher density than you would if your "plane" were at rest. But,
— the density divided -by -the-energy-of--the--observed-atoms-is a-scalar -
betause both increase by the same amount, gamma.
- = = The upshot—of. all-this-is that the -spacetime wavefunction- - -
squared, as defined by MS, is a I..t;reutz scalar. 5o is the momentum
- 1 space wave function. ——

2. Now-that these various wavefunctions- are established, we can discuss- — -
the matrix elementz of the T-matrix from an initial state consisting
1 of the direct product-of two-single particle "distributed"-state - -—-
vectors, as discussed gbove, into a final state consisting of plane
waves. We never.have any need to construct wave-packets-for-the -~
! final states! Now, when this matrix element is squared and multiplied
— _I - by .an.appropriate phase .space, we -have-a-direct-interpretation: ———

- I - _ [T/ x Phasespace -=_probability that-the -reaction took place

—_—— - To elaborate .a little,_ this-is-the pmobability-that,when we-sent-
in the single beam particle and the single target particle in their
I .spatial wave packets(as .described by the information -in-the -momentum
| space wavefunctions and ultimately the momentum state vectors which
T appear.in the T-matrix element), when we sent..the_incident particles -
| in in this way, /T/2 x Phasespace =-the probability that a certain
, set of final particles "appear" in the respective momentum cenes.- -
O So, suppose for each reaction this probability is .0l where we
. have set up very small "counters™ which .span each d3p-fcone”, Then
' if we do this experiment 10,000 times, we expect te get 100 "eve.nts .
An Mevent™ is when -all -your counters—go—*'ding" . o
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3. Using our Jaxplitit_axpmsiunsjqr the_momentum_space_incident. state . __
vectors, we may rewrite /T/2 in terms of the standard plane wave
states everywhere. Then we_are on familiar terrain.and -:all remaining _ _
manipulations except for the cross section are easy and old hat.

For starters, you replace the T matrix_element with_the “alpha™
tygpe matrix element by going into the "little hilbert space". This
of course produces. various d4 delta functions. When_ all manipulations __ ___
are finished, you end up with this equation:

?Mb \T".‘F- pthML e
£ (3w . d&s. J<mmm Ba“xg@) gL(x)_- -
aa A€,

From comments made earlier, it is clear that this prohnbilitz.r ia
lorentx -invariant+ —- = de  n e

% A -1ittle discussion of this- equation is in order. We cem-have a genuine—
picture of what happens in the scattering process. The two incident
particles-start-in—a-regton-where -they have no-spatial—overlap of - -
their density functions. Thia :I.a what- "nu interaction in the aaymptotic
state" meansy ~ e

Then, as time progresses, the rlaring "balls" begin to pass through
- -each-gther. -As soom as—they -overlap; the generation of* the-"final~ ————
state begins. In the time interval t to t+dt, there is “lcti'u'ity“
in the -overlap-velume—V. -In-that- "spacetime volume™ probability-is
being generated at a "level" which is proportional to thé overlap.
If-we-focus down on a-very-small spatial region, then dmt to t+dt; - - —
probability is generated at a "level™ which is proportional to the
product -of the densities.—To-get-the-teotal probability generated—by— ——
this scattering, you integrate over all spacetime! Pretty clear!
So, the-general picture-is-two-balls-of "gunk"-passing- through—
each other. Whereever and whenever the gunk of one ball touches the
—gunk of-the-other-ball,-new gunk is generated: -—— — - = = -
’ In this picture, the particles are definitely not "point"™ pnrt.iclua.
--Quantum-mechanics tells us that exact—spatial-loceddzastion is simply-
not meaningful. Thus, even if you do a scattering experiment with
an-incident-electron, that-electron is spread-out-into-aball, Stilly - - —
I am picturing the ™interaction" as "local" in the sense that product
is gmrat.ed only.where-the-incidents-have-regions-which- occupy the- — - -—
same spacetime volume.
More will be said on this-subject-later re "field theory™.

5e- Since experiments-are not done ‘with -a—single- beam-particle and- a-singke--——-
target, we have to make some modificetions to get the prubahilit]r
- --you.would-obtain-in. a real experiment. .
The modification is easy, however. Consider t.hu scntteri.trg of
- "beam burst? with-a "target". We need-not-worry about such-things-as——
uhethur the diamter of the "beam" is larger or smaller thah the
target, and .all that. We need ‘only conceive of-the-entire target
@s a large "particle", and the beam-burst as another "particle®.
We replace the "single ball density function" with.a "target-density-
fundtion" and & "beam burst density function". These new density
functions are.simply .sums_of little balls ,-so-they-certainly are
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—_ _._npt the _smopoth_density functions of macrophysics.,

So consider an instant in time when the beam burst is.*in" the
—— _i._ target._ Where is "product” being gmerated? Microscopically, product
i is peing generated wherever a "beam ball" overlaps a "target ball¥.
' At _onme time, such overlaps could be occurring dt several places, and
| each overlap mskes a contribution. Of course we have in mind a
. _reascmably small physical target so that wherever the overlap occurs,
| the far away detectors subtend the same chunk of phase space. (This
., ia called the “fiducial yolume" I think), o -
T Instead of explicitly showing where and when thé variois "balls"
|

.

o

of that for us. At any instant in time, the overlap of these macro
density functions is really the sum of lots of little ball overlaps.
7Al1 this discussion has been designed to motivate this modifiéd
. I equation: i} I
LN
(2
|- -th\—_— = -

N L

overlap, we shall allow our "macroscopic density functions" keep track

das | 1 Stk Q™M™ . . __

o .
o Sdiﬁ_ Ra(®) = Ne _
ki a® = N

Now "Prob." is the number of events obtained per experiment. Eg, if prob _

= 27.23 by correct calculation (with kmowledge of detector sizés etc).
o _then you would expect that, if you were to perform the experimémt _ = = _

one million times, the average number of events per sxperiment .woéuld

i be 223 I -~
- The question of hew many experiments you have to do to measure Prob.

to 1% is I think a purely statistical one haveing nothing to do with _

quantum mechanics or physics. Return to this later.

- - - ——— m—a am - ]

e Em— i p— -

6. Finally we come to this matter of the cross section. Pick two rugio_n_s

— — | —. of physical space, each_shaped like & penny. Let these regions be. ._ _ _ _

very small and let them be flat touching one another. At some instant
in time, there will _be so many target particles_in the "target penny",._
which we imdgine to be at rest; "lab". In the "beam" penny there are
8 lgnowyn number of beam particles, all travelling at the classical
| mean velocity. By fitzing around and finally ingegrating over all
| spigﬂhlt_!d..ﬂ!?.L.H find: _ _

e

— - =

Pre, = A A2 N %% G a0

By comparison with the above expressions for prob, we quickly arriyve
at the "standard™ cross section formula.

o t—— — e 1 -

'.-’.—I am interested now to take the Wplane wave limit"™ ‘of all these equatiens

to learn_how to correctly interpret the plane wave derivation. This__
should be fun!
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|
O | Comments on the use of Wave Packets in the Final State too.

- 1. When we put wave packets in the final state as_well as_the_initial . _. .
state, we find that, assuming proper unit normalization of all
e e .distributed states, the probability for.the reaction to take place ig: . __

R B P= \lTeldf - 1T\ e

It turns out that I is simply an integral of the products of all the
T T 7 7T Yigverunctions over Space and “time. (Note tﬁit:"ﬂi“his_ to do with the  —
. | scale of the alpha states only).

! P . - - v - o

1 2. Here are some things to note:
T - v &) ufilike the cuse whéie pack&ts are used only for the im state, ~
[ the I we get here contains no exponentials.
== - =+ -- “b) in this fall-wéve case, you 4o Lot &84 “ahy "phasé space". The
final state is completely preset by your selection of
i ~ wavefunctiofis. o - Totr s T oo

3., How do we interpret an interaction? ‘Again, two "balls" come in und
X statt to overlap., During the time they overlap, final state is
- - -~ k- geteratedi Ie; there is generated a certainm probubilityfor m— ~ — ~ -
"balls"™ to be gradually created in the interaction ydlume, These
- * = balls then ‘exit along their well—defined classical trajectories— ~
and end up in various detectors. As beffre, "final ball probability"
- - - = - nerated in all-regions of overlap—at—any time imstantv The — - - -
O total probability is obtained by integrating over all spacetime.
Inpractice,;this integration is restricted—to -the fidurial-vo e
and the experiment duration.
- —-" Je—deal with strongly peaked-wavefunctions ‘so that the T-mat¥ix -
element ¢an be computed using the classical plane wave momenta,
- ‘ “Thus, atl-the information- about~such" things—ws whether—tire beam- -
hits the target, or whether some final particle hits a detector,
| -"«ll this informatiom is-contained-in-the~master overlap integral T.=~ — =~
As usual, a single -experiment cannot tell you amything. You
—— - N have—to repeat  the experiment lots-of-times so-that “the-concept of — - -
"final ball probability"™ gets replaced with "average number of
= -dings in the-deteéctor- set"s - - = me s s = =

4

i

' Le-In practice; if you wanted-to- compute-this "number -of-dings"; you———

| 7 could do one of two equivalent things. (1) you could work with

I - -4 "gtandard™-final-state wavepacket, -say much smaller-than the—— -

| detector. Then in computation you would sum over all possible

{ -—f4inal -wavepackets—which hit the area of: your detectorw (2} You -
| could. "custom design"™ a final wavepacket that exactly covers

| your-detector, -and just use it. Of course-we ‘are assuming the =

i detector is smalll so the above average T approx is OK.

— mhm e s - -

' 5, Actually, the use of the "final state wave packets picture" is not

= =t  very useful experimentally.~It is easiestto—use the plune wave

"jdealized” packets and integrate them over your detector areas.
' Ie¢, it -is best ‘to show the "phase space” and then imtegrate as needed"

o i over whatever observation areas or detectors you are using. In effect, .

~=1—this-is the "custom wavéfunction"” method described abave, but we~ ~ ~ ~
' never have to construct the complete wavefunction. In effect we only
- - construct it at one instant—in-time {ie, at the detector) und we say =
where it came from. ’

e * . — e r—— = ———— - - — am - m—

-1}\
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™
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i

_ . __ bpackets, the initial state packets are irdespemsible, The theorist,

-+

e

L

i by simultaneoukly measuring Bhabha rates. Since you know from the
!

L

|

‘ 6..0n the othar hand, for an understnading of a "ome shot experiment™,
the "final state wave packets picture™ is the only way to go. It
says ™ there is a certain specific probability for the final o
particles to exit in those specified wave packets as opposed tos

. +._some other set of wave packets ( ie, some other star). In every -
experiment, am thing always happens, so some probability was

. _realized into an_"event™. This leads us to wonder a_little about . ___ __

Many Worlds vs {}upehhngen, but now is not the time or place.

T‘-? chough we can experimentally dispense with these final state wave

is able to generate a cross section for comparison with experiment,
_but_the experimenter does not "measure" cross _section directly. He
"measures” the rnumber of dings in his various detectors for a 3

il. __hour run of some specified beam.

i ———————

When I say that the initial wave packets are indiap&nsible.
that needs some gqualification. No experimenter has actually
had full knowledge of "the spatial wavefunction" in all its complexity;
_ ie, its spreading properties, etc. He only needs to know the _.
spatial shape ( density function) of the packet near the time of
___interaction. During the interaction, he would assume that no
change of shape occurs, the bursts just ‘propagate like rigid
___bodies.

) e s e — - - — re——

So, in a crossed beams expenment. one needs very precien }umwledge

1 of the burst density functions, including knowledge of "where the __

' ‘bursts are and when". It is not easy to know amt,]:y where your
bursts ere all the témwe, much less to know their shape.. That is why
‘there is so much huffah about "knowing your luminosity".

In fact, at SLAC one really gives up on calculating the
Tuminosity directly in this way. You end up computing it indirectly

theory the Bhabha cross section, you can deduce the luminosity from
the Bhabha rate.
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