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Lecture 25, 04.11.2017

Quantum Mechanics 5



housekeeping

Question about anything?

I’'ll make a movie for you:
Poster selection:

April 13, outline due April 20...read the instructions.
Homework:

For month of April, I’ve shifted due dates to Saturdays.
Readings:

There is a manuscript chapter on antimatter and Dirac...Antimatter,
Paul Dirac’s Second Big Score




Honors Project

Data due April 22. Paper due on May 4 (final day).

Read the Second of two sets of instructions:
MinervaInstructions2 2017.pdf In

www.pa.msu.edu/~brock/file sharing/QSandBB/



http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017homework/honors_project_2017/

Quantum Mechanics, so far:

Light has both wave and particle-like properties
Bohr Model:
electrons are in atomic orbits
fixed in radius and energy
electrons make transitions - spectra
Electrons have both wave and particle-like properties

h
for both light and electrons, p = —

A
standing wave patterns at Bohr radii worked

Electrons are represented by imaginary wavefunctions, ¢

the square of the wavefunctions represent the probability of finding an electron at a point at a
time

Heisenberg Uncertainty Principle:
measuring a precision location of a quantum makes momentum imprecise

measuring a precision time interval of a quantum makes energy imprecise



electrons
are little

The electron itself is like a spinning charge...

magnet S Electrons have an intrinsic angular
T S momentum, “S”: “spin”
h
Sz — g 5
o " 27
They behave in a
madg netic field as But, the “spin” can only take on two values:
If they are little . .
spinning current Ms=Hy 0T Ms =Ty
spheres )
+ 1
We say T
“spin, plus 1/2” or “spin up” O
and
“spin, minus 1/2” or “spin down” 0




Pauli Exclusion Principle:

No two electrons can be in the same quantum state

that is, have identical "quantum numbers”

...Integers that characterize the atom




Relativistic Quantum Mechanics,
so far:

Making Quantum mechanics relativistic was problematic:

negative energies were inevitable  Er = 31/(moc2)2 + (pc)?

negative probabilities seemed inevitable
Paul Dirac creatively changed Schrodinger’s approach:

Schrodinger Equation: one wavefunction...the electron, non relativistic

Dirac Equation: 4 wavefunctions, completely relativistic

two wavefunctions with positive energies, one spin up and one spin down

two wavefunctions with negative energies, one spin up and one spin down

spin” came naturally out of Dirac’s equation...a purely relativistic property with no classical analogue
Vacuum and antimatter

Dirac embraced the negative energies and modeled the vacuum as full of negative energy electrons

But he envisioned a multi-particle model in which a negative energy electron can be promoted to a positive
energy electron and a negative energy, "anti-electron”

The process was: photon — (-e, +E electron) + (+e, -E electron) = electron + anti-electron

Positron

The anti-electron, aka Positron, was discovered soon after in cosmic rays



jargon alert: fermion
refers to: any particle with half-integer spin

from Fermi’s theoretical work on the
entomology: behavior of large numbers of Fermions

example: electron, proton, neutron




jargon alert:

boson

refers to:

entomology:

example:

any quantum object with integer spin

from Satyendra Nath Bose, who worked
on the effects of multiple boson
aggregates

photon, pion, Higgs Boson




spin is a defining quality of

an electron

symbol: e

charge: —le

mass: m¢ = 9.0 x 1073 kg ~ 0.0005 p
spin: 1/2

category: fermion, lepton




the bar over the top will mean

“antiparticle”

symbol: eoret

charge: +1e

mass: me = 9.0 x 10731 kg ~ 0.0005 p
spin: 1/2

category: anti-fermion, anti-lepton




particle:

symbol:
charge:
NESY

spin:

category:

p

+1e
m, =1.6726x10"%" kg=1p
1/2

fermion, hadron




again, an inherent angular
momentum and a defining

property of photons

particle:
symbol: %
charge: 0
mass: m, =0
spin: 1

category: boson, aka Intermediate Vector Boson




Dirac’?s result

required: 4 quantum fields, rather than 1

2 have positive energy, 2 have negative energy

each pair is related precisely to spin

Dirac showed that spin is a wholly relativistic effect

...it just popped out of his equation.




modern

intepretatj

positive

energy
kinetic
energies

negative
energy

VAVAVAVAVAY

i
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antimatter

Is a fact of life

every particle has it’s anti-particle partner

16
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this 1s where 1t gets 1nteresting

we need to establish a language for Dirac-like reactions

“Relativistic Quantum Field Theory”
essentially invented by Paul Dirac




notice a couple of things about what
appears 1n Dirac’s equation

1. 1t's about more than one thing: two electrons and a
photon

"regular” Quantum Mechanics Is about single objects only

2. stuff appears and stuff disappears




what’s

nothing.

21



what’s nothing

you'd maybe say:
no objects (particles...quanta)

Zero energy

22



the Helsenberg Uncertainty Principle:

there’s no state of Nature that can possess any precise
value of, say, energy

and that includes Zero.




the Helsenberg Uncertainty Principle

will not allow a void.

but we sti/ll have a notion of the vacuum

It’'s the lowest energy state in Nature

where there are no real particles




understanding whatsgoingonhere

requires some mental fortitude




remember What’s in Nothing?

nothing...somewhere here:

-—
trying to trap an
electron?

let’s make it all about
nothing.

make the trap smaller




remember

trying to trap an
electron?

do nothing tighter

gee
€

What’s in Nothing?

or nothing, somewhere here:
S

make the trap smaller to this value:

h

MeC

Ax ~

~22x10-12m

The size of a Hydrogen atom... 5 X 10~ m
The size of a proton... ~10-1> m



an ilmportant

but simple calculation about
nothing




a very

important
‘‘length’’

Compton
Wavelength

we consider this to be
"the size of a
particle”

h
MeC
Ax Ap ~ h
h

MeC
1
M C2

— )‘Compton

Ap ~ h

Apc ~ 1

Apc ~ mc”

Remember:  E7 = (mc?)?* + (pc)?

An energy equivalent to the mass energy...all by looking

closely at nothing.
29



pop

the Uncertainty Principle requires

that particle-antiparticle pairs pop into and out of existence

all the time




uncertalinty principle

+ the particular length of:

makes the vacuum very active.




they are all popped out of the same stuff

the vacuum Field of the electron

electrons appear because they’re coerced out of the
VaCuum positive

energy

kinetic

like by a photon B

negative
energy



ur- |o(@)r| |09| combining form primitive;

original; earliest - urtext. ORIGIN from German.




but wait, there’s more

an Ur Field for every quantum

34



- ZEro ———
electron field :
photon field W
—— —

every quantumhas a field




this was first understood for the EM field

Dirac put all particles on the same footing

a Field <---> quanta of that Field




the vacuum

1S a

complicated )]0 o e >

place a(p)ly >= |0 > )0 = [e >
what the 7

mathematics tell:
us

~ T —
_
.,

B

it’s not like the photon is now “in” the electron

the photon pops the electron- positron pair out of the Ur
electron field
and itself disappears back into the Ur photon field.



ﬁ

we have to subtract the energy of the vacuum
away...because it’s infinite and all we care about is the
states we build above the vacuum energy

It means that the
vacuum is full of
energy

G infrmate offset = Hw

 Subtvet H. . fron pan

e T o s Ba)
(Ln»V?-U;._

like a reservolir

e

e g —— -

B¢ o Gnrane Ml adjurtininX G T ety Tl —_-A e

-

particles are U PO R SRR
Y S . Leoreit i o At T SRR

created out of the

vacuum

o e —
- - < N - v",'_.j'
2 - T P

4 W X




Okay. So we don’t like infinity

we subtract it away and worry about the difference
between

Infinity and finite energies of real particles




Seriously?

That seems to be the case.

This picture works with exquisite precision and accuracy.




but the
vacuum

Is roiling with

particle-
anti Pd rticle A “regular” model of the hydrogen atom...needs
"virtual oF irs” modification to take into account the effects of the vacuum
popping into and
out of existence The electron cloud is spread out by the virtual

photon and the positron’s effects...and that changes
multiple ways we the emission spectrum of hydrogen:

The “Lamb Shift”...measured after WWII with

know this. _ ,
microwave technologies
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e
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Facts on the Nobel Prize in

Physics The Nobel Prize in Physics 1955

Prize Awarder for the Nobel e Willis E. Lamb, Polykarp Kusch

Prize in Physics

T : The Nobel Prize in Physics 1955
Nomination and Selection of

Physics Laureates Nobel Prize Award Ceremony

Wi | | i S E " I_a m b Nobel Medal for Physics Willis E. Lamb

Articles in Physics Polykarp Kusch
Video Interviews _

Video Nobel Lectures

died jUSt a feW yearS Nobel Prize in Chemistry
ago at the University e Prize in Pysioogy o

Nobel Prize in Literature

Of A ri Z O n a Nobel Peace Prize

Prize in Economic Sciences

Nobel Laureates Have Their

e h

Willis Eugene Lamb  Polykarp Kusch

The Nobel Prize in Physics 1955 was divided equally between Willis Eugene
Lamb "for his discoveries conceming the fine structure of the hydrogen
spectrum” and Polykarp Kusch "for his precision detemmination of the
magnetic moment of the electron”.

Photos: Copyright © The Nobel Foundation



the
_ _ two highly polished mirrors isolated
‘¢ C aS1mly from all external effects

Ef f eC t 29 The vacuum has all wavelengths of virtual waves from
particles and fields...but fewer can fit between the walls

...and the pressure from the outside, moves them closer

together
The amount is precisely predicted...and a few years ago the
experiments confirmed it convincingly in 2001
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the vacuum

IS a very complicated thing

as we'll see when we get back to cosmology




Feynman Diagrams

now for real.



creation and annihilation of

can be embodied in Feynman Diagrams




hero
worship

<RICHARD FEYNMAN

PHYSIGIST

Y
y "\\ u d u

usad’

about as close as
we come

BICHARD FEYNMAN

NEIL ARMSTRONG .




Richard
Feynman,

Nobelprize.org
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the

symbols
of
Feynman

Diagrams

each line
represents an
entire "history" of
trajectories

to go from A to B, represent all
histories with a single line.

all of the paths
.. B are
encompassed
in the one line

ct

Feynman’s lines include rules on how to calculate the
possibilities in a relativistically consistent way.

49



vVery

efficient

avolids lots of
technicalities.

When | teach these techniques to second
year graduate students, | first do the
calculation of Compton Scattering and do it
without Feynman’s tools.

50
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h i S rul es appropriately labeled, each line tells us what to put into a long
equation for further solving

eliminate

all of
that

and | can just
write down the
"answer”




It i customary TRSREESEEIIIE s 1o refer 10 the
momentum |nml¢nqu das Q5 ~g*, which is a pos-
itive quantity.

1. Representavion of elastic cross section
in terms of form foctors

The clastic cross section can be represented in terms u“
the proton magnetic and electric form factors GLI(QY)
and GE(QY) as

do _|do | |GHQM+7GLQY)
dn |40 1++
+20GLIQ an'(02) |, m

or in terma of the proton Dirac and Pauli form factors
FUQY and FLQY as

|
do do ) 3
—_— | — HehH+ 3@
an " [an | Qh+mFiQ
+26[F QY1 4w, Fy1 Q%) Pran’(6/2)] ,
2)
e f’l’ﬁ .
wherae = /4“' "=, 1 15 the anomaies. g gnet-

oment of the peoton (17928, . .) and (do /d(’ﬂ\
o (ahe Peos(6/2) '/
ws  AE%InO/2)(152E /M, win®(0/2)]

\

do |
dn

lae | E
40 |, E

The Sachs form factoes G, and G, are related to the
Dirac and Pauli form factors F, and F, by the expros-

2 G.,-r.o.r, and Gg= F, ~rxF,. Here F, cor
(L 1o the helicity-conserving part of the crg

- Fora
d no anoma-

2. Foem factor sceling

At low-momentum tramsfers (Q°<7 (GeV/c )], Gf
has been found to scale [1,2] with Gf such tha

;
7 /4
nO-Spin, “nonstrocture”™ Cross section: %

(3N

experimental ones:

A F.SILL o ol 4

GEQ )= GLIQ ) /,. In terms of F, and F,, the form
factor scaling relation bocomes

FEmF{/AV b p,1) . L))

The clectric form factor Gg has not yot boem measured
with good precision above Q=7 (GeV /¢ ¥. If form fac-
tor scaling continues, the contribution of G{ to the cross
section dominates over that of Gf at high Q7. The com-
tribution of Gf 10 the cross section under this assusaption
is typically a few percent above Q7= S (GeV/e ¥, and so
moderate devistions from form factor scaling would have
Bttle cffect om the extracted valee of G for most of the
data is this experiment. Extraction of the Dirac form
factor depends more heavily on the assumption of foems
factor scaling (see Sec. 1V),

1L EQUIFPMENT

The experiment, known as E136, was conducted using
the primary cloctron beam at the Stanford Lincar Ac-
celerator Center [11), and the experimental facilities in
End Station A. The experimental setup and layout of
equipment in Ead Statiom A are shown in Fig. 2. The
beam was incident on protoms in a Bquid-hydrogen tas-
get. Scattered clectrons were detected using the SLAC
8.GieV/¢ spectrometer. The data reported here are from
two experimental runs (E136 1 and E136 11 separated by
9 mosths. There were some differences in equipment and
analysis, as described below, but the rosults were in agree-
ment and have been combined,

A, Beam and trassport system

The accelerator provided electrons with encrgies from
E=510 215 GeV in I&mcc-lnn' whn at wp to 180
Mz, with typiculy ‘xlo" 07" clectyy pulse.
the beam _apsees i

N »

4 _— = .
FIG. 1 "PNSrmpedciun and layout sCosglflie in
SLAC Ead Sution AT 1o rom (he el and
passed through teo idestical idal charge s On ils

way 1o the targets. The beam position, siee, and angle were
checked manwally by imsertng Suorescent screens (RS1 and
RS2 every few hours. The beam position and profile were mea-
vered continuously with wire arrays, which were part of a com-
putenized beam steerag system desorided in the teal. Scattered
clectroma were detocted usiag the SLAC 8.GeV /¢ spectrometer
The SLAC 1.60eV/c spectrometer was used 50 monitor the
density of the ligeid-hydroges targets.

L — — l
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our papers are full of diagrams
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theoretical papers
each diagram Is a complicated calculation

CHIN. PHYS. LETT. Vol.27,No.8(2010) 081201

My, smaller than 260 GeV. The parameter e refers to
the proportion of the top quark mass generated by
the extended technicolor which is taken in the range
of € ~ (0.01,0.1).

10° :— =
S
=~
5 -1
;8 10 E
N
=
\T 107 3
T ---£=0.05 E
o [ ——e=0.1
10*3....I....I....I....I....
250 260 270 280 290 300
M,, (GeV)

Fig.2. Dependence of the cross section for ete™ —
thm, (fbwzr) on the top-pion mass msr, at the ILC with
energy of 500 GeV.

By using the laser back-scattering technique on
electron beam, an e*e™ L.C which has the c.m. energy
of hundreds of GeV to several TeV can be transformed
to be a photon collider.['9=21 By integrating over the
photon luminosity in an ete™ linear collider, the to-
tal cross section for the process ete™ — thm, can be
obtained in the form

Fmax L -

o(s) = /EO dz dzv&(’y'y — thr;, at § = 2%s),
Vs

(12)

where Eg = my +mp 4 My, /5(v/3) is the eTe™ (vy)

c.m. energy, and dg;” is the distribution function of

photon luminosity, which is defined as

dl Fmax oy 22
" _ 2z/ ?Fy/c(x)Fy/e(;). (13)

dz 2 /T max

For the initial unpolarized electrons and laser pho-
ton beams, the energy spectrum of the back scattered

photon is given by(2?

P L 1 4 4a?
G R I R
(14)
where x = 2w/+/s is the fraction of the energy of the
incident electron carried by the back-scattered photon,
the maximum fraction of energy carried by the back-
scattered photon is Tmax = 2Wmax/vs = &/(1 + &),

and

4 8 1 8 1
D(ﬁ): (1—5—?)1n(1+§)+§+g_m7
(15)
2
=20 (16)

where m, and /s/2 are the mass and energy of
the electron, wp is the laser photon energy. In our
evaluation, we choose wy such that it maximizes the
backscattered photon energy without spoiling the lu-
minosity through eTe™ pair creation. Then we have
€=2(14+2), Tmax ~ 0.83, and D(€) ~ 1.84, as used
in Ref. [23].

The processes vy — tbm; (tbr;") occurs through
the u- and t-channel involving charged top-pion
bremsstrahlungs originated from different positions
on quark lines. The Feynman diagrams are drawn
in Fig. 3, but the corresponding diagrams with inter-
change of the two incoming photons are not shown.

¥y = thry

~ 10°

é E

IS

&

)

-~

1+ 107!

<

1

“D

+® 102
S N I sl ]
250 260 270 280 290 300

M, (GeV)

Fig. 4. Dependence of the cross section for ete™ — vy —
tbm, (fbﬂ:r) on the top-pion mass my, at the ILC with en-
ergy of 500 GeV.

We show the cross section for ete™ — vy —

tbrr; (b)) at the ILC with energy of 500 GeV as a

081201-3

2.1.1 Lepton and heavy quark pair decays of the SM Higgs particle
In lowest order the leptonic decay width of the SM Higgs boson is given by [10, 37]

GrMpy
DH =T = ——— mj 6
| = S g (©
with 3 = (1—4m?/M%)/? being the velocity of the leptons. The branching ratio of decays
into 7 leptons amounts to about 10% in the intermediate mass range. Muonic decays can
reach a level of a few 107%, and all other leptonic decay modes are phenomenologically
unimportant.

Q Q Q
Q Q s Q
; g
H--- 9 H--- g H--- ~
Q 0 Q
Q Q Q
g g
H--- g H--- H--- g
g
2 2 3

Figure 3: Typical diagrams contributing to H — QQ at lowest order and one-, two- and
three-loop QCD.

For large Higgs masses the particle width for decays to b, ¢ quarks [directly coupling
to the SM Higgs particle| is given up to three-loop QCD corrections [typical diagrams are
depicted in Fig. 3] by the well-known expression [38-40]

(Mp) [Aqep + A (7)
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we really do

use Feynman Diagrams
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the “physics” what

Nature does

I —

A collision —

or
scattering event.

always —

the same

the “initial state” the “final state”

thing

Initial "state”

the “physics” what
Nature does

final "state"

INn-between

the “initial state” the “final state”



like
cooking

probably lousy
metaphor

the “initial state”

the “initial state”

the
chemistry of
cooking

the “final state”

the “final state”
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Feynman’s approach 1s really sneaky and
really cute

In essence, this:

energy and time (
appear together in )
the equations: (—F)(t)




antiparticles

can be intepreted as particles moving backwards in time.

that's it.




1. I’ll show you how spacetime can be manipulated to predict

J
we 1 1 dO new physical processes out of old ones

t h i S i 1 making use of the Feynman idea that antiparticles
moving forward in time are the same as particles

moving backwards in time

An anti-electron...coming into an initial state:
€

is the same thing as

An electron coming
out of an initial state

two steps

An anti-electron...coming out of a final state:

e . . .
SR | is the same thing as

An electron coming
into a final state

2. But the vast majority of our use will be to develop the
handful (11) of “Primitive Diagrams” that we’ll put together

like a puzzle

to predict all possible physical processes in the
“Standard Model” of particle physics 61




jargon alert: fermion
refers to: any particle with half-integer spin

from Fermi’s theoretical work on the
entomology: behavior of large numbers of Fermions

example: electron, proton, neutron




jargon alert:

bosons

refers to:

entomology:

example:

any quantum object with integer spin

from Satyendra Nath Bose, who worked
on the effects of multiple boson
aggregates

photon, pion, Higgs Boson




the different kinds
of lines

look at your Primitive
Diagram Sheet

fermion, spin 1/2, e.g., electron

Vector Boson, spin 1, e.g., photon

gluon, spin 1

scalar Boson, spin 0, e.g., Higgs Boson
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the first theory of Feynman’s

"Quantum Electrodynamics” or "QED"

the full theory of the physics of photons and electrons




strap 1n

with pencil in hand
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first i1dea

one can take a single Feynman Diagram that describes a
process

and by rearranging it in spacetime, "predict" additional physical
processes




_-=—@® Dirac’s story
m & Feynman’s picture
vy [y

lllllllllll.l’,..--

4y |
photogvaph®-
kineti _|_

cavtoon .
spacetrime Alagroam

negative
energy

Feynmom Aiagvom




Dirac had
photons

creating an

electron

Feynman’s
calculus allows
that

positive
energy

and more

e¢

negative
energy

EECEE

The Dirac hypothesis is called “Pair Production”:
photon in, electron & positron out

the “physics” what

Nature did!

_I_

ct

INITIAL STATE FINAL STATE

Now, remember that we treat ct and x identically...

The physics does not care which orientation is which.
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note:

I've been banging on you to keep the slopes right

you know, photons have slope associated with c

We'll relax that now.




can always
rotate any
Feynman X

Graph

and get a new one

INITIAL STATE

FINAL STATE

ct
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BUT

We don’t deal with particles moving backwards in time

when it happens...we fix it!




Feynman’s trick

depends on the in and out states.

If some manipulation leaves you with particles going the “"wrong”
direction?

fix It.




particles 1n time

An anti-electron...coming into an initial state to a node:
i

— : Yes, this makes sense
i

——

e

is the same thing as
An electron coming out of an initial state (?)

Nope, this makes no
sense...time-backwards

R

> 4 I
AL 4 . R T

An anti-electron...coming out of a final state:

I 2 []
I — Yes, this makes sense
i

T

is the same thing as
An electron coming into a final state (?)

Nope, this makes no
sense...time-backwards

T




Feynman had rules

We'll have slightly different rules

79



If you flip a line’s

arrow forward or
backward in time,
you change the
particle to
antiparticle or
antiparticle to
particle

my rotated diagram...
spread out:

this is the same thing as:

/0



look at
this

you know this.

familiar:

electron comes along and spits out a photon, recoils
and goes on its way

regular old radiation
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fermion lines

must be
continuous

notice that the arrows make the lines continuous
|

Il BEH B BH BB BB BB BB B BB BB B B B
A}

/8



now, let’s do 1t 1n real-time

repeating a bit, so you can write







primitive

diagrams

are general

but this is completely general...for any charged fermion:

f could be electron, positron, proton,
antiproton...and more — any electrically

charged fermion.

Their diagrams are identical.
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Primitive Diagrams TIME always: ﬁ
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