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Day 25, 05.12.2018

Quantum Mechanics 4



housekeeping

Gotta come to class

question about anything? I’ll make a movie for you:

Quantum Mechanics:

Readings: Oerter, Cosmic Perspective, and Hobson

Hobson_QM1.pdf & Hobson_QM2.pdf are chapters 12 & 13 out of Hobson

Homework #11 is all from MasteringPhysics - due-€

yveah. but | messed up and slipped visibility and due dates by a week...
fixed last night, so due Monday, the 16th



honors project began

https://gstbb.pa.msu.edu/storage/Homework Projects/honors_project_2018/

contains:
the first instructions: the plan & tutorial
the second instructions —v2 uploaded, added a missing student
the data, assigned by name in the second instructions
dates:
complete first part, March 16

analyze data by April 24 and hand in complete writeup at the final exam


https://qstbb.pa.msu.edu/storage/Homework_Projects/honors_project_2018/

Here's

What You
Misded About

lectrons




slice through the wavefunctiois Hydrogen

the Bohr radius - the
1 most probable radius
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Solve Schroedinger equation
and get wavefunctions:

Y(z, 1)

Electron wave functions of atomic hydrogen R, ,(r)

then square them:
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relation alert:

refers to: AxAp>h & AtAE > h

an inherent property of Nature

example: lots of things!




I A meosurement canmot be
made of both precise position
and precise momentum:

| Objects in Nature dont

| possess those

a new way w ;
- proper&es..

,

Of thinking and doing science

we lose another classical, unchallenged scenario
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But, remember that what’s real about the quantum fields is the square: |y (z,t)|?

1 (2, t) + Yoz, t)]?

notice the peaking

(I've changed the heights)



a classical particle (dot) and its wavefunction

waves of different
wavelengths?

different momenta

Helsenberg Uncertainty Relation at
Work again 206 —04 02 o).(o 0.2 0.4 0.6

called "wavepackets"




the wavefunctions are everywhere

They’re waves, after all.

2
the electron is there with probability | Qp |

make a measurement....there  Only then is it real.

———
[ ]

Feynman’s picture
was one of particles:
which take all
possible paths

We can calculate the
wavefunction at any
point, very
precisely...it’s
completely
deterministic

EE— .'

The trajectory of a big object?

Overwhelmingly probable quantum
likelihood: the classical path
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SO where 1s a quantum

before it’'s measured?

anywhere? everywhere?

yeah.




this 1s how we have to think about 1t:

before measurement: alive-dead state -
superposition state of both

after measurement: is either alive or dead




OBTW:

The electron itself is like a spinning charge...

electrons
are little Electrons have an intrinsic angular
T S momentum, “S”: “spin”
magnets o —m
o 27
They behave In a
magnetm flgld as We say fm
If they are little “spin, plus 1/2” or “spin up” O
spinning current and
o 9 “spin, minus 1/2” or “spin down” <
spheres -1
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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: me = 9.0 x 10-31 kg ~ 0.0005 p
spin: 1/2

category: fermion, lepton




particle:

symbol:
charge:
NESY

spin:

category:

p

+1e
mp=1.6726x10-27kg=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




| think | can safely say that nobody understands

guantum mechanics. _
Richard Feynman

But we can calculate with Quantum Mechanics very, very well.

We're all highly skilled Quantum Mechanics




shifting gears

antimatter




here’s a number:

21



0

ZEero
the # of successfully combined models of
Quantum Mechanics and Relativity

prior to 1928
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remember the
relativistic
energy

relationship

and compare it to
the non-
relativistic one

Classical

Relativistic

E? = (moc®)* + (pc)?

that square is problematic since it suggests:

E = £+v/(moc®)? + (po)’

translated to Schroedinger QM:

negative energies for freely
moving electrons

23



E

} any additional E is kinetic







there’s no bottom!




worse'!

Quantum Mechanics using Relativity:

required not only negative energies

negative probabilities!




Paul Dirac

1902 — 1984

At the question period after a Dirac lecture at
the University of Toronto, somebody in the
audience remarked: "Professor Dirac, I do not
understand how you derived the formula on the
top left side of the blackboard. "

"This is not a question," snapped Dirac, "it is
a statement. "

hilarious interview with the
Wisconsin State Journal from 1929
on the blog.
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Dirac’s Mathematical Imagination

Dirac embraced the negative energy

Solved the negative probability

Dirac set out to find an

equation that would
solve both problems /\ negative
electric charge
Dirac’s U + Energy
imagination
/\ positive
electric charge
U — Energy

The “Dirac Equation” is
the correct equation for
electrons: Probabilities
turn out okay, but
required interpretation of
negative energies

T ——

29



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.




sti1ll - positive

. energy
negat lve kinetic
energies
"solved" 1t with | .
D i's E | . His vacuum is
aull’s EXCIUSION full of negative 2
Principle energy
electrons
0
_mc2
negative energies for unboy negaﬁve

a disaster energy




start
wlith

+ Energy

positive
energy

kinetic
energies

negative
energy

32




Let’s talk about
Nothing.

Dirac began this
discussion

which continues today ‘ \-\

In particle physics

and in cosmology



what 1s this?

w(_E) a positively charged object with negative energy?

At first, he thought: "proton”

nah. A bolder idea: an anti-electron. The Positron.




A 'E\'. A
VANGELS  DEMEONS
< - N



modern

intepretatj

positive

energy
kinetic
energies

negative
energy

VAVAVAVAVAY

1
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The antimatter story has a
happy ending:

1932

37



Cosmic Rays

very high energy
orotons from
space

~2 per minute per fingernail

38



look at this track...
Anderson

sharper curvature at top

clever...put in a lead

plate to cause particles
to lose energy

Y/ 8S,.,.antimatter,

Add dadd
N - . b




the bar over the top will mean

“antiparticle”

symbol: eoret

charge: +1e

NESY me = 9.0 x 10-31 kg ~ 0.0005 p
spin: 1/2

category: anti-fermion, anti-lepton




antimatter

Is a fact of life

every particle has it’s anti-particle partner

41
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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.

46



what’s nothing

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

Zero energy

47



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 still 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

an electron...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
€

or an electron, somewhere here:
>
make the trap smaller to this value:

h

MeC

Ax ~

~22x10-12m

The size of a Hydrogen atom... 5 X 10-11 m
The size of a proton... ~10-15 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.
54



remember

trying to trap an
electron?

do nothing tighter

gee
€

What’s in Nothing with an electron?

electron + nothing, somewhere here:
>

~22x10-12m



but wait.

let’s just do this in space...shrink to this critical size

50



remember

trying to trap an
electron?

do nothing tighter

gee
€

What’s in Nothing?

or NOTHING, somewhere here:
<>

~22x10-12m



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



the quantum vacuum



a word about theories

let's play chess...
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my model requires

the existence of o new entity




only with the boavd Ao Hhe vules make sewse
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what | nveed to be the case,..1s Hhe boavA




The technical description:

€ i+ walks ltke & . omA v quacks
like & . ,Hhew i+ maust ve o . !

\\ )

a successtul physics
model Hhat vequives owm
AAAHonal

o commitment







what about
BlelAs?




fields

A MUMb ey in Space



you know one
evevywhere,..o number

Radar and Weather Maps for East Lansing, Ml
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you know one
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what'’s a particle?

WHs localizeA wave in o fielA
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here’s how

stutt happens

m this pavticle field Hheovy model
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electvon
DT e

photon field “Aistuvbomce”

R ———T T
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time
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messengev pavticle of
the e\ed—vow\mg\«eﬁc
Lovce

PROTON

electvic fiela



particle field theory*
Hhe vest theovy in history

wevev owm outvageously
wmcovvect precise
prediction agveewment,

predAiction omA
measuvement

*Quamtum Electrodynamics



what’s more fundamental?

A wiwnev
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the pavticle vacuuwm £ull of fielAs




the pavticle vacuum full of BielAs fov every “pavticles”
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two predictions for “space”

enevgy wm the particle vacuuwm is

50,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,0
00,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000,000

twmes the enevgy in the Aavk energy vacuum



this has a name “+he wovst

prediction i the
histovy of physics”







a little

more
specific B0 oz Jo >

a(p)|ly >=10 > at (K)]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 —— -
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particles are U PO R SRR
Y S . Leoreit i o At T SRR

created out of the

vacuum
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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




1955
Nobel
Prize

Willis E. Lamb

died just a few years
ago at the University
of Arizona
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Willis Eugene Lamb  Polykarp Kusch
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magnetic moment of the electron”.
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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

W

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,
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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.
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vVery

efficient

When | teach these techniques to second

: year graduate students, | first do the
avol dS lOt.S.Of calculation of Compton Scattering and do it
technicalities. without Feynman’s tools.
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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”




but the pictures themselves are
visually...informative

and I'm going to try to tell you how to do this

without the geeky mathematics




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.
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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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Feynman’s approach 1s really sneaky and
really cute

In essence, this:

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




