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Lecture 29, 04.25.2017/

Particle Physics 4, Cosmology 5



housekeeping

Question about anything?

I’'ll make a movie for you:

Poster selection:

how you doin’?

Final: Thursday, May 4...in here...and yes, 0745h. I'll bring bagels.

1. Before Final day: second midterm available Friday midnight...closes midnight, Monday. MasteringAstronomy
2. Final day: first poster session...about 30 minutes or so
3. Final day: Feynman diagram part...random partner, sit anywhere in atrium or lecture room
4. Final day: return anonymous survey which will be available after Thursday’s class
Homework #14...available last Saturday:
10 points-worth in MasteringPhysics + 20 points-worth on paper
walks you through some of the Feynman Diagram parts of the actual Finals-day FD part...a video is involved

http://www.pa.msu.edu/~brock/file_sharing/QSandBB/2017homework/
Homework #15

will be assignhed after Thursday’s class and cover this week’s subjects and content of a couple of movies...
MasteringAstronomy, closes midnight, Thursday, May 4


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

now hear this

[ N <@ =

To: RAYMOND L BROCK

From: sirs@msu.edu

Student Instruction Rating System (SIRS Online) collects student feedback on courses and instruction at MSU. Student Instructional Rating System
(SIRS Online) forms will be available for your students to submit feedback during the dates indicated:

ISP 220 @01: 4/17/2017 - 5/17/2017
ISP 220 @02: 4/17/2017 - 5/17/2017

Direct students to https://sirsonline.msu.edu.

Students are required to complete the SIRS Online form OR indicate within that form that they decline to participate. Otherwise, final grades (for
courses using SIRS Online) will be sequestered for seven days following the course grade submission deadline for this semester.

SIRS Online rating summaries are available to instructors and department chairs after 5/17/2017 at https://sirsonline.msu.edu. Instructors should
provide copies of the rating summaries to graduate assistants who assisted in teaching their course(s). Rating information collected by SIRS Online
is reported in summary form only and cannot be linked to individual student responses. Student anonymity is carefully protected.

If you have any questions, please contact Michelle Carlson, (mcarlson@msu.edu, (517)432-5936).

00— R R ——————=—==—=———wwm—m—m—5——5w"

also:

I"ll have an optional anonymous course review with points



Honors Project

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

http://www.pa.msu.edu/~brock/file sharing/QSandBB/2017homework/

honors_project 2017/Uploadlnstructions



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

particle physics



where we are

Quarks
model confirmed
held in hadrons by the gluon field...which forms bulk of mass

masses of hadrons - insulting. masses of quarks - bizarre

Messenger particles

photon (electromagnetic), gluon (strong), W(weak), ?(gravity)



t he the lepton families...lepton “doublets”
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and their interactions: X no, ¢« yes.
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the
modern

picture

of the elementary
particle patterns

circa 2000

the quark families...quark “doublets”
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and their interactions: X no, ¢« yes.
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why

Is he talking about phase transitions you're asking yourself?
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4.2 k - hquifies
2.17 K - supevfluid




a little At a low temperature — like room temperature:
model of an

. ttrttrtteetettettee
1deal M is maximum
f eYryYy Omagne t M, “magnetization”: a measure of how magnetized

“ground state” — state of lowest energy —

INn one - | |
when all electronic magnets are aligned

dimension

There is a high temperature — the “Curie Point”:

SV RE

then the “ground state” — state of lowest energy —

when all electronic magnets are random

M becomes zero

e ——




an H  SINIRAWERES =0

i mp ortant temperature cools...magnet goes to one of two states:

ditference [N
HTTHIT

we say that the symmetry is “broken” h
between these el
. . emperature
two situations goes down

the energy level of the hot ground state is higher
than the energy level of the cold ground state




this often-told magnet story

evolves into the new story of MASS

12



quarks &
leptons

proton masses

1st generation

2nd generation
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the only mathematical
solution that made sense:

masses of all quarks, leptons, and messenger particles

14






http://www.mustangdreams.com/mdfastback.htm


http://www.mustangdreams.com/mdfastback.htm

@ 1967 CHICAGO CUBS @

FRONT ROW (L to R) Billy Williams, Ron Santo, Joe Amalfitano (Coach), Pete Reiser (Coach), Ken Kamin (Batboy),
Leo Durocher (Manager) , Verlon Walker (Coach), Jerry Farrell (Batboy), Joe Becker (Coach),
Randy Hundley, Ernie Banks.

MIDDLE ROW (L to R) Blake Cullen (Traveling Secretary), Ferguson Jenkins, Clarence Jones, John Stephenson,
Bill Stoneman, Ray Culp, Adolfo Phillips, Charles Hartenstein, Al Spangler, Norm Gigon,
Ted Savage, Al Scheuneman (Trainer), Yosh Kawano (Equipment Manager) .

BACK ROW (L to R) Don Pinkus (Batting Practice Catcher), Jim Ellis, Ken Holtzman, Pete Mikkelsen, Glenn Beckert,
Rich Nye, Bob Shaw, Don Kessinger, Lee Thomas, Joe Niekro, Bill Hands, Rob Gardner.

http://www.mustangdreams.com/mdfastback.htm



http://www.mustangdreams.com/mdfastback.htm

1967

http://www.mustangdreams.com/mdfastback.htm



http://www.mustangdreams.com/mdfastback.htm

http://nobelprize.org/nobel prizes/physics/laureates/1979/weinberg-autobio.html


http://nobelprize.org/nobel_prizes/physics/laureates/1979/weinberg-autobio.html

http://hacks.mit.edu/Hacks/b
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http://hacks.mit.edu/Hacks/by_year/2006/firetruck/
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ferences in the masses of th
mediate meson, and in their ec
might hope to undersiand these diffe
by imagining that the symmetries relatingt
weak and eleciromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuam. However, this raises the
gpecter of unwanted massless Goldstone bosons.
This note will describe a model in which the
eymmetry between the slectromagnetic and
wedk interactions is spontanesusly broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the inlermediate-
boson fields as gasge fields.® The model may
be renormalizable.

We will restrict our attention to symmetry
groups that connect the observed electron-type
leptons only with each other, e, aol with
muon-type lepions or other unobeerved leptons
or hadrons. The symmetries then act on a lefi-
handed doublet
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MODEL OF LEPTONS
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Standard
Model

of particle physics




the story of the ] JUST SO

Higgs Boson

a story about nothing.




This quickly became a story

of a particular epoch in the early Universe

which itself underwent a phase transition




Not Ian sronnr azvreraocoe hiink nf 1ron

that’s right. the whole,enchilada




there was a phase change 1n the entire

Universe

at about 1 picosecond after the big bang

there were PRIMORDIAL fields and particles before (hot) [l iin

and different fields and particles after (cold) [RERIMMMILIILESS

like a regular magnet

we live in the resulting “cold” universe




10-1%s after the big bang

univevse condenseA: a phase chomge

fleld value
—

fleld value
—_—

Zero : Z€ero
l . l not zero!

E E

regular fields

regular fields

AR . HHHAAATTTTEEE o

like a hot, non-magnet , gl like a regular magnet




the big story of the
Standard Model

JUST SO

IS the story of mass.



elementary particle epoch

TCritical

107%s 10739 107%%s 10733g 1030 107%7s  107%%s 107 2%'s 1078 10 '%s 1072 107% 107 %
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elementary particle epoch

TCritical
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(after David Miller)



the hot universe: no Higgs Field

(after David Miller)



a cooled universe: HiggsField

(after David Miller)









popular






e s N

quark-Tom-lzzo has gained inertia




e s N

quark-Tom-lzzo has mass.




mass Was bovn

i Hhe Higgs Field




“rumor” travels: Higgs Particle




So:

The Higgs
Boson Is not
just another
particle.




more detalls now

what’s really in the model




the story of the Weak and JUST SO

Electromagnetic Fields

o 7 «
the unification of forces CAMAMAY Z g l

ol VVVV




from a
hot phase
1n the
universe

cool it all at once

@ 1072 seconds after
the BB

H o OSRNIRAERe o ) )
temperature cools...magnet goes to one of two states: E ( e n tl re u n Ive rS e )

c Mttt w hot universe vacuum
L, v empty

between these two we say that the symmetry is “broken” when
situations temperature

higgs

goes down @
: 1 w 1
" field
the hot ground state is higher
than the cold ground state COld un|Verse Vacuum

the hot ground state has more symmetry
than the cold ground state

full of the Higgs Field



IIHHITTTEHAIITY e

ike a regular magnet

AN WER

like a hot, non-magnet

7ML VAVAVAVAVAY
B OAMWW
)22 VAVAVAVAVAY
;R VATAVAVATAY
oo e ——
¢ (o0 ) )
¢* ( E) R ) The remaining pﬁmordlal

scalar is the H

gs Field \

¢

t = the beginning 0 s t=10"¢s t=10%18s




3 of the primordial Higgs fields combine

with 2 of the primordial messengers - and
that gives them mass in the mathematics

what’s this
about?

messengers got
fat




this 1s quite remarkable

If the Idea Is right:

the electromagnetic and weak forces

that are so different today |NEERMUMIILILILESS

are actually a "cold-phase" of a single, unified force

“*Flectroweak

Fovce”

that existed only when the Universe was very, very hot

RN R mo

like a hot, non-magnet




definite 0. The weak and electromagnetic
interactions are two aspects of the
same force

predictions

1. The W Boson should exist

2. An additional “Z Boson” should exist

of Weinberg’s

Many physics reactions relate My, to M,
model !

3. This ZBoson and the 7Y are
intimately related

any reaction with a photon, must also
happen with a Z°

4. The Higgs Boson should exist




particle:

symbol:
charge:
NESY

spin:

category:

W
+le

80.399 + 0.023 GeV/c?=80.4 p
1

weak Vector Boson




particle:

symbol:
charge:
NESY

spin:

category:

4
0

91.1876 + 0.0021 GeV/c?=91.2 p
1

weak Vector Boson




Photon
and 7 3. The ZBoson and the 7Y are

intimately related

any reaction with a photon, must also
happen with a Z°

always

milx
€«
Zr VEery wea kly §ZO very delicate effects

3 observed in atomic systems
| ) due to the Z Boson




S i X t h a.n d Primitive Diagrams TIME always: se—

seventh

entries

into your

table of primitive
diagrams




|
Galilean

mechanics

Copernicus/Kepler

astronomy

Newtonian gravity

magnetism
e

electricity

] .
electromagnetism

1600 1700 1800 1850 1875



new force?
H BN

\ General Relativity

Strong 10rce

weak force Standarg

\Vilelel=

I
guantum mechanics

electroweak
relativity

——
electromagnetism

—

1900 1925 1950 1975 2000



we now think i1n terms of

epochs in the stages of the early universe

distinguished by phase transitions - stay tuned




‘‘mass

generation’’

Is “mass” an intrinsic attribute? “nature”?
the holy grail of

physics since or

Newton

Is “mass” an acquired trait? “nurture”?
what Is mass?




mass couplings? mass comes from the
Higgs FIELD

SM predicts from the hot phase:

re 1, f Higgs field




find the Higgs confivmation of
oF rticle the pvocess



Big Discovery

July 4,2012

wakch Hhe off-line movie:

https://gstbb.pa.msu.edu/storage/Extras 2017/HiggsDiscovery/



how to find the ook £or him!
Higgs?




HBOLA
GIANOTT
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Home Test
Wins Federal
Approval

By DONALD G. McNEIL Jr.

The OraQuick test, which uses
a cheek swab and gives results
in 20 to 40 minutes, is the
first chance for Americans to
learn in the privacy of their
own homes whether they are
infected.

DEALBOOK
As Bank Frames a
Defense, Barclays’
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By BEN PROTESS and MARK
SCOoTT
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jfm The Nobel Prize in Physics 2013
2 Frangois Englert, Peter Higgs

Share this:

The Nobel Prize in Physics

Photo: A. Mahmoud Photo: A. Mahmoud
Francois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

b he Nobel Prize in Physics 2013 was awarded jointly to Francois

ert and Peter W. Higgs "for the theoretical discovery of a
anism that contributes to our understanding of the origin of
of subatomic particles, and which recently was confirmed
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Standard
Model

of particle physics




definite 0. The weak and electromagnetic
interactions are two aspects of the
same force

predictions

1. The W Boson should exist

2. An additional “Z Boson” should exist

of Weinberg’s

Many physics reactions relate My, to M,
model !

3. This ZBoson and the 7Y are
intimately related

any reaction with a photon, must also
happen with a Z°

4. The Higgs Boson should exist




Welnberg,

Salam,
and
Glashow

1979
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The Nobel Prize in Physics 1979
Sheldon Glashow, Abdus Salam, Steven Weinberg

The Nobel Prize in Physics 1979
Nobel Prize Award Ceremony
Sheldon Glashow

Abdus Salam

Steven Weinberg
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Ste;/en Weinberg

Warded jointly to Sheldon Lee Glashow,
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t h e Our “Periodic Table” Standard particles

particle

Higgs

players

and

the "substrate”




l i k e any Primitive Diagrams TIME always: _>

particle, “C\;;
A g W W™

3w d ;
s \g/ﬁ | W N/ ’

we predict and Z° z°
then search for its ; 5
: : 1 T ‘ 3 2
manifestation \\g; %?%g; :
through its decays g \/,c g W - |

Your final entries
Into the Primitive AR
Diagram VAN

/
4
4
N
0
N
0
rN
0
suonoesdyu| s8Iy

°
C O | | e C t I O I l 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




Hheve ave Fwo other “issues”



where’s

tHhe ombimattev?



what the heck

1S Aawvk wmattev?

watch Hhe off-line wmovie:

https://qstbb.pa.msu.edu/storage/Extras_LO'
|



the more

pleasing

electron © < € - " “selectron”

Standard particles

Higgs

extension of the
Standard Model

’ Leptons . Force particles

“supersymmetry”  Quars
S S —

every "Standard
Model Particle”

has a super-partner

Searching for decades with every incremental increase in
energy and luminosity. No evidence so far.




intriguing

tames a SM Higgs mass problem*, “naturally”

for two big
reasons regular

some SUSY particle/ particles
o= ""< SUSY particle that

- == _Cannot decay

—
\\

R — e ———

8-

*mass should ve much higher



many other “String Theory”.. stop and start history in mathematics

extensions The “infinities” in Relativistic Quantum Field Theory are

related to extrapolation in spacetime to zero, x, vy, z, =0

Suppose there is a minimum length in Nature?

which unify forces
and fix the
Infinities

~ - ~ -
.............

~ - ~ -
..............

add messenger
Pa rticles each wavelength...a different—e x te n d e d — particle.

Plus: get a gravity and the graviton for free!

composite Higgs

.\, b
composite quarks > _ .‘/%ﬁf"

a n d | e p t O n S Point particle interaction String interaction




....up to 10 space and 1 time dimensions.

world...gravity weak

high energy
scale
dimension(s)

gravitational
strength

Weak, EM, strong, int






Cosmology 5




FLRW catalogue of Universes Ao

R(t) .R(t) R(t) Lemaitre- R(t)
Eddington Lemaitre
k= +1 | : : \ l \
Einstein
time time time time
R(t) R(t) R(t)
k=20
time time time

R(t) R(t) R(t)

time time time




© opposing views

2
e
. .
A
. 2

""Steady State Universe"
eternal, matter created out of vacuum to maintain constant energy density...
"Big Bang Universe"

universe began at an instant

| lied: cyclic universe

over and over...bang and collapse - so eternal and a beginning
31



George
Gamow

universe born

hot primordial soup

Fred

Hoyle

steady state model,
continuous creation
of matter.

To Hoyle: the Big Bang implied a creator.



¢ ¢ - a :n 99
W a S C O l n e d i The recession of the galaxies does not cive the only
observational test that a theory of the expanding univorsc[mat

E satisfy. During the past few years astronomers have developed
, a number of further requirementims Although I don't wish to go

b y F r e d : ~ 4nto these in detail, I might mention that it is now pessible to
; determine the ages of our own Galaxy and of several neighbouring

galaxies with a substantial degree of accuracye. The rosult is

s about five thoussnd million years. A satisfactory theory must
O y e l n a provide for this age, -; ?_JI0J% DO 58S

P i Bl e
Vg o Bone to t he question of applying the obsorva: ional

- / $0 earlier theories. These theories were based on the o
;’/ hypothesis that nll the matter in the universe was coresnted in one
B B C d : , bigh bang at a particular time in the remote past. It now tuins

ra I O 3 out tha® in some respect or other all such theories are in
W, conflict with the observational requirements. 4ind to a degree

N~

broadcast for the

Rcon hardly be ignored. Investigators of this problem g
-

ey ain s s
like a IO o S R R LT 5,_."_-9,’__,:,' A0 LOkaeaelU C U péak,

g e n e ra | p u b | i C i n ; Previousgly it had ael:x?ed as if th nain difficulty was to decide

between a number of routes, all of which seemed promising lines of

9 4 8 _ ascent. 3But now we find that ceach of these routes peters out in
1 seemingly hopeloss precipices. A new way :ust be found. The new
xxxx way I am now géing to discuss involves the hypotlhesis that
matter ia created continously,

How are the diffiéultiea foeing former theories overcome Ly
introducing continuous ereation of matter? :

I connot deal fully with this question; ut perhaps you may
like te hear one of many possible examples. According to the
majority of the eurlier theories the density of the matter which
composos the background, ¢ he backgroimd which I've already
deaéribed, must in the distant past, have bccz; vastly greater
than it ia at preaent. This io sn effect arising from the
éxpansion, which in il_}g_g_t__ theories produces a decrease of

background density as we go forwards into the future ut an




S Bang cosmology 1s a form of religious
fundamentalism ...and this is why these peculiar
states of mind have flourished so strongly over the
past quarter century. It Is the nature of
fundamentalism that it should contain a powerfu
streak of irrationality and that it should not relate, in a
verifiable, practical way, to the everyday world. ...it
would take an eternity of time to distill even one drop
of sense...Big bang cosmology refers to an epoch
that cannot be reached from any form of
astronomy...

Fred Hoyle
Home i1s Where the Wind Blows 1994.




Sorry, Fred.

Here's the current understanding of the life of a
Universe:

evolving In time and temperature.




elementary particle epoch

presumed that

processes are in v |

107°% 107335  1073% 1072"s 1025 107 2%'s 10718s 107 %% 10725 107 % 10 Ss
1022 K 10t K 101 K 10° K



There 1s

a limit

Planck Time =5.4 x 10%*s

Beyond which need a quantum
theory of gravity

there Is no Planck Length = 1.6 x 10> m
physics

at the current time

Or a physics with a built-in minimum length in
Nature...String Theory.




elementary particle epoch

“Quantum Foam”

?

presumed that

processes are in v |

107*%s 10739 107 107%s 10739 10727s 1072%4s 107%s 10738s 107 10725 107 % 10 %s
1022 K 10t K 101 K 10° K




nucleon epoch

hadron era nucleosynthesis era opague era

105 1035 10%s 10°s 10%s 10%s 10'%s
10° K 10'? K 10'1% K 10° K 10" K 10° K 10, 000 K



cgalactic epoch

light era our era dark era

NOW

S

380,000 y 1 My 13.7 By

1012 10'°s 1018 10%'s
3000 K 1,000 K 2.726 K



prior to 3 minutes: balance between
radiation and particles.

Ea r|y moments: shortwavelength photons = high frequency photons = high energy photons
lots of mc? available—can make heavy particles



prior to 3 minutes: balance between
radiation and particles.

spacetime has stretched!
Later moments: longer wavelength, lower frequency = less high energy photons
less mc? available—can’t make heaviest particles

IIIIIlIIIlIIIlI IIIIIIIIIlIIIII I|I|I|III|III|I IIIIIIIII'IIIII IIIIIIIIIIIIIII I|I|I|III|III|I IIIIIIIIIIIIIII IIIIIIIIIIIIIII IIIII|IIIIIII|I IIIIIIIIIIIIIII IIIIIIIIIIIIIII IllIIlIIIlIII 1
- 2 3 4 5 6 7 8 9 1|0 11 - ‘ﬁﬂ




heavy species ‘‘freeze out’’: palrs cannot be

created any more
energies

B e 2"7'7real/yheavyc2

from:

below this point: ¥ f

can’t make BB

% %
2 %
%%
Z 3
>, ¢,
. ®
2. ©
¢ s,
%
©
° Myreally heavyC 2 ‘
m 2MheavyC? h below this point:
can’t make SS
@ rnhealvyc2 : :
below this point:
can’t make anything!
. : 2MelectronC 2 . h i .
"77e/ectronC2 time —

space stretching —



at some point, they are too low in energy to do

anything...they just hang around.
about 70,000 years after BB

remember

3 . 0 i

AR

many high
energy
photons:
create new
particles, ionize
atoms,
disintegrate
nuclei




there 1s

a magic

point

at which atoms
can start to form

"recombination”

After protons, neutrons, and electrons are stable...

©

)

©

\/

left-over photons ionize the
baby Hydrogen atoms

The Universe consists of: a plasma...charged particles,
unbound...freely moving around. Opaque.

At one point...about 10'>13s5-370,000 y:

)

Bingo.
We have H atoms
(and He)

™D

nere’s nothing
se for the

notons to do!

the photons don’t
have 13.6 eV of

é%

The Universe has
suddenly become
transparent to
photons



