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) Physics complete in the XIX century? T8

~ From the XVII to the XIX centuries, extraordinary
progress in our fundamental understanding of the universe

= Newton’s Gravitation, Classical and Statistical Mechanics, Thermodynamics,
Electromagnetism

v.E=" v.B—0 vxg--B
R2 €0 ot

“There is nothing new to be discovered in
physics now, All that remains is more and
more precise measurements.”’

Feeling at the end of
the XIX century
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Lord Kelvin's clouds

“The beauty and clearness of the dynamical theory,
which asserts heat and light to be modes of motion, is
at present obscured by two clouds”™

THE
LONDON, EDINBURGH, axp DUBLIN
_PHILOSOPHICAL MAGAZINE Black-body:
AND spectrum

JOURNAL OF SCIENCE

———

[SIXTH SERIES.]

JULY 1901 Michelson-
Morley

I. Nineteenth Century Clouds over the Dynamical Theory of
Heat amd Light *. By The Right. Hon. Lord KeLvIN,
G.C.V.0., I)CL LL]) F.R.S., M.R.I. 1.
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Maxwell equations predicted electromagnetic
waves always traveling at speed ¢ = 1/, /€,

Speed ¢ with respect to what???

Hypothesis was that Earth was If light moved at ¢ with respect to Ether, beam would
moving at least at 30 km/s take different times when aligned with Earth’s speed
with respect to Ether versus transverse to it

I Mirror

Michelson invented in 1881
(Naval academy, Annapolis) .
an interferometer that mirror

Mirror

could measure a difference
of one part in ¢/v ~ 10%

Ether at rest

No evidence for light

traveling at different speeds the Nobel prize for Physics in 1907,
in different directions the first American to do so!

Albert Michelson would go onto win
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Zur Elektrodynamik bewegter Korper;
von A. Einstein.

dies fiir die GroBen erster Ordnung bereits erwiesen ist. Wir
wollen diese Vermutung (deren Inhalt im folgenden ,,Prinzip
der Relativitit genannt werden wird) zur Voraussetzung er-
heben und auBerdem die mit ihm nur scheinbar unvertrigliche
Voraussetzung einfithren, dafl sich das Licht im leeren Raume
stets mit einer bestimmten, vom Bewegungszustande des emit-
tierenden Korpers unabhingigen Geschwindigkeit 7 fortpflanze.
Diese beiden Voraussetzungen geniigen, um zu einer einfachen
und widerspruchsfreien Elektrodynamik bewegter Korper zu ge-
langen unter Zugrundelegung der Maxwellschen Theorie fiir
ruhende Korper. Die Einfithrung eines ,,Lichtéthers¢ wird sich

Relativity principle: all laws of Physics have the
same form in all inertial frames of reference

The speed of light in vacuum has the same value c¢ in
every direction in all inertial frames of reference

On the Electrodynamics of Moving Bodies;
A. Einstein

equations of mechanics hold good.! We will raise this conjecture (the purport
of which will hereafter be called the “Principle of Relativity”) to the status
of a postulate, and also introduce another postulate, which is only apparently
irreconcilable with the former, namely, that light is always propagated in empty
space with a definite velocity ¢ which is independent of the state of motion of the
emitting body. These two postulates suffice for the attainment of a simple and
consistent theory of the electrodynamics of moving bodies based on Maxwell’s
theory for stationary bodies. The introduction of a “luminiferous ether” will

S—

Einstein’s 1905 paper is considered the first complete account of Special relativity,
but many elements had also been derived by Hendrik Lorentz and Henri Poincaré
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Time dilation

i L

| 7 | |

| o

’ \/L ’ + Vzt 2/ — 2L ] Total time between !
=2 = = events is simply total , 2L

i ¢ ¢ 1 — vz distance covered by [ = — n

L c2 light divided by speed C J
We define a 1

Based on Einstein postulates

. = — 4/
new quantityy |/ 2 t — t }/ alone, time passes more

slowly when moving

Manuel Franco Sevilla Introduction to Special Relativity Slide 6




RS
NE
NN

17
oe@%
18 56
Bt
s

7

~ A light goes off in the middle of a moving train

= Do the light rays reach the front/back of the train at the same time?

e e — e _ A E—

Rest frame Train frame

Light reaches back and front
simultaneously

L e — —

Light reaches the back of the train
earlier than the front

S ———— e —— e — S — e — :-:J

r:r ________

— e —————— e ———————— S e — S — e —

Whether two events that occurred far apart are
simultaneous or not depends on the frame of reference
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~ Is the length of the train the same at rest and moving?
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V(t1+t2) @ @ H
t,= (L +v,)/ [ L
j— —) p—
! Yh)te ey RPN 2L 1
= (L—vt)/ t L LR L 222
=(L—-vt,)/lc — =
2 2 2T 4y

L/
L==—
y

Using time dilation f = [ /}/

T—

Manuel Franco Sevilla Introduction to Special Relativity

e e e e e S e e e T

Train frame

Moving objects are contracted
along the direction of movement
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Lorentz
' transformations
and 4-vectors




~ Galilean transformations do not account for time
dilation or space contraction

' =t X' =x—-vt y =y Z

~ Lorentz transformations do

Space and time are t =yt — fyx/c

intimately intertwined ./ _ yx — Byct
= Where we defined
1
p Lorentz factor y = :
Normalized velocity f = —, \/ 1—p2
C

unitless number between 0 and 1 unitless number between 1 and oo
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d-vectors

~ Instead of describing positions with 3D vectors, we
use 4-vectors that combine time and space

y4 4y
-/ - v,
X 2| v 0o xf T
Y o o 1 ol Y]]
, 7 Lorentz
H < 0 0 0 1 ! transformation

1n matrix form

1
p Lorentz factor y = :
Normalized velocity f = —, \/ 1—p2

C

unitless number between 0 and 1 unitless number between 1 and oo
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Norm of 4-vectors

~ In Euclidean space, norm of vector found adding
up the squares of all the components

|77 = x>+ y? + 22
~ 4-vectors live in Minkowski space, and the norm adds
the time and spatial components with different signs

= This norm is the same in all frames (invariant)

2 rﬂr” = c%t? — x? — y2 — 72 = c*7?

~ For the space-time 4-vector, the norm is the
proper time 7 times ¢

= The proper time is the time that passed for a traveler that followed the
space-time trajectory given by r#
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Twin paradox: what's Roberto’s age? g

ct

Cty

PE ctp = ¢ X 15 years

¢ X 30 years

cty

—— Alberto’s trajectory

—— Roberto’s trajectory
AT _3er /5
__ CtE |

=
PE | 3etg /5

& R@ERTO

From B to E, the norm of the vector is

2
3

Roberto is

Manuel Franco Sevilla

5 2
9/5 x [light-years] | Fea |2 = |rBE|2 = ¢? (10 years)

50 when he
comes back!
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30000 m

Secondary

cosmic rays '

V“ rd

20000 m

10000 m
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~ Atmospheric muons typically
come from 7% — u~v, decays

+ +
= [hen decay as u= = e~ v,

~ What is the lifetime of a muon
= produced at 25,000 m altitude
= traveled vertically towards the Earth
= decayed at 5,000 m after 66.7 us

2,2 _ 2 _\2_ 2

c’t? =c X —y —7

c2(66.7 x 107%)? — 20,0007
= 2.2 us

C
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Relativistic kinematics:
conservation of 4-momentum




The 4-velocity

, | dx* dx*
~ 4-velocity defined as n# = =y—— =7(C, vy, Vs V)
dt dt
= Greek indices like u reter to the O, 1, 2, 3 components

¢x0:ct,x1=x,x2=y,x3=z

~ Like all 4-vectors

= Lorentz transforms into other reference frames

i _ yA Ay =
;/(v/’)c, oy =Py 0 0] |70 o,
i = y(V)v, _ | =By ) o ol [YOMv, i v
y(V)V, 0 0 1 o] |[YMy, / g X
LS I 0 0 1] |0, 1
i invari y(v) =
= [ts norm is frame invariant VI vile

2 "= <yc)2 B (7VX)2 - <yvy>2 - (VVZ)2= v’ <6'2 — v2) = ¢?
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d-momentum

~ 4-momentum defined as p* = mn# = (myc, m}/7>

= This is for a particle of mass m

= Also defined for a set of particles as the sum of individual 4-momenta

~ Like all 4-vectors

= Lorentz transforms into other reference frames

1 N A
my(v')c E’//C i (1) —pw)y(u) 0O o| [E/c] 1 /
it — my(vV')vy _ P),c _ | =By v (1) 0 0 Py 7 )ﬁ’
my(v')v, Py 0 0 1ol |P”| =z / X
mow | | e | Lo 0 0 1] [P z

= |ts norm is frame invariant

> ppt = Bt = pl=pi—p2=m¥c? - E=\[mc*

p*=pi+p;+p:
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i N\
— 2 4
H = i I R myv = o —m7+m7v FO -
P = myvoll = || Py 4 _\/l_v_z_ 2c2 c*
m}/vz__ & c?
2

~ Time part is mc~ constant plus kinetic energy

N/

Einsteins brilliant insight
E = mc? (at rest)
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~ Typically use electronvolts (eV) to measure energy

= Energy of an electron accelerated by a 1 V potential

= Very useful in the original experiments
- 1 ev — 1 602)( 'I 0-19 J = Flectran I|} 4’+|_\ F.Iectrc--]I

1000 eV

~ Use eV/c for momentum - o

~ Use eV/c2 for mass

~ What is the energy of an electron (m, = 511 keV/c?)
that has a momentum of 1 MeV/c?

2
Eez\/p C +m C —\/(1 MGV/C)262+<0511M€V/C> c* =1.12 MeV

~ Very often, we just set ¢ = 1, so energy, mass, and
momentum are measured in eV
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10°
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< 10°°

Mass

10°°

10°°

107°*

R TR N e MASSLESS

107

1074

10712

First

Generation Generation Generation

Down quark

FERMIONS*

Particle masses

Second

Third

Top quark

173 GeV +— @

Charm quark

2

Bottom quark

3

Tau

p Strange quark

MUO(N

8Up quark

J—> 511 keV

Electron

Electron-
neutrino

J

Muon-
neutrino

J
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105.7 MeV

J

Tau-
neutrino

BOSONS
7 ~ Elementary particles masses

5 H%ﬁ cover a |arge range
W}) | = Photon/gluon are massless
125 GeV

= Neutrinos ~ meV

= st generation fermions ~1 MeV

= 2nd generation fermions ~ 0.1 - 1 GeV
= 3rd generation fermions ~ 1 - 173 GeV
=\W Z bosons ~ 90 GeV

= Higgs boson ~ 125 GeV

~ Masses of non-elementary
particles heavily determined

. by binding energy

‘ . = eg, m(u) = 2.3 MeV, m(d) = 4.8 MeV
o + Mass of proton (uud) is 938 MeV

BOSONS
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d-momentum conservation

~|n SR, it is 4-momentum that is conserved

= Generalization of energy and 3-momentum conservation

~ For a closed system of n particles

n n
Zp,’;i”i = Zp/i’ﬁ” for each coordinate p
i i

Lini pini pnini - plLfin - p2.fin . fin
C C C c C C
1,ini 2.1ni n,ini 1,fin 2.fin n,fin

P P P

o IR N R Lt IS L I L) P o

,ini Jini n,ini fin fin n,fin
p y p y p y p y p y p y

1,ini 2.1ni n,ini 1,fin 2,fin n,fin
_p z _pz _ _p z 'z _ Rt _ |z |
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&) Degrees of freedom in particle decay T

~ A particle a decays into two other particles A and ©: o — A ®

General conservation of 4-momentum

p a,y
Pa.;

N
P

\/pl +m/1C

pﬂ,y
p/l,z

N

Conservation of 4-momentum

in two-body decay

\/pﬁ +m/1C

O
0

\/pf) + mc?)c2
P

0

Equations
(constraints)

Degrees of freedom

Pa=\[Pest Pyt Pi
® Total

2 2
P, = \/ Pix TPyt pf,x

2 2
= \/ PoxtPoyt Do

Original
Masses

o at rest

Symmetry

Cannot know A and o direction (isotropic decay), but we know that they will both
travel along the same line in opposite directions by conservation of momentum

— Choose x axis along the direction of the decay

Slide 23
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~What is the energy of the (massless) photon y emitted
in the decay n=— — e~ + y assuming the muon is initially

? [
at rest: pu py Conservation of 4-momentum
Y p - 1T T 1T :
< ° \/pﬁ+m/302 _ \/p62+m62c2 + \/pf+mf(:2
Cannot know y and e- direction (isotropic decay), but we P, P, D,
know that they will both travel along the same line in " - - 4 L .
opposite directions by conservation of momentum f1Hz] A [cm] E, [eV]
Since the muon 1is at rest, pp = 0, the photon 1s massless, my =0 |
[mﬂcl _ \/p62+m6262 n ‘py‘ \/pez+mezc2 = m,C — ‘py‘
O i p e i i p 4 | O - p e + p 4 be'ght;gglg;j
Solve for positive py
2 9 mﬁc — mZC )
py+mc —mﬂc —2mcpy+py = P, =
2m,, _
m2c? — m2c? o .
E =p,c= = 52.83 MeV
2m,, L etr waves

Manuel Franco Sevilla
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s

~ How do you discover a new particle?

= Look for particles decaying from a common vertex

The BY is invisible, but we

see the muons and
reconstruct its momentum

5

3
o
ﬁ
&)
N
O
Y
N
oY
O
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Reconstruct invariant mass

~ How do you discover a new particle?
= Look for particles decaying from a common vertex

= Add up the momenta of the daughter particles

\/plz + m/fc2 n \/p22 + mﬁc2 _ [EB]
P1 %)

PB
_ _ o _ o : : | .
§ n LHCDb Preliminary —e— Data i
é) 40 e 9 fb! Total i
= Calculate invariant mass -k BDT 2035 = ]
5 30 o E
— —— B,—u'uvy i
PR N T
— - L 20 Xy—~huv, ~
mB EB p B "g - ‘ BO(+)%JTO(+)/,L u 7
é K + S U EEEEE Combinatorial _
S 10 N LA \ -
= Plot histogram and find peak! sz, UL ..... 1) ] [+ o
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Circular collider
Large Electron-
Positron collider (LEP)

Linear collider
Stanford Linear
Collider (SLC)

Type of Fixed target ol ESSiaae s A ; 5 4 N Collider
g £ = e : Fermllab s Tevatron
collision NAGZ " e ~ | ‘\ Tevatron ) 23

Lepton collider Hadron collider
“ YpE ol Positron-Electron

: G el e = Large Hadron
H particle Ul llGZallNe . m g T Collider (LHC)
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Linear vs Circular colliders G

~ Circular geometry has key advantages as particles circle around

= Can have higher energies as particles are accelerated at each cycle

= Can have higher collision rates as particle bunches have more opportunities to
collide

~ However, charged particles emit synchrotron radiation when
changing direction

= Power loss grows very quickly with energy

= Circular geometry not feasible for light particles (eg, electrons) for /s = ~250 GeV
+ Use protons (my ~ 2000m,) for higher energies

Synchrotron Design

loss
SYNC
y m4R2
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~ In Fixed target
experiments a
beam of high-
energy particles
collides against a

large and
stationary target
Pl P
> >
pl mp . \/p3 + m3C
+ —
P1 0

Manuel Franco Sevilla

Ep1 Pyt = \/Epzl —m pr2= (1 GeV/c, 0, 0, 0)

N

pp1 = (10 TeV/e, 10 TeV/e, 0, 0) msy = 0.14 TeV/c*

Conservation of 4-momentum

\/p1+m1c n \/p2+m20 _ \/p3+m3c

P3 =D

2
m3262 = (pl + mpc> —pl2 =2pm,c — my;=0.14 TeV/c?
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~ In Fixed target
experiments a

. Ep1 = /E% — m? = (1 GeVle, 0, 0, 0)
beam of high- p\ P =\ = m; bz
energy particles \ :
. . pp1 = (10 TeV/e, 10 TeV/e, 0, 0) my = 0.14 TeV/c
collides against a B oo e eeeemmeeeeeeeeeeeeeneeeneeaaaad
large and
stationary target Conservation of 4-momentum
= Easy, cheap
+ + m2c? + mic?
= [nefficient = difficult to \/p1 mic” + \/p2 s = \/p3 .
reach high energies ] ] ]
~ Colliders crash two
pp1 = (10 TeV/e, 10 TeV/e, 0, Pp2 = eV/e, - eV/c, 0,
harrow beams of 0 TeV/c, 10 TeV/e, 0, 0) (10 TeV/e, -10 TeV/e, 0, 0)
o i ) e Y
particles ol
= Difficult but efficient ms = 20 TGV/C2
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~ Conservation of 4-momentum allows us to solve
particle physics problems

Conservation of 4-momentum in a
particle decay

1%

U U ]
pﬂ--i- pB+ pro lcmB+] o \/p[%*() + szl%*() ‘\/pﬂ.+ + C m +
< ° > = 4+
0
Pko

2-body decays are always collinear

Conservation of 4-momentum in a
head on particle collision

1%
P P3 \/p1+mlc N \/p2 + m3c? \/p3 + mic?
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Backup



Horse-barn paradox e

<€ > <€
2 m

How can the 2 m horse both fit in the
1.5 m barn in the rest frame and not fit
in the barn in its own frame?

Could we fit a 2 m horse into
a 1.5 m barn using relativity?

Yes! Accelerate the horse to

\/gc
Vhorse = T

e

_— e

Horse frame

|
2 8
M:

0.75 m

Lack of simultaneity is what leads to many of SR’s paradoxes
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() Horse-barn paradox resolution @

~ It is simply a problem of simultaneity

= The tail and head of the horse being inside the barn at the same time
depends on the speed that you are going

ct | In the barn rest frame, the horse is (2m)/
© 12 vy = 1m long, and the slopes of the head

and tail of the horse are — ~ 1.15 Since

the barn 1s at rest in this frame, its doors
have infinite slope.

Between t; and t; the horse is fully
enclosed inside the barn because both
its tail and head are inside.
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Deeper understanding
of the Universe’s
fundamental
constituents

12
/ \ Classical theory (5000 K)
10

Spectral radiance (kW - sr~1-m=2. nm~1)
o
1

Wavelength (um)

+ many other experiments + work from many others (Einstein,
(photoelectric effect...) Schrodinger, Heisenberg...)
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Michelson-Morley
experiment
Could not find ether, the

medium light travels
with respect to

50% Mirror
mirror

Screen

+ experiments from many
others (ether dragging...)

Manuel Franco Sevilla

The laws of Physics have the
same form in all inertial
frames of reference

The speed of light in vacuum has

the same value c in every direction
in all inertial frames of reference

+ work from many others
(Poincaré, Lorentz...)

Introduction to Special Relativity

understanding of the
Universe’s spacetime,
mass, and energy
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~ Not obvious whether Earth’s laws of physics shoula
apply elsewhere

How
Should we should the
obey the apple fall?

same laws?

\\\\\\\\\
)

-\‘ 2N

30,000 m/s

30,000 m/s iJ8-] | 98 30,000 m/s (IR, L. - S

\ ' — ' o s MR AT
AT 5 €5, SR w1y P Loge €5° ) i 8
L} ‘m—" ca X =, _-K‘_"_",“f,__j._, £} m...ﬂ‘ iy -V :t("_m. i
b e i, z B Ve i, e ma

[ . ) TR

P late fi F ; ‘l ]
osFu ate rpm Th e laws Of Motion have the Inertial frames of reference
Galileo Galilei are those that move at

(1564 - 1642) same f orm in all inertial constant relative velocities

frames of reference p
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~ The Galilean transformations rely on two axioms

= There exists an absolute space

= All inertial frames share a universal time

~ Thus, the coordinate transformation between two
inertial frames where the origins are the same at
t = 0 and the velocity u is aligned with the x axis

{ X' =x—ut
y 7' =7

yA Ay/ t,
U y'
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~ For two frames of references S and S’ with the same
origin at t = 0 and aligned

/ / 1
— = X — mi/h
t'=t  x'=x—(60mi/h)z Xean = 10+ (200mi/h)t — (10 mi/h?)¢2
/ /
— { = Z
y y Ltrain =20m
y A y" Vtrain =

S éfg > Atrain =
, - o ,—>
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