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O Frames of reference

- The coordinate system in which you observe events
- .9. The room around you

- You judge how fast a thrown ball goes by its velocity
relative to some stationary object in the room

- You judge how fast you are moving by looking at
objects around you

-14 -



O Einstein’s principle of relativity

 Principle of relativity
- All the laws of physics are identical in all inertial reference
frames.

e Constancy of speed of light

- Speed of light is same in all inertial frames
(e.g. independent of velocity of observer, velocity of source
emitting light)

These two postulates are the basis of the
special theory of relativity !

-15-
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U Consequences of Einstein’s relativity

- Events simultaneous for observer in one reference
frame no necessarily simultaneous In different
reference frames.

- The distance between two objects Is not absolute.
Different for observers in different reference frames.

- The time Interval between events IS not absolute.
Different for observers in different inertial frames.

-18-



O Lorentz Transformation

- Named after the Dutch Physcist Hendrik Lorentz,
describes how, according to the theory of special
relativity, two observers' varying measurements of
space and time can be converted into each other's
frames of reference

X'= X
y'=y
Z'= vy

(z + vt)

-19-



U Length contraction

Frame F' Frame F

Z
Rod AB of length L' fixed in F' at X', X'g. What is its length measured in F?

Must measure positions of ends in F at the same time, so events in F are (t,x,)
and (t,xg). From Lorentz:

ZA:7(2A+Vt) ZlB:7/(ZB+Vt)
L'=2'—2,=y(z5-2,)=rL>L

Moving objects appear contracted in the direction of the motion

-20-



O Time dilation

- Clock In frame F at point with coordinates (x,y,z) at
different times t, and tg

- In frame F' moving with speed v, Lorentz transformation

gives
, vz , vz

At' =t —t, = y(t, —t, )= yAt > At
e SO

Moving clocks appear to run slow

=21 -
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O Space-time

- Unlike classical physics, Einstein realized that space
and time were Intertwined with the laws of physics,
not just an absolute grid on which the laws were laid.

- It helps to stop thinking in terms of 3D space alone and

adding the 4th dimension of time. Time Is just treated
as an additional dimension much like space.

=24 -
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O Four-Vectors

The Lorentz transformation can be written in matrix form as

t'=y(t—@j (cty (7 0 0 yp)ct)

’ X| |0 10 0]x

;,:§ — v o o1 o]y

2'= y(z - vt) \Z') &7/[3 OVO 7{\2)
u

A I

An object made up of 4 elements
which transforms like X is called
a 4-vector

—

Position 4-vector X = (Ct, X)

(analogous to the 3-vector of
classical mechanics)

-27-



O Four-Vectors

x“ = (x°, x5 x%,x3) = (x° x)  Covariant vector

0 — ¢t

x| X

= (x', x%,x*) = (x,V,2)
X, = (X0, X1, X5, X3) = (X,,—X)  Contravariant vector

X, = Ct

(X,, X,,X3) =(=X,—VY,-2)

-28-



O Four-Vectors

The contravariant and covariant vectors are related to each
other by a Minkowski metric tensor 9.,

v u uv
X, =g,X O X- =g X,

Where, 1 0 0 0]
" O -1 0 O
g)Lﬂ/ — QJ — n laY 1 N
U U —1 U

_O 0O O —1_

-29-



O Four-Vectors

- To be a four-vector, the four-components must follow the
same transformation as the space-time four vector X °

Ex) four-momentum P" = (E—, P)
four-current J' = (cp,J)

four vector potential Al

I
)
S,
>

-30-



O Ex : four-momentum

- If four momentum P" of a Paricle measured in S frame is
seen asP" in S’ frame,then P ¥ = AY P

- 1f po=(E 0,0,p,) isgiven, then P = (E 00,P,)
C C
where

-31-



O Ex : four-momentum, cont’d

- If the particle of mass m is at rest in the frame S,
Then P.=0 and P" = (mc,0)

- In S' frame,
E E

P, '= 0 + —) = — = mc

, 7 ( ﬂC) 7P c 7P

E E

— = —+ 0) = ymc

c 7(C ) =7

mc 2 1 v?2

= E '= ?/mCZZ :mC2(1+2—

-32-




O Scalar product of four-vector => invariant

- If @, and b" are four-vectors, then the scalar product
a-b=a,b" is Lorentz invariant.i.e. a-b = a"b'
(- AUAY, =g ,where g, can be represented as 4x4

Identity matrix )

- In the four-momenta example, we find

Tu ) Tu

P'ZZPIU°PI=PZZPU°PZ(E)Z—P :m2C2
C
a'b'=(La) g(Lb)=AT(L'gL)A=ATgA=A.A

-33-



Example

| Relativistic Kinematics I

In Special Relativity (£, X) and (E, p) transform
from frame-to-frame, BUT
d? — t2-$2-y2-z2
mict = E? — p*
are CONSTANT (invariant interval,invariant mass)
Using natural units:

B R .
m?=FE*—p

EXAMPLE: 7=~ — pu~ v, atrest.

Conservation of Energy

H j—
/ E =E +E,
o Conservation of Momentum

/ 0:§“+l_1‘\,

Vu (assume m,= 0)
E. =m., Ei = pi + -mi, E, = |p,|
E‘rr - Ep. + Eu
= my = E,+pu
= (m,—E,)* = -pi
2 2 2
but Eju —m, = p,
2 2 _ .
2 _ M +my, (140 MeV)? + (106 MeV)?
H 21N 2(140 MeV)
= 110 MeV
pul =P, = 30MeV/c

(see Question 1 on the problem sheet)

Dr M.A. Thomson Lent 2004




Example

Accelerator design

e Shapes

— Linacs (SLAC) *- °

— Synchrotrons (Fermilab) @

« Collision types
- Fixed target (E687, FOCUS)
~ Colliding beams (CDF, Belle, BTeV)

=> CM = 1TeV+1TeV => 2TeV
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Belle |l (2014~

Movable mask New QCS

- (Final focus system)

Crossing angle

22 mrad (KEKB)

-+ 30 mrad {SuperkKEXB)
B

Maw baam pipe

& bellows Ante-chambers,

comb-type bellows, HOM absorbers

/-.f’::"ll Mare RF sources h}_‘\l

More RF caviies

B a

-

Crab cavity 8500

Ensrgy exchangs
C-hand

C-band accelerating
shuctures

a f"\ Camping ning
"

Flux concentrator+L-band
Posslran sowrca

4
http://www.kek.jp

Electric power consumption

45 MW (KEKB)

« G RAAY /i i ==l AT A D




CM5
A Compact Solenoldal Detector for LHC

Energy Luminosity
200 GeV 10®2cm2s
14 TeV 10

1312 TeV 10




A=t &= JrFJ| 2

(Tevatron)
‘o (pp > bb) ~150 b at 2 TeV (~ 15 kHz!) |

Heavier B




Example

High Energy Experiment

To see subatomic particles, incident beam wavelength should L
less than the size of each particle.

A =h/p (h:Planck constant p:Incident particle momenium)

Fixed Target Experiment

®e— @ [ >

Before collision After collision

Colliding Beam Experiment

@ > =—@ [ >



Example
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Colliders and /s I

T——

Consider the collision of two particles:
H, %
Pi(E.P)  PLE,B,)
The invariant quantity s = (p + pb)(py, + Pa,.)
s = (pi'py, +Pipy, +201Dy,)
= E] —p?+ E; — p3+ 2(E1Ey — P1-P2)
= 'm:; + 'mﬁ + 2(E1E2 — p1.p2)
= mi + m3 + 2(E1 B2 — |p1]|p2| cos 0)
\/E is the energy in the zero momentum frame.
It is the amount of energy available to interaction e.g.

the maximum energy/mass of a particle produced in
matter-antimatter annihilation.

Or M.A. Thomson Lent 2004




Example
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Fixed Target Collision ———> .2
p,(E,p) p,(m,,0)
§ = ’m,f -+ 'm,g + 2F1ms>
for F1 > mi.,mgs s = 2FEim>

C.O.M. Energy /s V2FE1ms
e.g. 100 GeV proton hitting a proton at rest:
Vs = /2E,m, =~ v/2.100.1
~ 14 GeV

Collider Experiment ~———>  <——
P, (E.p) P,(E-p)

Now consider two protons colliding head-on.

s = mj+ms+ 2(E1E> — |p1]|P2]| cos0)
If E > mq, mo then |p| = E and

s = 2(E? — E*cos#)

s = 4E*

Vs = 2E
e.g. 100 GeV proton colliding with a 100 GeV proton :
Vs = 2.100 = 200 GeV

In a fixed target experiment most of the proton’s
energy is wasted - providing momentum to the C.0.M
system rather than being available for the interaction.

Dr MA. Thomson Lent 2004




Example

Fixed target vs Colliding beams

(total energy)?-(total momentum)? = invariant in all frames of reference
Assume that 800GeV(E,.,,) proton collides in a fixed target(proton).
Center of mom. frame Laboraroty frame

Total energy: Ecu Epeamtm,
Total momentum: 0 Poeam
i . 2 2 2
Invariant: Ecu (Epeam™Mp )*-Ppeam

E =[2(m,2+EpeamM,) 172 = 38.8GeV
We are enough to 19.4GeV+19.4GeV proton beams in collider !!!

Question: What's the advantage of a fixed target experiment?



Example
U ex) inelastic collision problem

- The four-momenta of two particles are given by

P = (%,_ﬁ) = (ymc,0,0,ymvV)

Py — (':C—Z,‘Ei) = (ymc,0,0,—ymv)

- After the collision, total four-momentum is given by

P'=P"+P"'=(2ymc,0,0,0)

-43-



O ex) inelastic collision problem, cont’d

- The total mass M is given by

M =2ym = 2m > 2m

CZ

In relativistic understanding, the generation
of heat energy Is realized by the mass increase

2. 2 Fout -Vectors and Relativistic Collisions -44-
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