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CONSE QUENCES OF SPECIAL RELATIVITY

o ReLANVITY ©OF SIMULTANEZTY

® LORENTZ ConNTRACTION ALONG Dieccrion OF Momon

L= )y

® TIME DIALATION ¢ TIME RUNS Mofe SLowLY IN A
. MOVING REFEREVCE FRAME

t=4¢’

TIME DiatAnow (S THE MOST RELEVANT ISSUE IN
SUBATOMIC PHVISICS .

EVERY UNSTABLE PARTICLE Hws A LIFETImE THAT IS
. DEFED IN THE PARPTICLES REST FEAME
L> ™S 1S A REFECENCE FRAME

THAT AlLL ORSeEpvES CANV EASILY
AGREE UPON

For A MouWwG PARTICLE (W SoME LAS REFERsWCE FRAME)
TLAB = T

DISCUSS TMIS FurRTiER IN' A MOMENT



FOUR VEcto@s AND SPECIAL RELATIVITY

DEFINE POSITION- TIME FoUR-VECTOR

x# = (xOl xl, x?’ ’Z?) = (C‘é) {) g) a)

LORENTZ TRANSFORMATION PRECLOMES

USING EINETEIW SUMMATON CONVENTION

=

X' = A (%= )
¥ = ’X(x’-/na)
)(z' = it |
K3 = )C""
3
¢ o
| OR X z 2 /\V ‘)(V /u=0,l)2,3
Y=o L
> Can think J1l hese cs fhe elements
B 4 Some MAM L
o o
Y =Y o0 o
N = -’(p 1 O o
O [»] | o
SWhva CHE ¢ FEptsted]
- o © ° '_ lﬂ&éiﬁﬁ‘::;ﬂ amg.ife 4

!

x/"l! o A;’g’" X'v



i

i : i
P o P
A T B I
il / T T T T
: m ! ] | : i
1 i : [ SO SO SR
Lo

EE

“
i

|

15,
,....._._.!_.‘.f.,,ki,,_u.,, AR KO -
i 1 i ; !

1

|

i

i

T
1
i

[ =

I

) |

"
s

i
[

i
[

STEMS |
|
v
SP

il
5
D

JIE B
i

| P

- bcrokes
|

NATE,
|
I

*an'l’b
]
SRS
|
1AWTS

. - " S -
) LN N < TR, -
: i , _ -~ ” ,
. e v ey

!

ATD
S
.;JE

/
|
|
N
3, 'la

— _} -
|
|
¢
]
_..‘__¢‘.o

|
r
i

~$SUBA

|
I-R\J l

o

4

FVLA
noid
. \WOR

PIc_ |

|
{
i
I

1
N TR NP
! i i

an
o
AT
i
— S
|

OREN
o
65

Sy
L
|

|
|
s

1

NSIRUCT, -
&

S U S S SV AR S
s At

|
P
-]
'
b
R
o
{1
I
i B
B
Py
Y
E B
Jﬁ
¢

P Lo _ . e o
1 - AD T :t - _ AE!E ! | i u, v P D I i
St g S -8 @b s
i~ R ~ i B ! ; = | ! St R N L _
! ; | ; ; = S L el . S S R ) . i 1
B o “f.enlm TR TR w& Q | A : W W U !
T A R i ! ; ; i S P cefe e - T - : bl
_ . [ ; [ : | - o SRR A e 7 . S et} o 1 : ; P g * . | g ey ! _
A A e A N 1S o 4, RN LT L A RS < S
i -&J_..--.W!wﬂiL_..M.M,@J-EJ Ry R e - N
LS = Qe SO SR - SO ORI M 1/ e T B
T T TS s TS e @ SLAN N 0 IO I A
e T T T T TN R TR T CAREEEE RN
P T m _..ww ] -] Ay frn_l b ad L S e e E i
R o..MIJW i _ | =3 -!_,:%.J vm Lo M , i LIDVII ;W A b _ e | s-_-..l_.m,ﬂ_.! i
T = L) e R - A ;ﬂ._i‘_[Aq RS Y-~ R T A
i 41#5., S.,ltM- Wlu . Lvn a1 PR SO R i e I — m
O | M . |« |d S e YO0 S RN
RN M N - A= O O = W
1 R ..w.-....W_,......‘TJJITl Jflf_i ,J.aii!“...i - ” T 111-1_ = i o | P
Eoi ; : ! - m - et - e e e e e e R e A
B L T e L : v | i ! H i : H H | ! i | ;
_ I m _ L L i L A N S :
D I e I B A N B R
RS T B A S 0 T L




USE LORENTZ TRASRMATION * TO wenE Ths N Teems o= x~/

i - (}{9:"% N CX;B’E _“.{}{2.)?-@(}(3“)1

i

(et Y (Wt apren)® - ) )

i

(}{‘eﬁ')zm (oo (2N = (e’ [a_pk,zsomz dﬂebmj

4

r |

TS QUANTITY IS CALLED LOR&vTZ INVARIANT. T IS THE
SAME U ANY INERTIAL RercREenCE FRAME

ANY FOUR ComMPDNENT OBIECT UICH TRANSFoRMS LIKE k-
(NDER A [OREBVTZ TCAVSFORMATION IS CALLED A

FOUR VECTDE.

Cvew AW TWo FovR VECTORS A, b THE BUANTITY
aohe — alb: - g 4t —-4°b°

IS LORENTZ WvARI1ANT |



mdex wp
STMWPACD COWTRAVARIANT  FUR VECTOE ade

TNTEODUCE  COVACIAVT  FOUR VECTDR X, = 4, X7
| 06 © © _
3/‘“‘ = [0~lLo o (mee)
O o~ o©
O O o -
A Iy S z e Dk
A%~ (a%a) 4. = (6°-4) &= 4.2 s ) (2]
. |
& S 0 REFERRED T A3 TIMeELKE Y VECToe
at £ o " SPACELIKE "
Gt = o " Ll 6MHTLIKE “

ANOTHER  USEFUL (TmiemawtT) Y VECOR IS The EnERGY- MOMEVTUS
PDUR - VECTOR

pe (2,8) Fo Sogi e Breede gl e

80 P" TNVAR IAUT AS REQUIRED
OOMETIMES SEE .CM_CUL/H'I&JS' wTih (=1 p P": m* T WiLL AVLID TIAS
NB THERE ARE OMEL COoNVENTIONS Bsg DEFNITION OF [fDur-VECTORS

AND CORRESPONDING METRIC [ SEE PROF. ORR'S NOTES 1E YoU- A€

O | re NI LAV, s TR b AR~  NFIZAl PTImIC



DECAYS W QUANTUM MECHAVICS

DecrMs oF PaeTICLES (SUCH AS RADIDACTIVE WUCLET) Aee
RUANTUM MECHANICAL PROCESSES THAT ARE INHEEENTLY (AW DOM

ME DECAY oF A PaeTICULAE Phenice (06 saE) IS
CacAcTeRrRed BN ™ MEa LIFETIME T WiHcH (IS
DEEWED IN THE PARTICLES  REST FieAmE

THE NUMBER OF TARNICLES DECAMING [N SOME TIME INTRRVAL df

IS Glvend BY | /7 Numbes :JZ undzca?u( Pﬂr\hdtswf- hime
A = —~ AN 4+ .
—> " nle vel
nezdwf\uc be cause F-j e Mk’
N s decweaswd > decq,a emstart, defermnes dansiho role,

dol = —A Nf) ot i . ~Adt
! N
VEY * ‘
( R I U S A S Ao
o A ,
LY R

_At ExfondENAL O2CAM

NI = N(de [ SURVIVAL PROBAGILITY]

TS DEcAM LAW APPLIES TO ALL  UNSTABLE PARTICLES

BG DNSTMSLE Wpavy NUCLET AS WELL AS Fon DAMEJTRL

Prencies UKE W2 Bosons.



INTEOSITY OF  RBADIATIOW =  AcTiviTY

e
I'.C%)r. “'%%% = \Waf,

T(£) = T¢o e~ 4t

— mitial ach ety or infe ﬁfia‘?s"fis#
.

UNITS OF RADIDACTIVITA : TWTERNATIONAL  STAIDAED S ST ONITS

1 UNI oF AcaviTy = 4 BeECGusese. { Bé},:)

= 4 DisrWTEGeATION [
MSO SEE ACviTd (UOTED (N CURIES (i)

= 33x0"” DtsmTEeveA’nM'/g
— S ——

Bl S B

CORMEE SParDs To ACHNATY OF

A Gizpwa 6F  RADIHA



ONITS IN SUBATOMIC PH4SICS
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ENERGY , MOMENTUM & MASS Tw SusaroMic PHYSILS

TYPICALL! , Tn) EXPERLIMENTS WE SCATTER PARTICLES OFF &F
SOME  TARGET .

SOME

OF  THE INTiae INETIE GIEREM i) APPEwe AS Mass )
THE Fwar StarE | gfrse THE Co
BEFoRE

L fifond )
&

CoLLasrond

A‘FT’E’(/y beﬁm
beam ‘h.“-ael- #E/“i“

”EE New

THS 1T IS CONVENIEIT TD MEASURE MASSES Tn THE SAmE UMits A5
MRE USED PR BuEREM

ReECALL. \ s -
lotal relahwishe enevyn

> Vest wuass D_F Pafh:de_
=P o e

Momﬁm]'dm

p=
k7' speed a,( hﬁ("*’

Foe A MASSLESS PARTICLE (’Y} ov G-ﬁaromm«[da V)

E = Pf’ P =

i,

= Urseks [eyl
= e
FOR WMASSIVE PARTICLES, (oNsiDEE THEM Tw THEIR REST FRAME

E= M-Cl?‘

- =g Ungls &?}V]Jﬁz‘
R ’



A PARNCLE WiTH A MASS ©F 1 Maffer s A Tome

RELATIWVISTIC ENERGY OF 1 MeV WHEY AT Rest

IF TINS MPRAICLE H¥Ss MOomevTUM oF 7 MsVfc THEN

Pr Hus A Torme RELATIISTIC GVERGY OF

B = (=2 M@,v/g,'}?c'*‘ + (4 Met /¢ "fd’
-~

Nole twet €ach +em has inids o,F =

E*= 5™ E = I MY

WHAT 1S 3 FoR TS PARNICLE P TS 1T RELATIVISNIC?

2= Cp - Z, ~

Mes, v s relafinshe, Loveatz boost would be




Lo
|

e

B R et Fa

"

a
e

Sl

I

1
I

C

-
i

He USUAL

T

MBEE |

n
A

1
;-

l
-
]

iS

3
]
1

cs

|

L PV

;

I

P

tras

WS

S e
< R

[
i
F

k)

ﬁ gw...!.q . wi_, - _ﬁ..m_ \J

f

N NUCLEA




i
|
|
}

~ |
& ¥ Uﬁﬂ?ﬂ J@E@) .
i P
!
[
I
I
|
i
|
I
THE
1
|
i
i

LS P I B B
_ ..... W -:i.?iﬁ..wr._u,.. LI e o o S 1l N .ﬂ ; ﬁ_ m i
iR 1l B - e . eo;im | L RN |
v , I ; ; H o - T
- , % - m At = — ” _ . wk ,,,, gltE - Am i:w e .Jm _ o u..m._ TR . R
IR \ N 1, S O SO O _ _ RN U N OO S O S~ DU 0 U SO N A N - O I P S _ !
IS = N T S T T T R T A o
B ,m ] | T “ IR NERYEENEERE
S U N b v e T T S 1Y T SR U IRV S S TSV S SR TS SOV g YA SO s T S N S I
| “M ol L4 _ _ m _m“ _ b P o | I | m
_ ﬂa;- ““““ — .& |a\m - - ;\“7411 " T r»L,iJ\u,i S S R B e T _
HS—- R s " g M (O - ot _
Lol LR s b | Iy RIS | |
| [ = [ S M N L I _ TR
....... w —_— - S h Q% BN ., S i - L S I S
G 1W i PN, B !M.-i.rﬂ ‘ _ | P 2 P , 7
il [ A R %w T ] BT e T b
L oy 7 ~ | S N T O L/ L
| NS ] _ Wy YM [ _ I o AR
; w e b N L ; R SR S . . S S R R U S .
& | i CWOROIS s e T
- - LI > O = A = A O
RN | MER R
= p : RPN IV PR NS SN SUUE M SO SN SO 1@,‘,:._--._;-..%.1:4; = e | s SSSR N R *,*__
! mﬁ N I | S A SR VI T A - B ) N |
L RN R N -
T A ty MW | e LB 0 NS ] AR PO S
| .m.F _ = _4 ! : mm i Tw.m “MM.. P m W
_ m i | Tk ; , e —it% B
| | N LT T L™ T )~ T T R
w§ o RN R EE £ A N
o P i , ! I m ' - S | ’ Pl ﬁ | W
TR TR S O SN I e W T MR
A LS A N R M S g X o= g )T BN
L, BTG, L A e = B S - S
T R TN o] O B
TR T e TR -
g g e R RS U B
. Q = e E,....L}%_ 1‘ isw I " .m.E-_y i _a | “ _ | “
X EREINERER ANIYEN NN ks < RERN RN
NN - RN M 4 VT BN
i | : | _ 1 i ! i !
- poeegeed s o e [ e ] —- - R - Jh b . A




Development of cosmic-ray air showers

- Primary particle
{e.g. iron nucleus)

first interaction

3 pion decays

pion-nucleus
interaction

second interaction

{C) 1999 K. Bernlbhr




T T T

A
W _
e o

1
[
b

R A |

[ (R
i i
i

|
!

|

]
|

' P
N
i__j-F_ Lo
H
b Ll

- +

I

1
Ly
croF

i

i
AThMo,
i
S

T~

i

e T % S T e e s o e i s S
L g s wEEEEEE
i | | | : 27 T ! T - A
b et e ] W - S O I I = : ,
N T TR S I I A Yt e e
T Kt s it S | L R o S A N - AL SO S S S
IR TR ST e
! i I ] T e A TR -
e ! Q | NSRRI
2. ! |
:

}

{
!
|

[ g 2% ” R
LI U S 1 U I N A S A RIS A B . AR EES
RN Y% R I A T N T U P T L - B o e i S B
! M . W m _ “ .,_...Zii\ Y ..||M.... A_:\i_l..:., i..u_!.clw:.;EtJ 1“ S rtamv'em:i o : ,,.Qmﬁﬂ,l.!.,mi - e lz — \‘mio:i_;i.-_l ”JJ,:.,W _
EEHIL | W NN 5 O T m SN Y e T e T N o )
SRR | R N RN R 0 A O
I O 02 0 0 O
NS {EESRENRAE S5 1NN SRR SR NN S N
| ! W . ! |“.Lrli11_ I T I , 2 e — : 1 “ i , — T L,l.l
Lifm- ll_u.w.--k ...... A - T W . W mgm W T X P o
B T . S . A _ ) LR R TN N T
i~ I ) - _ _141_ . a1~ ; s : Vl[ll 3. : ﬁi i - - LI ! —.._ —— — R A
s %_ o _m NN v i N T ! Y L T
il AHE IREN D TS XN T 7 ; j ll._.riw_?m SYINLE
- e e SR Rt gl SRR S . ]
T TTE T TS SRS AT T T m
HRIT- Y Ol B A A $3 . LTS .
A - A I =0 %i[mﬁ- — i : ; et , e
L L - o tEiW ’ i L 4* ™~ m M i
N L o | REEENN
—y

I
!

P1

L
ME:""

i
|
|
i
r,,

.‘_._uﬁ é

1

e

i
It{?Eta—

!

i

|

i

|

L

<
3 640\ m

!

"‘"‘jdn.,; ,

* |

}

i

|

t

| .-
-y
—

i

3

f

|

1

i

d

|
!
|
~
==
i

NN
fe
i

LIFen

RAMS

e

—

~
B
' ]

-L:’Iﬁis*n

vic|

C7E

3

AL

]
|
|

| cos

L

Y | shHoe

1

|
I
e

S

|
R d :
o ———
de

I

| y
=
!

l
F,.

=
=

THE.

CIAL

i
!
1
]

|
!
f

y mid

'
P

LE

oL
(nes

i

1
T

=
J
£

BN e

LE]

>
I

ceenTepm

EXAM

e
i

i_ B

SET
e

LY.
|

;!,
!

!

!

vt

L - e SJ'_zaf;-mc"‘i RN \}l&/io_&du
i i
|
|

e e _._._;._‘i ,‘_‘Ai,,ﬁﬁ_;w
I H

i ass




...............

—ret

00 #2
f

19,9

—_

|

L [ ——

|

IFa

S EVT

L

=

|
o

D

A

i
i

P -
e
I

/5=

‘_.
i

)

b
i
i

t

e

i

Bt SN
M | h ;
i !

1

&
|

:‘“CWU;SQ

|
1

mM

|

H
i

N S

]
!

i

H
I

i

WHICH

SO SN SO N I

I

]
j

P

RATHER

[§

e

|
L
0-59%

e

—_—m
3 H

i
_

ATLON

i

i
i

L_tﬁ

|
|
i

wSi,(‘flmt'

[
L

.—g:'ﬁ" :

3X 40

|

b
{

1

T
i I

- @“‘f@é"j‘a&rg @ '

P}m,slgs

ED | IE)EEP

!

75

}
i

.

i

2

ew

OBSERY

|
|

o7 %s
i

4

L
!

1
3

| THE

——

i

=
——
i

{
i
+

|

!
i
!

& 17

q ’(T :

aimJ

(z

i

t
R
i

|

N e

vel

1
1

1

}

-

— !
T ey

;

i
t

|
!

£

?

b
I
|

T

|
an

-

|
i

;
J

Bl n

J_rpllio ;

AND._ 1

i
i
1
1

Losmuc

i
I
i

forrrd —

i

i

oM

CorTIT T T

i

e e

I
1‘

DED._| 7R

i
|

i
e -

!
|

TIVISTICAL

#

1

R-E}:

f

!
N
i

“Iveen

|

|

ol
"%1‘5}—3'.

|
|
f

3

|

#

.

BE.

1S,

i

3UDB

LR

A

i
l
f
|

e

I
l
|
i

IRoBLE

|

T

P
i

|

<)

|
!
{

(STRCE |

FONENE S

|
i

|
ROV O

]

P

|
i
i
H

|
1

S T
; ;

e i

o Me s _sigon

{

Ep)

>

SOMET;

/

€
2

-

|

P

!

!
1

i

m___{t O

'
B [T s VN S,
' .
i

i
—_—l




| ]
_INUQEAR WoiATion |
| ]
BEEERD

l
-
}l
o
&
K|
m
4
@
g

!

¥

!
!
i
[
I
i
I
l
T oy

IR NERNEEENNRN i | e
I DECAY: | EMISSION OF~ GAMMA- RAY—(Y) - TN DE-EXCITRTIO | OF
% denfes e
excyied R L }
Sl | ik BENEEN -




