ENEREY DENSITIES

AUARKS

PARTICLES
(PROTONS -... )

NUCLE |

1075 10° ' ‘ eV
¢ Jog 10 " -
yorot " e
1K Ieoic :.-.r:;: s
PENSI\TIES
WHITE
SoLIDS DWARFS NEWLTRON BrA O
llllll ‘ll STARS HOLES
-5 - !
10 c '
10 4107 10'° = %
T AU f( ¢ O™
Rriho LE

WATER .



SPECI;QA feEd..A?ruf?y_

e To REACH HICH ENELGY DENSITIES

AND SHALG DISTANCES | USE FPROBES
U= C
—» RESULTS oF MEASUREMENTS WLl
DEPEND ON LAORENTZ FRAME

— ANY SENS(BLE THEoOLy Mus? €

COVARIANT —% AORENTZ

> BASED ON PROPERTIES [PuANTITIES
THNAT Do NoT DEPEND oN FeAME

eg'. REST MASS
PROPER. CIFE TiME
—» FORHULATE N TERMS OF A -ViEC70£.

FIRST LET!S REMEMBER  SikflLE
SPECLAL JEEL#‘??W?)/ 4 TitEAN MAKE

I'T' A BT MHoRE EelANVT,




SPEC: Al RELATIVITY

ELECTRONS, PROTONS NUCLE! HAVE FELECTRIC
CHRRGES , MUCH OF WHAT WE TALK Alouv
Wiki~  INVOLVUE ELECTROMAGNETIC INT7ERACTIONS
OF PARTICLES AND IT witt GE FRELATIVISTIC

}.?Cr A
@
(xﬂ’%%e)
(x,gjz)e‘)
K
—» ——
# -
x! =2

¢’ :
2! = B”(Z"v-b) ) noke MIXIng

) 4
¢'= 3(&-_6.2) g z;“"’bt
F




L= (- EE-Z

Y IS THE AORENTE BooST FACToR

ﬁ’ T VELaav/ N UNITS WHERE C=4

}'=m3’v
?)!' = Pa 2
- £*)
o mtor = CUpT = prDC
‘z;"-(,-mzc“f-/:"c)— c-cp
EZ

z
2



Four VECTOR S

. 2 Dimenswwan vECTOR (3,4, R)

(P~ B )

VECTORS ARE NOT7 FEAME /N vARIANT

SCALAR PRoDUCTS PRE INVARIAN T

(3 Peso) e UV _, rrAME

e CAN DEFINE L DIMENSIoNAL VECTOR

(Cb} x,9, Z)
- SPACE TME
(Ck; St.) et Focrn7

(¢, %) (<t X) — mvarisnT

ANY THING  wHICH TRANSFORHS Aikg

(ct, x)

UWDER A foRENTZ TRANSFofrH (5 A

-

L—V=czor




® 3 DIMENS(ONS } VECTDJES

-9 ¥\

. L DiNENSIOMS (.‘;‘,l:J .i')

?) ENEBGY
e 4 MHOMEU TU M

P LORENTZ
) ( 4 ? ) INVARIANT
wey ?

i

(2.7

ﬁ\m

®im

K N ow Ve PE +m2c?

&
E’- - P'}_ " Mzci -
c'z.

L’ REST MASS

ORVIOUSLY UNITS WHEERE c:{ CoNVENIERNT

(,7)- (E, F) = E° ~p% e m®

LORENTE [NV ARIAN T
SCALAR. PRRodUCT.




L ~VEcToR DeFnviTionS

- 2 A
THE  PHYSICS (S E%s pTrmu 2 [C‘ "]
THIS 1S WHAT DEFINES SCALAR

PRoDuc7? MULTIPLICATION RULE
(e,7) (5, 7)< £%-P
o _—_

L

BETIER NOTATion ﬂﬁ?ﬂEHA'rfcm.z./

v
B = 478" « " A%
A 31 J >
ANY 4 ~VECTOLS _ 14/“ gb(
CovAaRIANT NETRC

Aﬁ-‘ Aj ﬁ) . +1 o

A= 0,4,1_,3 ( _ [j/‘v i ( 0""!_I 3
St v A ® (AP ) ke
vaewnT /‘

=> LORENTZ JNDICES BALANCE

(E;F> = 'P" = P (SaHE'nHE.S ";F)

Pkl




MIN Kow/ SE | NoTATion)

T Ak MINROWSKIE  INVENTED ALl THIS

AND SIMETIMES ( Qg PeRring)  You

wik. SBE WKis WNoT7ATIONT

2 REAL SPAcE COMPoNENTS

4 |MA6mAp/ “"TIME"™ CoMPoMENT
Px P:s ?‘E E
)P/‘l i JJZ} 3}‘1
s Px, Pty Bipe Pt U6
pe (F.<E)

2 Pr2¢ﬁ¢1 +/{),:+ 7542

?—)—z_ E-z. . —m?

B
")3
>M
=

p- e —mm?

t_ IT'S Just A PEtNITIONS,
OF 7)'7-‘ T PERsSoNALLY

Do NOT LIKE (T,




For A ScAT7eEL /1V 6 PROCESS
2, £

. =
' = (7 %)

/\

Z‘l:(?,r—ﬁz)z z =-Ve

= & - P

FOR AN ANNINILATION  PRoOCESS

— SP{‘?CEL!KE

=

e 2 e”
- §__<:\—“*’(:=
%
#n e e+

€+
325 (P +pa])T < Ve
2 2 2
= Ez -ﬁs 3 M)&'

TIME LIKE
S/ENS Krrer sEd Far rliEowISKr




LoRENTZE “TRAMSFORHUAATION

B = 2 e

For  Bovst Aremsé x~ AXIS 3

MrNK.awSICr'
B Y o o <pY\ P
%, _ ©o | © © ?3'
gl o oo A
Vol ""/5'3’ o © © "\£
Movzen "  METRIC
o v o0\ &
A
Px' - -“{3‘(' Yy e © 2
7’75' & e I © J
pr o © © I P2
3

E'= B"(E-rf?/m) {'7;?_1
pu' = Fpu p)

NR3: C ‘l




UNITS IN SuBATomic PHYsICS

. PHYSICS & TECHNOLOEy —» ST UNITS USUAL

e RELATIVISTIC PHYSICS cgs /G'Auss.-;»ﬁ'
NATURAL SYSTEM —» NO "4TTE, M BM,

LENCTH METER m
TiME S&coND S
ENERGY ewectron~ VOLT | €V
MASS " _Q'V'/cz
MOMENT UM " eV/C
102V = MaV

40‘2‘1’ : CaV = MASS ENERCY oF PROTON™

A2 = Taf > MASS ENEREY OF H(GES

10 q\f 7 GosoN”
45 ‘
AD o = Ftn‘roME'rEa = 4 FERW
= DIAMETER. OF PROTON

TIME Fof AIGHT SIGNAL Tp CROSS PROTOAS

JO"'"‘—EM‘_T_ES_TI = 40-2.35
3x10% [rw]

=~




WHY USE EWECTRON  VOLTS ¢

 —

USE OF EuwEctRonN Voky VERY CONVENIERT
AS ENEREYy UNIT. MOST EXPERIMENTAL WORK
N SUBATOMIC PHYSICS (S DoONE BY ACCELERATING
B=AMS OF PARTICLES IN ELECTROSTATIC FrEALDS
AND SCATZERING THE BEAM OFF OF
A TARGET,

ONE OLECTRIN VoiT (e,\/) 1S THE KNVETIC
ENERGCY AW ELECTIRON ACIUIRES Ry [FENE
ACC En ERATED THRU A PO7TENTIAL  OF
ONE  VOALT.

~-4V

o

B

e x 4 Vour

1 eV

= 460 !10-"‘ (Com.ouu)?‘ 4 Veur

|

-4
60 x 4D 1 JouLes

= J 6o X 40"“4&3?




WHY ELECTIRON VoLTs FoR MASSES ?

WHEN ONE SCAT7TERS A BEAM oOF REWATWISTC
PARYIICLES FRort 3 TARGET, SoHE o©F ¥E
KINETIC ENELREY IN THE BEAM CAN AFPPEAR
AS MASS —» NEW PARTICLES [RoDUCED

BEFORE CobAl SLOAT- AFTER
/BEAM‘.
—> 4 NEW
BEAM TARGE7 —

.\P:ETI CLES

TARCET

SO JIT7 15 CONVENIENT —To MEASULE MASSES
IN SAME UNITS YPA USE FOR ENERGIES

E* = p3cT «

| m?c?
/ MoMENTUMH _ \

L
L _ MASS
RELATIVISTIC SOoMETIMES
Eﬁ;ge@r CALWED
VeLoery " ReEsT MASS'

OF
MEHT




Bl ?zc':. + M’-C‘r

. FoR A PARTICLE wiTH NO MASS (!)
| { Proren — & ; NEuzRirl® -v)

E= pP-C

. g . Cevl]
P T T

4:';7 EF MOMENTUM
A MASSAESS PARTICLE RAVING AN ENERGY
OF Aﬂ.lf} MNAS A MoMENTUM OF 4 eVj/e

FoR A MASSIVE PARTICLE AT REST

|
(i iTs REST FRAME)

2
E = m <
.
TorAL RELATWISTIC AMES
ENERGY
& - [evl
m = = — = wwT o
C e
MASS

IF A PARTICLE HAS A MAsS OF AeV/e?
WHEN A7 REST I T HAS A TOTAL
h RELATIVISTIC ENERGY oF AfeV™




EZ= pie* +m> Y @
SURATOMIC PHRYSICISTS USE UNITS WHERE C~=1

EZ = 2 +m™
P o

— CoMETIMES COwFuUSinG, I Wit use <

ExPh(C{TA)’) SHouULdD BE CoMFeoRTARLE
X Wit EITHER

p 4
EAcH —TERM 6F [ HAS DIMENSIONS [EJ

EXAMPLE, FOR A PARTICLE

MoV
MASS = Aooo _67'-

MOMENTUM = A000 MoV
<

3
%+ 4ot Mz-ct + 40° MV
c? oY
So Ez_: 2‘ 406 M.Q,.vl
THE PARTICE HAS A ToTAL LELATIVISTIC
ENEA’G)”

E = JZ+ A0 MV~




FRoM
PERKNS

Table 1.1. Units in high energy physics
(a)

Quantity High energy unit Value in S1 units

length 1 fm 107 m
energy | GeV = 10° eV 1.602 x 10710
v proron Mss E[ 1 GeVic 1.78 x 10727 kg
wass  R=h/2m) 6588 x107% GeVs 1055 x 10731
¢ 2.998 x 102 fms~! 2998 x 10¥ ms~!
he 0.1975 GeV fm 3.162 x 10726 I m

(b)
natural units, i =c=1 4 p1é6# ENERGY T8

C HooSE —»ass, Mc/e? | GeV
length, fic/(Mc?) 1 GeV~! =0.1975 fm
time, Ac/(Mc3) 1 GeV-! =659 x 1075 5

Heaviside-Lorentz units, g = o=t =c=1
fine structure constant o = €2/ (4x) = 1/137.06

Relations between energy units
| MeV = 10° eV | GeV = 10° MeV 1 TeV = 103 GeV
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