
GENERAL  ARTICLE

29RESONANCE  February   2001

Symmetries of Particle Physics: Space-time and
Local Gauge Symmetries

Sourendu Gupta

I n t r o d u c t io n

R ic h a rd F e y n m a n w ro te th a t if a ll sc ie n tī c k n o w le d g e
in th e w o rld w e re to b e d e stro y e d a n d h e c o u ld ch o o se
o n ly o n e p ie c e o f u n d er sta n d in g to b e p a sse d o n to th e
fu tu re , th en h e w o u ld ch o o se a s h is m e ssa g e : \ m a t te r
is c o m p o se d o f a to m s, ce a s ele ssly m o v in g a n d b o u n c in g
a g a in st e a ch o th e r" . T h is is in d e ed th e sta rt in g p o in t o f
a ll m o d e rn p h y sic s. D u rin g th e la st tw o c e n tu ries , e x -
p e rim e n ts h a v e le d u s fro m th e se a to m s to e v e r sm a lle r
p a rtic le s, in a se a rc h fo r a th e o ry o f th e m a te ria l u n i-
v e rse .

U n d e rly in g th e m o d e r n e x te n sio n o f th e a to m ic th e o ry
is th e th e m e o f sy m m e try . In re tro sp e c t, th e p h y sic s
o f th e la st c e n tu ry c a n b e se e n a s s u c c e ssiv e w a v e s o f
e x p e rim e n t a n d th e o ry , e a ch fe ed in g o n th e o th e r. E x -
p e rim e n ts h a v e s lo w ly rev e a le d th e sy m m e trie s o f th e
u n iv e rse , a n d t h e se h a v e b e e n in c o rp o ra te d in t o a n u n i-
¯ e d q u a n t u m ¯ e ld t h e o ry . T h e ¯ n a l a ch ie v e m e n t o f t h is
c e n t u ry fo llo w in g fro m th is lin e o f in v e stig a tio n is c a lle d
th e sta n d a r d m o d e l o f p a rtic le p h y s ic s (se e [1 ]).

W h y a r e sy m m e trie s s o im p o rta n t in q u a n tu m m e ch a n -
ic s? T h e a n sw e r is sim p le { q u a n tu m sta te s a re d ist in -
g u ish e d o n ly b y h o w th e y tra n sfo rm u n d e r sy m m e trie s
(se e B o x 1 ). T h e sy m m e trie s o f w h a t? T h a t o f th e ir e n -
e rg y w r itte n o u t a s a fu n c tio n o f sp a c e a n d tim e . T h is
fu n c t io n is c a lle d th e H a m ilto n ia n . U n d e r th e sy m m e -
trie s o f th e H a m ilto n ia n , th e q u a n tu m sta te c o u ld b e
sc a la r, o r h a v e m o re c o m p lic a te d tra n sfo rm a t io n s.

A ll st a te s w ith e q u iv a le n t tr a n sfo rm a tio n s a re co m p le te ly

Figure 1. Experiment and
theory feed on each other.
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id e n tica l { th e re is n o w a y to te ll t h e m a p a rt. T h u s
tw o m o le c u le s o f a n y c h em ic a l c o m p o u n d a re e x a c tly
th e sa m e if th e ir e n e rg ies a re e q u a l. T h e re is n o w a y
to te ll th e m a p a rt. T h e m o le c u le s c o u ld b e h y d ro g e n ,
w a te r , c h a lk , tri-c h lo r o e th a n e , o r e v e n a s c o m p lic a te d
a s th e a m in o a cid le u c in e.

The square is said to b e invariant und er its symmetry group, since you cannot by

looking tell whether or not it has been acted up on by any of these transformations.
A circle is also invariant under thi s group. We can also say that these two shapes
are scalars of this group. The circle and the square are not distinguishable by

these transformations. However, if these operations are carried out on a rectangle
or a triangle, then some of the transformed shapes can be di stinguished from
the origi nals. We can say that a rectangl e transforms non-trivially under the
symmetries of a square, and so d oes a triangle. However, the transformation
properties of a triangl e are not the same as those of a rectangle { these are two
classes of ob jects under the symmetries of a square.

B o x 1 . S y m m e t r ie s o f a S q u a re

Al l the symmetry transformations of a square are shown in the ¯ gu re b elow.
These consist of 3 rotations about the center (by 90 , 1 80 and 270 degrees) and

re°ections about 4 l ines (the vertical and horizontal bisectors and two diagonals).
Incl udi ng also the trivial operation `do nothing', there are 8 p ossibl e transforma-

tions. Every operati on can b e undone by another transformation. Doing two
transformati ons one after the other is exactly li ke doing another of the same 8
operations. Any set of transformations whi ch satisfy these prop erties (and an-
other slightly technical property called associativity) are said to form a group.
So these 8 op erations form a group { the symmetry group of a square.
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1 This is, of course, very well

known by all those who have

used the Indian Railways.

2 Spin takes values 0, 1/2, 1,

3/2, 2, and so on in units of

Planck’s constant h=1.0546  x

10 – 3 4 Joule-seconds.

Figure 2. In a space-time
diagram, lines of constant
s  (in red) appear as hyper-
bolae. Light travels along
the lines s=0, all of which
lie on the surface of a cone
called the light cone.

2 . S y m m e t r ie s o f S p a c e a n d T im e

S o m e sy m m e tries o f th e u n iv e rse se e m o b v io u s. W e c a n
se e b y e x p e rien c e th a t th e le n g th o f a sc a le re m a in s th e
sa m e e v ery w h e re in th e u n iv e rse ; it d o e s n o t d e p e n d
u p o n w h e th e r th e s c a le fa ce s n o rth o r e a st. T h e se a r e
th e tra n s la tio n a l a n d ro ta tio n a l sy m m e trie s th a t w e a r e
a ll fa m ilia r w ith . T h e y lea v e th e d ista n c e b e tw e e n tw o
¯ x e d p o in ts in s p a c e in v a ria n t.

T h e re is m o re to sp a c e -tim e s y m m e trie s th a n th is, a s
A lb ert E in ste in fo u n d . If y o u sit in a m o v in g t ra in ,
tim e p a sse s a little slo w e r, a n d d ista n c e s b e co m e a little
sm a lle r th a n if y o u s a t in y o u r h o u se 1 . W h a t is re a lly
in v a ria n t in th is u n iv ers e is th e 4 -d im e n sio n a l d ista n c e
b e tw e e n tw o e v e n ts {

s =
p

d 2 ¡ c2 t2 ;

w h e re c is th e sp e e d o f lig h t, d th e s p a tia l d ista n c e
a n d t th e tim e b e tw ee n th e tw o e v e n ts. T h is sy m m e -
try in c lu d e s ro ta t io n a l sy m m e try , b u t a lso so m e th in g
m o re . It is ca lle d L o re n tz sy m m e try . L o re n tz sy m -
m e try a n d tra n sla tio n s (in sp a c e a n d tim e) to g e th e r is
c a lle d P o in c a r¶e sy m m e try . T h e tra n sfo rm a t io n o f w a v e -
fu n c t io n s o f p a rticle s u n d e r P o in c a r¶e s y m m e trie s a r e d e -
sc r ib e d b y 4 -m o m e n tu m a n d s p in a n g u la r m o m e n tu m 2 .

W h e n tw o th in g s a re e x a c tly th e sa m e , w e c a n a sk w h a t
h a p p e n s w h e n w e in te rc h a n g e th e m . F o r e x a m p le ta k e
th e w a v e -fu n c tio n o f a p a ir o f le u c in e m o lec u les . T h er e
is a jo in t w a v e -fu n ct io n ª (x 1 ; x 2 ) th a t o n e m o le c u le o f
le u c in e is a t p o s itio n x 1 a n d th e o th e r is a t p o s itio n
x 2 . S in c e th e m o le c u le s a re id e n tic a l, th e p ro b a b ility ,
jª (x 1 ; x 2 )j2 , c a n n o t d e p e n d o n w h ic h o n e o f th e m o le -
c u le s is a t x 1 a n d w h ich is a t x 2 .

T h is m e a n s th a t

ª (x 1 ; x 2 ) = § ª (x 2 ; x 1 ):
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Figure 3. CPT symmetry.

3 Particles with spin 0, 1, and so

on are called bosons. Those

with spin 1/2, 3/2, etc. are

called fermions.

T h is is a n o th e r o f th e sy m m e trie s o f th e u n iv e rse . A ll
p a rtic le s 3 w it h in te g e r v a lu e s o f s p in o b ey th is la w w ith
th e p o sitiv e sig n . T h e y a re c a lle d b o so n s. A ll p a rti-
c le s w ith h a lf-in te g e r v a lu e s o f sp in o b e y th e la w w ith
a n e g a tiv e sig n . T h e y a re c a lle d fe rm io n s . T h e In d ia n
p h y sic ist S a ty e n B o se , w o rk in g in D h a k a U n iv e rsity w a s
th e ¯ rst to w o rk o u t th e c o n se q u en c e s o f q u a n tu m in -
d ist in g u ish a b ility o f p a rtic les . E n ric o F e r m i, a n Ita lia n
p h y sic ist, a n d t h e ¯ rst p e rso n to b u ild a n u c le a r re a c to r,
w o rk e d o u t c o n s e q u e n c e s t h a t B o se h a d m isse d .

T h e re is st ill a n o th e r sy m m e try o f sp a c e -tim e c a lle d
C P T sy m m e try . T h is re la te s th e a c tio n o f c h a n g in g a
p a rtic le in to its a n ti-p a rtic le (C ), o b s erv in g it in a m irro r
(p a rity : P ) a n d o b se rv in g a m o v ie ru n n in g b a c k w a rd s
(tim e re v e rsa l: T ). F o r a lo n g tim e it w a s b e lie v e d th a t
th e y a re in d iv id u a lly sy m m e trie s. T h e n in th e m id -5 0 's
C h e n N in g Y a n g a n d T su n g -D a o L e e h y p o th e siz e d th a t
p a rity is n o t c o n se rv e d in c e rta in in te ra c t io n s. A fte r th is
w a s v e rī e d b y M a d a m e C S W u a n d h er c o lla b o ra t o rs ,
Y a n g a n d L e e w e re a w a rd e d a N o b e l P riz e .

P a rity b re a k in g w a s in c o rp o ra te d in to p a rtic le p h y s ic s
b y tw o se p a ra te g ro u p s { R ich a rd F e y n m a n a n d M u rra y
G e ll-M a n n w o rk in g to g e th e r, a n d a lso b y M a rs h a k a n d
h is g ra d u a te stu d e n t G e o rg e S u d a r sh a n . In a n o th e r N o -
b e l P riz e -w in n in g e x p e rim e n t c o n d u c te d in 1 9 6 4 , J a m e s
C r o n in a n d V a l F itc h d e m o n s tra te d th a t th e c o m b in e d
sy m m e try C P is v io la te d . W e n o w b e lie v e th a t C P T
to g e th e r is a sy m m e t ry, a lt h o u g h e a c h is se p a ra te ly b ro -
k e n . T e sts o f C P T v io la tio n h a v e b e e n c a rrie d o u t w ith
n e g a tiv e re su lts.

T h e re is o n e la st c la ss o f sp a c e -t im e sy m m e trie s. T h e se
c h a n g e fe rm io n s in to b o so n s , a n d g o e s u n d e r th e n a m e
o f s u p e r sy m m e try (S U S Y ). A t p re se n t th e re is n o o b -
se rv a t io n a l su p p o rt fo r th is, a lth o u g h it is a fa v o u r ite
sy m m e try o f th e o r ists.
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Figure 4. Which ribbon is
twisted?

Figure 5. Which rod is
twisted?

3 . G a u g e S y m m e t r ie s

T h e re a l a c tio n in th e la st th irty y e a rs h a s b e e n in th e
¯ e ld o f in te rn a l s y m m e tries . W h a t d o e s th a t m e a n ?
T o u n d e rsta n d th is, c o m p a re a tw iste d rib b o n w ith a
tw is te d ro d . In b o th c a se s, ela s tic e n e rg y is s to r e d in
th e tw iste d s y ste m . It is e a s y to se e w h e th e r a rib b o n is
tw is te d . B u t it is n o t so sim p le to sa y w h e th e r t h e ro d
is tw iste d . T h e ro u n d c ro ss-se c t io n o f th e ro d h a s fu ll
ro ta tio n a l s y m m e try a b o u t t h e a x is o f th e ro d (th is is
c a lle d a n U ( 1 ) sy m m e try g ro u p ). T h is ìn te rn a l' sy m m e -
try m a k e s it h a rd to se e w h et h e r o r n o t e n e rg y is sto re d
in th e ro d w ith o u t a llo w in g it to u n tw ist itse lf.

T o h e lp y o u , le t m e d ra w g u id e lin e s a lo n g th e ro d to
m a k e t h e tw ist v isib le . W h ic h ro d is tw ist e d ? T h e o n e
w ith re d lin es a lo n g it, o r th e o n e w ith g re e n ? A g a in , y o u
w ill b e in a q u a n d a ry . If th e r ed lin e s w e re d ra w n fo r th e
u n tw iste d ro d , th e n th e g re e n lin e s sh o w th e tw ist. O n
th e o th e r h a n d , I co u ld p e rv e rse ly h a v e d ra w n th e g re e n
lin e s o n a n u n tw iste d ro d . T h e n th e re d lin e s w o u ld
sh o w a n o p p o s ite tw ist. T h is fre e d o m o f d ra w in g th e
g u id e lin e s in a n y w a y o n e c h o o se s is c a lle d a lo c a l g a u g e
fre e d o m . Y o u w o u ld n o t k n o w w h ich is th e tw is te d ro d
u n til I h a v e to ld y o u m y c h o ic e o f g a u g e . B u t o n c e y o u
k n o w th is, y o u c a n c o m p u te th e e la stic e n e rg y sto re d in
th e ro d .

L e t u s d o th is. F irs t im a g in e th a t th e ro d is m a d e
o f a w h o le lo t o f th in c y lin d e rs sta c k e d to g e th e r. T h e
to rsio n a l e n e rg y o f e a c h c y lin d e r is p ro p o rtio n a l t o th e
sq u a re o f its a n g le o f tw ist, a n d th e to rsio n a l e n e rg y , E ,
o f th e r o d is ju st th e su m o f su c h te r m s fo r e a c h c y lin d e r.
T h is is e x p r e sse d b y t h e fo rm u la

E =
1

2

Z
d x

Ã
@ µ

@ x

!2

:

W e h a v e ch o se n u n it s su ch th a t th e c o n sta n t o f p ro p o r-
tio n a lity is 1

2 . N o w w e h a v e to ¯ g u re o u t h o w to m e a su re
th e lo c a l tw ist µ (x ) w h o se d e riv a tiv e g iv es th e e n e rg y .
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W e c a n m e a su re th e tw is t ª 0 (x ) b y ¯ rs t d ra w in g a g a u g e
lin e o n th e u n tw ist ed ro d (sh o w n in re d ). A fter tw istin g ,
t h is lin e is d e fo rm e d to th e lin e ª (x ) sh o w n in g re e n .
T h e tw ist is µ (x ) = ª (x ) ¡ ª 0 (x ). L o c a l g a u g e fre e d o m
m ea n s th a t w e c o u ld h a v e c h a n g ed th e g a u g e lin e ª 0 (x )
t o a n y o th e r ª 0

0 (x ) = ª 0 (x ) + Á (x ). T h is w o u ld o f c o u rse
h a v e ch a n g e d ª (x ) b y th e s a m e a m o u n t, b u t th e en e rg y
E is in d e p e n d e n t o f th is c h a n g e .

W e c a n p u sh th is m o d e l o n ly so fa r. It tu rn s o u t th a t a
r o d , o r a n y su ch o n e -d im e n sio n a l o b je c t is to o s im p le t o
s u p p o rt a r e a l g a u g e th e o ry . T o re a lly co n stru c t su ch a
t h e o ry , o n e n e e d s a c o n n e c te d m a ss o f lo o p s. W e sh a ll
n o t p u rsu e th is a n a lo g y fu rth e r (th o u g h it w o u ld le a d
u s to la t tic e g a u g e th e o ry a n d ev e n tu a lly to K e n n e t h
W ilso n 's a p p ro a c h to re n o rm a lisa tio n ).

M a x w ell e le c tro d y n a m ic s is a ty p ic a l g a u g e th eo ry . T h e
¯ e ld e n e rg y is {

E =
1

2

Z
d 3 x

µ
E ¢ E + B ¢ B

¶
:

T h e e le c tric a n d m a g n e tic ¯ e ld s a re g iv e n in te rm s o f
s c a la r a n d v e c to r p o te n tia ls {

E = ¡ g r a d Á ¡ @ A

@ t
; B = cu rlA :

W e c o u ld m a k e a c h a n g e ca lle d a g a u g e tra n s fo rm a tio n ,

Á ! Á ¡ @ Ã

@ t
; A ! A + g ra d Ã

t o th e sc a la r a n d v e c to r p o te n tia ls a n d still g e t th e sa m e
p h y sic s. (Y o u c a n v e rify fro m th e se th re e e q u a tio n s th a t
a g a u g e tra n s fo rm a tio n d o e s n o t c h a n g e E , B a n d E .)
T h e fr e e d o m o f a d d in g d e riv a tiv e s o f Ã to th e g a u g e
p o te n tia l, w ith o u t ch a n g in g th e e n e r g y , is p re c is ely t h e
s a m e fre e d o m a s b e in g a b le to c h o o se , lo ca lly , t h e z e ro o f
t h e p h a se o f th e g a u g e p o te n tia ls. T h e q u a n tu m th e o ry
o f a U (1 ) ¯ e ld a t e v e ry p o in t o f sp a c e -tim e is a g e n u in e ,

Figure 6.
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Figure 7.

Figure 8.

if s o m e w h a t triv ia l, q u a n tu m ¯ e ld th e o ry . It d es crib e s
fre e p h o to n s, a n d is th e th e o ry th a t M a x P la n c k st a rte d
o ® q u a n tu m m e c h a n ic s w ith , e x a c tly 1 0 0 y e a rs a g o .

4 . T h e L a w s o f N a t u r e

T h e t h e o ry o f c h a rg e d p a rtic le s in te ra c tin g w ith e le c -
tro m a g n etic ¯ e ld s is c a lle d q u a n tu m e le c tro -d y n a m ic s
(Q E D ). It is a n U (1 ) g a u g e th e o ry in te ra c tin g w ith fe r m i-
o n s. It's so lu tio n w a s fo u n d b y th re e p e o p le w o rk in g in -
d e p e n d e n tly { R ich a rd F e y n m a n a n d J u lia n S c h w in g e r
in p o st-w a r U S A a n d S in -Itiro T o m o n a g a w o rk in g in
w a rtim e J a p a n . T h is so lu tio n , c a lle d re n o rm a lisa tio n ,
g o t th e th re e a N o b e l P riz e. Q E D is th e m o st su c c es s-
fu l p h y sic a l th e o ry to d a te , a n d w o rk s to a p re c isio n o f
b e tte r th a n 1 p a rt p e r m illio n .

T h e U (1 ) sy m m e try g ro u p is sa id to b e A b e lia n . In a n
A b e lia n g ro u p y o u c a n a p p ly t ra n sfo rm a tio n s in a n y o r-
d e r w ith o u t c h a n g in g t h e re su lt. R o ta tio n s a b o u t a ¯ x e d
a x is a re sp e c ī e d b y a n a n g le . T w o su c c e ssiv e ro ta tio n s
a re th e sa m e a s a sin g le ro ta tio n w ith a n a n g le e q u a l
to th e su m o f t h e a n g le s o f th e tw o se p a ra te ro ta tio n s .
B e c a u se th e a n g le s ju st a d d u p , th e o rd e r in w h ic h th e
tw o se p a ra te r o ta tio n s a re p erfo rm e d d o e s n o t m a tte r.

M o re in te re stin g a re th e n o n -A b e lia n g ro u p s, w h ere th e
sa m e tw o tra n sfo rm a t io n s d o n e in tw o d i® e re n t o rd e rs
g iv e d i® e re n t re su lts. T h e sy m m e try g ro u p o f a sq u a re
is n o n -A b e lia n (a s sh o w n in th e m a rg in , th e c o m b in e d
re su lt o f a ro ta tio n a n d a re° e c tio n d e p e n d s o n th e o r-
d e r in w h ich th e y a re p e rfo rm e d ). A n o th e r e x a m p le o f
a n o n -A b elia n g ro u p is th e g ro u p o f ro ta tio n s in t h re e
d im e n sio n s. R o ta tio n s a b o u t d i® ere n t a x e s d o n o t c o m -
m u te .

In th e 1 9 5 0 's C h e n N in g Y a n g a n d R o b e r t L M ills sh o w e d
in d e p e n d e n tly h o w to fo rm u la te q u a n t u m ¯ eld th e o rie s
w ith n o n -A b e lia n g a u g e g ro u p s. T h e re w e re e n o r m o u s
te c h n ica l a n d m a th e m a tic a l d i± c u ltie s in d ea lin g w ith

Start ...

rotate by 90 deg
anti-clockwise

reflect in the line

reflect in the line

rotate by 90 deg
anti-clockwise

Start ...
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th e se th e o rie s, w h ich w e re g r a d u a lly so lv e d o v e r th e y e a rs.
M a rtin V e ltm a n a n d h is th e n stu d e n t G e r a rd t'H o o ft
fo u n d h o w to re n o rm a lis e a n o n -A b e lia n g a u g e th e o ry .
T h e y w e re g iv e n th e N o b e l P riz e in 1 9 9 9 fo r th is (s ee
[2 ]).

T h e se n o n -A b e lia n lo c a l g a u g e sy m m e trie s tu rn e d o u t
to b e im p o rta n t in te rn a l sy m m etrie s o f th e u n iv e rse .
A g a u g e g ro u p c a lle d S U (2 ) £ U (1 ) u n ī e s Q E D w ith
th e w e a k in te ra c tio n . T h e w e a k in te ra c tio n is re sp o n -
sib le fo r ¯ -d e c a y o f n u c le i. W e h a v e a lre a d y m e t th e
A b e lia n g ro u p U (1 ) { th e sy m m e trie s o f a c irc le . T h e
n o n -A b e lia n g ro u p S U (2 ) is a c lo s e c o u sin o f th e g ro u p
o f ro ta tio n s in th re e d im e n sio n s, i.e ., th e sy m m e trie s o f
a sp h e re . T h e s o lu tio n o f th is g a u g e th e o ry (c a lle d th e
e le c tro -w e a k th e o ry ) a n d its a p p lic a tio n to th e stru ct u re
o f m a tt er b ro u g h t th e N o b e l P riz e to S h e ld o n G la sh o w ,
A b d u s S a la m a n d S te v en W e in b e r g , w h o in d e p e n d e n tly
w o r k ed o n th is.

It tu rn s o u t th a t th e stro n g in te ra c tio n s a re a lso d e -
sc rib e d b y a g a u g e th e o ry . T h e re le v a n t g a u g e g ro u p is
S U (3 ), th e sy m m e try g ro u p o f a c e rta in 8 -d im e n sio n a l
sh a p e . T h is th e o ry is c a lle d q u a n t u m c h ro m o -d y n a m ic s
(Q C D ). It w a s p u t to g et h e r slo w ly b y m a n y d i® e re n t
p e o p le , a n d h a s tu r n e d o u t to b e ex tre m e ly h a rd to
so lv e . A lth o u g h th e re h a s b e e n e n o rm o u s p ro g re ss in
o u r u n d er sta n d in g o f th is th e o ry , th e re a re m a n y c a lc u -
la tio n s w h ich w e w o u ld lik e to p e rfo r m b u t a re u n a b le
to d o . A t p r e se n t it se e m s th a t a c o m b in e d a tt a c k u s in g
m a th e m a tic s a n d c o m p u te rs is th e b e st ch a n ce w e h a v e
o f so lv in g th is th e o ry .

M u ch o f th e la te -tw e n tiet h c e n tu ry th e o re tic a l p h y s ic s,
in c lu d in g th e e a rly e v o lu tio n o f st rin g th e o rie s , h a s co m e
fro m a tte m p ts t o so lv e Q C D . In tu rn , m u c h o f th e m o d -
e rn th e o re tic a l p h y s ic s, in c lu d in g th e strin g th e o ry in
its n e w a v a ta rs, is o fte n b ro u g h t to b e a r o n Q C D , a n d
so m e tim e s su cc e e d s in illu m in a tin g h o w it w o rk s .

Much of the late-
twentieth century

theoretical physics,
including the early
evolution of string

theories, has come
from attempts to

solve QCD.
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B o x 2 . T h e S t a n d a r d M o d e l o f P a r t ic le P h y s ic s

The standard mod el of particle physics is the twentieth century's most funda-
mental theory of matter. It describ es all present day exp eriments on

1. the interactions of charged particl es through the usual electro-magnetic

forces (a theory called quantum electro-d ynamics, QED)

2. the weak decays of nuclei and particles (this theory is uni¯ed with QED
and is called the electro-weak theory)

3. the strong interactions which give rise to b ound states called mesons and
baryons (this theory i s named quantum chromo-dynamics) .

Normal matter consists of two sets of fermions { leptons (el ectrons, muons and
tau are the charged leptons and three types of neutrinos are uncharged leptons)
and quarks (up, down, strange, charm, bottom and top are all charged). These

interact by exchange of b osons called gauge particles { photons mediate the forces
of QED, W § and Z mediate the remaining forces in the electro-weak theory,
gluons mediate the strong interactions between quarks. The interactions b etween
quarks are so strong that they are never found free i n nature, but are always
b ound up inside mesons or baryons such as the proton and neutron. Nevertheless,
all the particles named ab ove have been observed in exp eriments. The standard
model also p ostul ates another boson called the Higgs particle which has not been
observed yet. The Higgs boson i s resp onsi ble for giving masses to some of the
gauge bosons and al l the fermions.

O ne of the highest priorities of experi mental parti cle physics is to search for
the Higgs p article. Another is to test the prediction that at the extremely high
temperatures and pressures which existed milli-seconds after the bi g bang, quarks
were found free in nature.

T h e sta n d a rd m o d e l o f p a rticle p h y s ic s (se e B o x 2 ) is
n o w w ritte n a s a q u a n tu m ¯ e ld th e o ry w it h lo ca l g a u g e
in v a ria n ce g iv e n b y th e g a u g e g r o u p S U (3 ) £ S U (2 ) £
U (1 ). A ll th e sp a c e -tim e sy m m e trie s e x c e p t su p e rsy m -
m e try a re in c lu d e d in its str u c tu re . T h e th e o ry h a s b e e n
te ste d c ritic a lly in e x p erim e n ts, a n d p a sse d a ll te sts .
(T h e re a re still a fe w im p o rta n t o n e s le ft to d o ). T h e
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th e o r e tic a l co n se q u e n c e s a re in th e p ro c e ss o f b e in g w o rk -
e d o u t.

S e v e r a l e x p e rim e n ts h a v e a lre a d y b e e n p la n n e d fo r th e
n e x t d e c a d e. T h e se w ill te st t h e sta n d a rd m o d e l in m a n y
n e w w a y s (se e B o x 2 ), b e c a u se n o th e o ry is fo r e v e r.
T h e fu tu re a lw a y s b rin g s s u rp ris es . E a c h su rp rise is a n
in v ita tio n to n e w g e n er a tio n s o f p h y sic ist s to m o d ify th e
a ch ie v e m e n ts o f th e o ld . E v en th e sta n d a r d m o d e l w ill
h a v e to ch a n g e . B u t h o w ?Address  for  Correspondence
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“The search for meaning is not limited to science: it is constant and
continuous – all of us engage in it during all our waking hours; the
search continues even in our dreams. There are many ways of finding
meaning, and there are no absolute boundaries separating them. One
can find meaning in poetry   as well as in science; in the contemplations
of a flower as well as in the grasp of an equation. We can be filled with
wonder  as we stand under the majestic dome of the night sky and see
the myriad lights that twinkle and shine in its seemingly infinite depths.
We can also be filled with awe as we behold the meaning of the
formulae that define the propagation of light in space, the formation
of galaxies, the synthesis of chemical elements, and the relation of
energy, mass and velocity in the physical universe. The mystical
perception of oneness and the: religious intuition of a Divine intelli-
gence are as much a construction of meaning as the postulation of the
universal law of gravitation.”

Ervin Laszlo


