
CP VIOLATION 

Why does CP violation 
The seemingly obscure phenomenon of 
CP violation is increasingly being viewed 
as the key to a deeper understanding of 
both the behaviour of elementary particles 
and the Big Bang origin of the universe. 
Here, John Ellis of CERN explains how 
far and how deep the implications of CP 
violation extend. 

T h e v is ib le un i ve rse is c o m p o s e d of ma t te r par t i c les - p r o t o n s , 
n e u t r o n s a n d e lec t rons - ra ther t h a n the i r an t ima t te r pa r tne rs -
ant iprotons, ant ineut rons and pos i t rons. If the Moon were c o m p o s e d 
of ant imat ter , t hen lunar p r o b e s a n d as t ronau ts w o u l d have v a n 
i shed in a f i rebal l of e n e r g y as s o o n as t hey t o u c h e d the lunar sur
f ace . T h e so la r w i n d a n d c o s m i c rays do not des t roy us , imp ly ing 
tha t the S u n and the Milky Way are a lso m a d e of matter. 

If the re were any region of an t imat te r wi th in our local c lus ter of 
ga lax ies , w e wou ld be ab le to s e e radiat ion f rom ma t te r -an t ima t te r 
ann ih i la t ions at the b o u n d a r i e s . Moreover , the c o s m i c m i c r o w a v e 
backg round radiat ion s h o w s no s igns of d i s tu rbance by s u b s e q u e n t 
annih i la t ion rad ia t ion, sugges t ing tha t the re are no large reg ions of 
an t imat te r wi th in at least 10 bi l l ion l ight years - a n d p e r h a p s the 
w h o l e v is ib le un iverse . 

T h e Big Bang shou ld have c rea ted equa l a m o u n t s of mat te r a n d 
ant imat te r . W h y is t he re n o w s o m u c h of o n e a n d so little of t he 
o ther? CP v io lat ion - an o b s c u r e ef fect s e e n on ly wi th cer ta in k inds 
of e l e m e n t a r y par t ic les - cou ld p rov ide the answer . 

E n t e r C P v i o l a t i o n 
A recent article by G e r r y Bauer ("In hot pursui t of CP v io la t ion" CERN 
Courier J u n e p 2 2 ) se t t he C P v io la t i on s c e n e . In 1964 , J a m e s 
C r o n i n , Val Fi tch a n d co l l abo ra to rs d i s c o v e r e d tha t t he d e c a y s of 
neut ra l k a o n s did not r e s p e c t t h e s y m m e t r y k n o w n a s C P - t he 
comb ina t i on of par t i c le -ant ipar t i c le ( cha rge con juga t ion - C ) a n d 
mir ror (par i ty - P) s y m m e t r y . 

It had been known s ince 1957 tha t w e a k interact ions v io la te both 
the C and P symmet r i es - neut r inos sp in lef t -handedly, w h e r e a s their 
ant ipar t ic les (an t ineut r inos) exist on ly in r igh t -handed f o r m . Desp i te 
th is max ima l v io lat ion of C a n d R it had been though t that they were 
a lways v io la ted toge ther so as to respec t t he comb ina t i on C P 

However , the C ron in -F i t ch e x p e r i m e n t s h o w e d that th is cou ld not 
be exac t l y t r ue . W h a t is t he c o n n e c t i o n b e t w e e n th is a b t r u s e 
p roper ty of e l e m e n t a r y par t ic les a n d the mat ter d o m i n a n c e of the 

Exploring the untracked expanses of the cosmos and the 
microworld - eminent CERN theorist John Ellis. 

un ive rse? A poss ib le a n s w e r w a s p rov ided by Andre i S a k h a r o v in 
1967. He laid out t h ree cond i t i ons tha t w o u l d e n a b l e a un i ve rse 
conta in ing initially equa l a m o u n t s of mat ter and ant imatter to evo lve 
into a ma t t e r - dom ina ted un ive rse , wh i ch w e s e e today. 

T h e first requ i remen t w a s that the pro ton - the bedrock part ic le of 
nuc lea r ma t te r - s h o u l d be uns tab le . T h e s e c o n d w a s tha t t he re 
wou ld be in teract ions v io la t ing C a n d CR as s h o w n by Cron in a n d 
F i tch , that wou ld o p e n up the possib i l i ty tha t the un iverse 's initial 
exac t m a t t e r - a n t i m a t t e r s y m m e t r y c o u l d be upse t . T h e th i rd 
condi t ion w a s that the un iverse wou ld undergo a phase of ex t reme ly 
rapid e x p a n s i o n : o the rw ise , mat te r a n d ant imat te r par t ic les, hav ing 
equa l m a s s e s , wou ld be fa ted to pair up wi th equa l dens i t ies . 

If a cosmo log i ca l ma t te r -an t ima t te r a s y m m e t r y cou ld be built up 
in this way, all of the rema in ing ant imat ter part ic les wou ld annih i la te 
later in the h is tory of t he un ive rse , leav ing beh ind mat ter par t ic les 
and rad ia t ion , as o b s e r v e d today. 

S a k h a r o v ' s l andmark pape r p rov ided the concep tua l f r amework 
for generat ing a mat ter un iverse , but it has fal len to s u b s e q u e n t g e n 
era t ions of phys ic is ts to exp lo re spec i f ic m e c h a n i s m s real iz ing his 
ideas, open ing up s o m e possibi l i t ies a n d exc lud ing others. Key roles 
in th is exp lora t ion are be ing p layed by recen t exper imen ta l resul ts 
f rom C E R N a n d Fermi lab , a n d new da ta f rom S L A C , KEK , Corne l l , 
D E S Y a n d Frascat i may s o o n be m a k i n g impor tan t con t r ibu t ions . 

T h e f avou red theore t ica l f r a m e w o r k for C P v io la t ion w a s p rov ided 
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matter to the universe? 

The kaon decay channel of the NA48 experiment at CERN - the latest study to provide a precision measurement of CP violation. 

in 1973 by K o b a y a s h i a n d M a s k a w a , w h o po in ted ou t tha t C P 
v io la t ion wou ld fo l low au tomat i ca l l y if the re we re at least six quark 
f lavours . M e a s u r e m e n t s in t he neu t ra l - kaon s y s t e m a n d e l sewhe re 
are all cons is ten t w i th th is be ing the on ly s o u r c e of C P v io la t ion , 
a l though they leave room for o ther sou rces , wh ich invent ive theor is ts 
cont inua l ly p ropose . 

G U T f e e l i n g 
A lso in 1973, Pati and S a l a m , a n d Georg i and G lashow, p r o p o s e d 
g r a n d un i f ied t h e o r i e s ( G U T s ) c o n t a i n i n g new in te rac t ions tha t 
a l lowed for proton decay. S u c h decay wou ld v io late the conserva t i on 
of ba ryon n u m b e r - t h e total n u m b e r of s t rongly interact ing part ic les 
m i n u s the n u m b e r of an t ipar t i c les . S o far, ded i ca ted s e a r c h e s in 
s u c h large unde rg round de tec to rs as S u p e r - K a m i o k a n d e have not 
s e e n any e v i d e n c e for th is . Howeve r , t he e v i d e n c e tha t t hey have 
f o u n d for neut r ino m a s s e s s u g g e s t s tha t in terac t ions tha t v io la te 
lep ton n u m b e r ( t he tota l n u m b e r o f w e a k l y in te rac t ing par t i c les 
m inus the n u m b e r of an t ipar t i c les) d o ex is t .Th is is ano the r key pre
dict ion of m a n y G U T s , a n d m a y even play a role in genera t ing the 
mat te r in the un ive rse , as d i s c u s s e d later. 

In 1978, CP v io la t ion a n d G U T s w e r e c o m b i n e d by Y o s h i m u r a in a 
p roposa l for genera t ing the mat te r a s y m m e t r y of the un ive rse v ia 
the d e c a y s of mass i ve par t ic les. H is idea w a s that , if t hey p r o d u c e d 
a CP-v io la t ing e x c e s s of qua rks in the i r d e c a y s , th is w o u l d evo lve 
into the mat ter that w e s e e in t he un ive rse today. Unfor tunate ly , it 

w a s s o o n real ized tha t t he min ima l G U T s or iginal ly p r o p o s e d w o u l d 
y ie ld too smal l an e x c e s s of qua rks , s o the G U T wou ld need to be 
e x p a n d e d to p r o d u c e t h e a m o u n t of ma t te r par t ic les tha t a re 
o b s e r v e d in the un ive rse today : 10" 9 of t he n u m b e r of pho tons . 

It w a s sugges ted tha t t he extra C P v io la t ion requ i red migh t a lso 
g e n e r a t e a n e u t r o n e lec t r ic d ipo le m o m e n t large e n o u g h to be 
de tec ted . (A l though a neutra l par t ic le , t he neut ron cou ld con ta in an 
asymmet r i c distr ibut ion of equa l a n d oppos i te posit ive and negat ive 
charge . ) However , a long exper imen ta l c a m p a i g n current ly led by an 
expe r imen t at ILL G r e n o b l e l imits th is to less than 6 x 1 0 ~ 2 6 e c m , 
a n a l o g o u s to the Ear th ' s su r face be ing s m o o t h and s y m m e t r i c to 
less t han 1 urn . 

By t h e n , theor is ts had d e v e l o p e d n e w ideas . O n e idea w a s tha t 
the s t rong in teract ions migh t a lso v io la te C P T h e fact tha t th is has 
not been s e e n led to the postu la t ion of t he ax ion , wh i ch might be a 
c o m p o n e n t of the un ive rse 's dark matter . 

W e a k w a s h o u t 
T h e o the r su rp r i se w a s tha t e l e c t r o w e a k in te rac t ions c o u l d a l so 
change ba ryon n u m b e r . T h i s d o e s not h a p p e n v ia the e x c h a n g e of a 
speci f ic part ic le. Ins tead it ar ises f r om cohe ren t f ie lds wi th non- t r iv 
ial topo log ica l p r o p e r t i e s . T h e s e non-per tu rba t i ve e lec t roweak inter
ac t ions prov ide both a cha l lenge a n d an oppo r tun i t y .The cha l lenge 
is tha t they might " w a s h ou t " any mat te r dens i t y that is built up by 
G U T par t ic les. T h e oppor tun i t y is tha t t hey might enab le the mat te r 
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dens i t y to be built up by the e lec t roweak in teract ions a lone . 
O n e w a y to avoid the w e a k w a s h o u t is to have the G U T s genera te 

a net dens i t y of l ep tons , w h i c h t he add i t i ona l w e a k in te rac t ions 
wou ld t hen recyc le into b a r y o n s . O n e s u c h scena r i o , p r o p o s e d by 
Fukug i ta and Y a n a g i d a , rel ies on the d e c a y s of h e a v y r i gh t -handed 
neu t r i nos in the ea r l y u n i v e r s e . S o m e ind i rec t s u p p o r t for th is 
scena r i o c o m e s f rom recent expe r imen ta l hints that the k n o w n light 
neut r inos can mix (osc i l la te) a n d have m a s s e s , wh ich cou ld be due 
to mix ing wi th s u c h h e a v y neu t r inos . A t least s o m e neut r ino m o d e l s 
tha t fit the neut r ino data are a lso ab le to genera te the mat te r in the 
u n i v e r s e . A n o t h e r w e i g h t y imp l i ca t i on of t he n e w neu t r i no d a t a ? 

A s a G U T I e s s a l te rnat ive , p e r h a p s the mat te r in the un ive rse w a s 
g e n e r a t e d w h e n t he coo l i ng of t he un i ve rse t r iggered a p h a s e 
transi t ion enabl ing quarks and the W and Z carr iers of the w e a k force 
to acqu i r e the i r m a s s e s f r o m t h e H iggs b o s o n ? T h i s e l ec t r oweak 
m e c h a n i s m wou ld requi re t he p h a s e t rans i t ion f rom a hot un iverse 
with mass less part ic les to the present state with mass ive part ic les to 
have been abrupt , so as to m e e t S a k h a r o v ' s third requ i rement . 

Unfor tunate ly , the Higgs b o s o n has not yet s h o w n up at C E R N ' s 
L E P e l e c t r o n - p o s i t r o n col l ider, imp l y i ng tha t it w e i g h s m o r e t h a n 
abou t 100 G e V and tha t the e lec t roweak p h a s e t rans i t ion w a s too 
w e a k to al low the mat te r of t he un ive rse to be gene ra ted th is way. 

Howeve r , the d o o r is not ye t c l o s e d . For e x a m p l e , a s u p e r s y m -
met r ic s c e n a r i o , w i th n e w " s p a r t i c l e s " pa r tne r ing t he k n o w n 
par t i c les , m igh t p rov ide a su i t ab le a b r u p t t r ans i t i on , a n d a lso 
conta in addit ional CP-v io lat ing effects that could generate a sui table 
ma t te r dens i ty . T h e s e s u p e r s y m m e t r i c op t i ons s u g g e s t t ha t LEP, 
w h i c h is n o w ope ra t i ng at h ighe r ene rgy , m igh t p r o d u c e a H iggs 
b o s o n th is yea r or t he next . If L E P is lucky, th is cou ld a l so have 
we igh ty impl icat ions for the un ive rse . 

C P i n t h e l a b o r a t o r y 
O n e of the great at t ract ions of s u c h GUT Iess mode ls is the possibi l i ty 
tha t they cou ld be tes ted in labora to ry expe r imen ts on C P v io la t ion . 
T h i s exc i t ing p r o s p e c t has b e e n u n d e r l i n e d by t he recen t 
con f i rma t ion , by the KTeV e x p e r i m e n t at Fermi lab and by N A 4 8 at 
C E R N , of di rect CP v io la t ion - t he d e c a y of neutra l kaons into two 
p ions - first m e a s u r e d by the NA31 expe r imen t at C E R N . T h e mag 
n i tude of the effect is surpr is ing ly large. 

A n o t h e r poss ib le obse rva t i on of C P v io la t ion has recent ly been 
repo r ted by the C D F co l l abo ra t i on at Fe rm i l ab in t he d e c a y s of 
neutra l B par t ic les, e a c h g iv ing a J / p s i and a neutra l k a o n . A large 
ef fect is expec ted in the S t a n d a r d M o d e l , and th is is the m o s t l ikely 
in terpretat ion of the C D F da ta , a l t hough a null resul t c a n n o t yet be 
exc l uded complete ly . 

C P v io lat ion in the decays of B m e s o n s is the p r imary ob jec t ive of 
t he e x p e r i m e n t s B a B a r a n d B E L L E at t he B fac to r i es , w h i c h are 
s tar t ing to take data at S L A C in S tan fo rd a n d K E K in J a p a n . The i r 
f irst task will be to s e e k con f i rma t ion of CP v io la t ion in the react ion 
p robed by C D F and to search for C P vio lat ion in the decays of neutral 
Bs into p ion pairs. 

A l s o in t he hun t wil l be H E R A - B at DESY, t he r e v a m p e d C L E O 
de tec to r at Corne l l a n d e x p e r i m e n t s at Fe rm i l ab ' sTeva t ron col l ider. 
E v e n if t h e s e expe r imen ts tu rn ou t to agree wi th the o r t h o d o x y of 
the S t a n d a r d Mode l , t he re is s c o p e for fo l low-on expe r imen ts that 

CP violation 
provides a 
uniquely subtle 
link between 
inner space , a s 
explored by 
experiments in 
the laboratory, 

migh t be sens i t i ve to sub t l e e f fec ts 
ind icat ing new phys ics that might be 
re la ted to a m e c h a n i s m for gene r 
at ing the mat te r in the un iverse . 

O n e s u c h e x p e r i m e n t is L H C b , 
w h i c h is s c h e d u l e d to s tar t t ak ing 
da ta at C E R N ' s L H C col l ider in 2 0 0 5 . 
BTeV, a n o t h e r nex t -gene ra t i on B 
exper iment , is under cons iderat ion for 
t h e T e v a t r o n . T h e r e are p lenty of o ther 
oppor tun i t i es for fu ture e x p e r i m e n t s 
to p robe C P v io la t ion a n d cas t l ight 

and outer space , o n t h e o r i & n o f t h e m a t t e r i n t he 
pq PvnlnrpH h\/ un iverse. O n e is prov ided by rare n e u -
db CApiuieu uy t r a ) k a o n d e c a y s , for e x a m p l e , p ro -
teleSCOpeS duc ing a neutra l p ion toge ther wi th a 
m a " tf t h neu t r i no a n d an an t ineu t r i no or an 
[Measuring ine e l ec t ron -pos i t r on pa i r .The m e a s u r e -
density Of matter men ts of direct CP v io lat ion in d e c a y s 

* n t h a n " o r e i n t 0 t W 0 p i o n s l e a v e r o o m f o r l a r ^ e 

in me Universe. s u p e r s y m m e t r i c con t r ibu t ions to C P 

v io l a t i on , w h i c h cou ld cas t l ight on 
s u p e r s y m m e t r i c s c e n a r i o s for the or igin of matter. 

A n o t h e r o p p o r t u n i t y is t he c o n t i n u e d s e a r c h for t he n e u t r o n 
electr ic d ipo le m o m e n t , wh i ch might be ab le to reach the sensi t iv i ty 
requ i red to test G U T m o d e l s for the or igin of matter. 

F u t u r e v i o l a t i o n s 
In the longer t e r m , t he re are ent ic ing oppor tun i t i es to sea rch for CP 
v io lat ion in neut r ino osc i l la t ions, wh i ch cou ld explore aspec ts of the 
mode l s b a s e d on the d e c a y s of h e a v y neut r inos . S tud ies are unde r 
way on "neut r ino fac tor ies" based on the decays of m u o n s in s torage 
rings (CERN Courier J u l y p 2 2 ) . T h e s e p rov ide well de f ined neut r ino 
and ant ineutr ino b e a m s wi th both e lect ron and m u o n f lavours, wh ich 
prov ide oppor tun i t i es to s e a r c h for CP-v io la t ing ef fects in the osc i l 
lat ions of neu t r inos a n d an t ineu t r inos . Look ing fur ther a h e a d , if the 
p rob lems of contro l l ing t he m u o n b e a m s can be s o l v e d , m u o n co l 
l iders cou ld s tudy H iggs b o s o n s in unpara l le led detai l . 

S u p e r s y m m e t r i c m o d e l s c a p a b l e of genera t ing mat ter in the un i 
v e r s e ra ise t he poss ib i l i ty tha t t he d e c a y s of H iggs b o s o n s migh t 
reveal novel v io la t ions of CP s y m m e t r y . 

CP v io la t ion p rov ides a un ique ly sub t le link be tween inner s p a c e , 
as exp lo red by e x p e r i m e n t s in the laboratory , and outer s p a c e , as 
exp lo red by t e l e s c o p e s m e a s u r i n g t he dens i t y of ma t te r in t he 
un iverse . 

I a m s u r e tha t th is d i a l o g u e b e t w e e n theo ry , e x p e r i m e n t a n d 
cosmo logy will cu lmina te in a t heo ry of the origin of the matter in the 
un iverse , b a s e d on the fa r - reach ing ideas p roposed by S a k h a r o v in 
1967.Th is w o u l d be an a c h i e v e m e n t c o m p a r a b l e in s ign i f i cance to 
the emerg ing t h e o r y of t he fo rma t i on of s t ruc ture in the un ive rse , 
based on inflat ion a n d dark matter. M ic rophys ics and mac rophys i cs 
are now y o k e d toge ther , pu l l ing sc ient i f i c exp lo re rs a c r o s s t h e 
un t racked e x p a n s e s of the c o s m o s . 

J o h n E l l i s CERN. 
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E x h i b i t : 
N o v e m b e r 30-
D e c e m b e r 2 

The MRS I999 Fall Meeting will serve as a key forum for discussion of interdisciplinary 
leading-edge materials research from around the world. 

Various meeting formats—oral, poster, round-table, forum and workshop sessions— 
are offered to maximize participation. 

1 9 9 9 M R S F A L L M E E T I N G S Y M P O S I A 

A: Multiscale Phenomena in Materials—Experiments 
and Modeling 

B: Computational Approaches to Predicting the Optical 
Properties of Materials 

C: Microstructural Modeling for Industrial 
Metals Processing 

D: New Advances in Materials Prediction 
E: Nucleation and Growth Processes in Materials 
F: Nanophase and Nanocomposite Materials III 
G: Nonlithographic Approaches to Micro- and Nanoscale 

Organization 
H: Molecular Electronics 
I: Self-Organized Processes in Semiconductor Al loys— 

Spontaneous Ordering, Composition Modulation, and 
3-D Islanding 

J : Advanced Materials and Techniques for 
Nanolithography 

K: Thermal Spray—Materials Synthesis by Thermal 
Spraying 

L: Fundamental Mechanisms of Low-Energy-Beam-
Modified Surface Growth and Processing 

M: Interfacial Engineering for Optimized Properties II 
N: Atomic Scale Measurements and Atomistic Models of 

Epitaxial Growth and Lithography 
0: Substrate Engineering—Paving the Way to Epitaxy 
P: Optical Microstructural Characterization of 

Semiconductors 
Q: Advances in Materials Problem Solving with the 

Electron Microscope 
R: Applications of Synchrotron Radiation Techniques to 

Materials Science 
S: Nondestructive Methods for Materials 

Characterization 

Structure and Electronic Properties of U 
Dielectric Films on Silicon and Related Structures 
Amorphous and Nanostructured Carbon 
Thin Films—Stresses and Mechanical Properties VIII 
GaN and Related Alloys 
Frontiers of Materials Research 
Ferroelectric Thin Films VIII 
Thin Films for Optical Waveguide Devices 
Materiols Science of Food— 
Processing-Structure-Property Relationships 
Electrical, Optical, and Magnetic Properties of Organic 
Solid-State Materials V 
Complex Fluids and Polymers 
Mineralization in Natural and Synthetic Biomaterials 
Materials Science of Phospholipid Assemblies 
Electroactive Polymers 
Transport Properties and Microstructure of 
Cement-Based Systems 
Superplasticity—Current Status and Future Potential 
Superconducting Materials—Properties, Crystal 
Chemistry, and Processing 
Magnetoresistive Oxides and Related Materials 
Materials Issues for Tunable RF and Microwave 
Devices 
Smart Materials 
Materials Science of Microelectromechanical System 
(MEMS) Devices II 
Chemical Processing of Dielectrics, Insulators, and 
Electronic Ceramics 
Infrared Applications of Semiconductors III 
Materials for Optical Limiting III 
Scientific Basis for Nuclear Waste Management XXIII 

1 9 9 9 M R S F A L L M E E T I N G A C T I V I T I E S 

SYMPOSIUM TUTORIAL PROGRAM 
Avai lable only to meeting registrants, several tutorials will 
concentrate on new, rapidly breaking areas of research. 

EXHIBIT 
O v e r 275 international exhibitors will display a full 
spectrum of equipment, instrumentation, products, software, 
publications, and services. 

PUBLICATIONS DESKS 
A full display of over 6 0 0 books, plus videotapes and 
electronic databases, will be available at the MRS 
Publications Desks. 

SYMPOSIUM ASSISTANT OPPORTUNITIES 
Graduate students planning to attend the 1 9 9 9 MRS Fall 
Meeting may apply for a Symposium Assistant (audio
visual aide) position. 

JOB CENTER 
A Job Center for MRS members and meeting attendees 
will be open Tuesday through Thursday. 

F o r a d d i t i o n a l m e e t i n g i n f o r m a t i o n . 

..or to request a detailed 1999 MRS Fall Meeting Program, contact: 

n t n iTT ^ Materials Research Society 
M M < K Member Services 

506 Keystone Drive, Warrendale, PA 15086-7573 
Tel: 724-779-3003 • Fax: 724-779-8313 
E-mail: info@mrs.org • Website: www.mrs.org 

A L MEASURING 
S Y S T E M S 

Somet imes a good eye and a steady 

hand are all you need. Howeve r , for 

measur ing cur rents w i th high a c c u r a c y 

and reliability you need other qualities. 

You need a Z e r o - f l u x ™ . 

4f^ . HITEC 
Power 
Protection 
P.O. B o x 4 
7550 G A H e n g e l o 
T h e Ne the r l ands 
P h o n e : +31 74 246 28 53 

mailto:info@mrs.org
http://www.mrs.org

