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RARE DECAYS AS A PROBE FOR NEW PHYSICS 
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ABSTRACT 

Tht' standard 1II0dt'1 prffiiction8 for rart' K and B dKays art' rt'vit'wt'<l. 
PORSiblt' new physics effects in eitht'r CP conserving or CP violating procl'8St'S 
art' 8ullIllIarizffi. 

1. Introduction 

Prt"l'ist' low-energy experiment.s have always bt't'n an altel'l1ative to high-f:'lIf'rgy 
collidf'rs ill looking for uew physics. In t.he former oue st't'ks for loop f'fff'ds of hel\\'Y 
part.icles while ill the latter these can be produced directly, provided suffirif'ut f'lIt'rgy 
is a\'ailable. Here I will dist"uss how rart' K and B decays have aud/or could be lIsl'd 
to probe new physics. Before doing this, the predictions of the standard model (SM) 
wit.h which they should be compared must. be 8tudied very carefully. In the SM. the 
uucert.ainties in the predidions of rare decay rates can be fairly large due to our poor 
knowledge of the Cahibbo-Kobayashi-Maskawa (Cl\M) matrix, in particular of the ele­
Illent \;". Furtherillore there are many uncertainties due to QeD effeds. long di8t.allce 
contributions and other hadronic effects t.hat have to be controlled. Thus it is not a 
simple task to unequivocally establish non-standard signals. The easiest way to do so is 
to COlicentrate on decays where these uncertaiuties are not. so important. typically but. 
not exclusively those involving neutrinos in the final state. Among the CP cousen'iug 
processes the interesting ones are K+ -t 7T+IIV,l\'+ -t 7T+"+JJ-,l\'L -t Ilii, b -t ~l,(h 
and b -t ~"v, (ivii . The CP violating ones include !\'L -t 7TO"V and the two-spill corrl"­
latiou in [\'+ -t 7T+ JJ+ JJ-. The standard model predictions for these processes will be 
reviewed and new physics effects on these rare decays wil be summarized. 

Ollly a few of the numerous possible scenarios for new physics will be analysf'd. 
These will be divided in two <,ategories according to whether or not a new source of C'P 
violation is present.. The t.wo-Higgs doublet model will sel'\'(' as an example of a 1Il0cid 
where CP violation is standard. This model is particularly interesting since it. occurs 
lIat.urally ill supersymmetric t.heories. In the second category. which includes model!! 
wherf" additional pha.'Jes leading to CP violation c.an be introduced, I willlllainly discuss 
a It'l,toquark model. 

III thf" first part. of t.his t.alk I will discllss various rare decays wbilt' Iryillg to 
t'st·inu~t.f:' t.1lt:' prt>{'illioll lIt't"ded to illlpro"f' 011 our present. kllowledgf' of lilt' ('I\:~I 111(\­

t rix paralllf't.ers ill tilt' 81.andard Illodel. Sillce rart' decays of I\: and B IIIC'SI)IJS o.... lIr 
al. 1.llI' ollt'-Ioop level. Ihey are sellsit.ive to tht, Iwaviest qmu-k. the lop. alltl 10 tlw 
corrcspolldillg delllents of t.hl' quark mixing matrix. :\Ithough it could t'Vt>lItually lit' 



possi l,lt· tn ..xll'at'l. :101I1t' iuforluatioll UII /I" frulll rart' decays,1 I will I'athf"l' MSUlIle 
I hat lilt is klluwlI. Tllis assulUpliou is I't'asollable siuce we already know frolll LEP that 
"'t ::: 1!)0 ± 25 ± 16Gt'l '.1 aud such a top quark would ct'rtaiuly bt' Uleasured bt'fort' 
I'IHe cif'<'aY:I al't' precist' euough to really test the atandard Ulode\. In the uumerical 
t'Stilllates, III, ::: l-lOGel ' will be asswued. 

1. CKM matrix 

III tht' ~laial1i-Wotrt'llStein parametrization, the C'KM matrix which dt'Scrii>t-s the 
mixing ill tlu> quark 9(>('tor is givt'u approximately br 

A 
- .. -..' ( I - !~, .t~'(p - i'l) )2 

~ ' :::: -A 1- ~.\J (1 ).U~ •
? 

.4.\3(1 - p - i,,) -. ..u~ 1 

Wllf'fp '1 cha.racterizes the C'P violation. The sti\u<ial'd model Cal1Dot prt"(lict Ule \'~11I1'" 
of allY 1"1f'IIWIII iu this matrix. thu8 thl"Y must be t"xtracted from experimt>llts. Although 
clirt>l't alUl illdirt'f: t measuremt>uts of se\'eral t'lements of this matrix ba\'l" bf't"11 IlHI.clt', 
I ht' ul1certaint.ies on certa.iu paraml"tel's (p and '1) are still Vl"ry large. Tbl" best kuowu 
plualllt>lI"l' is .\ which is dett"ruullrd in 1\30n and Hype-ron ti«sys," 

~ = Il~1 = 0.2100 ± 0.002:J (2) 

For ollr P"TI>QSe it will Ix- sufficit"ut to fix ~ =0.2'.2 siuce tbt> error ban on this parameter 
art' IIIlIch smaller tba.n on all other paraml"ters. 

The matrix l"lemt>nt \o~ i8 obtaillffl from B mesoll decay to charm final states,J 

I\~I = .-l~:.I =.044 ± .00i (:1) 

This [esult . cOllpled with the measurement (2), will giVl" the main constraint on ...t . 
The dirt"Ct measurement of ":" can be obtained from B meson decay to nOIl·charm 
filial state, wt' have 

I\'MhI = ~/pl + t'J2 =0.11 ± O.().1 (4)
I\~I 

where tht' f'rTor hars arf! m.unly tileoreticalaod df'pt'ndent on the quark model. Till" 
aOlles quoted ht're illdudf' thl" p~ictions from most models. 

To gl"t furlhf'r information 00 the Cl":l\( Illatrix. aile has to rely Oll ilulil'f'('~ lIlt'a­

SUI'I"IIIt'IIt:t. specifically. t. the CP violation parameter in Kaous and .rJ tile 8~ - s.: 
mixing parameter. Additional information ('oulet bt> obtaiDe<1 from the "alut> of l' ),ut. 
clue t.o inconciusivl" l"xpt>rimentl\\ results and SOntt> theorl"tical alllbiguiti~. this willnol 
I>f' USf'(1 ht're.6 We ba\'t" 

- a} /"i~ '~ . 1 .) 1 .1 (_ . • ,Ifl- 12rrJ ..;:i~MI\ 8,,1,._.-\ "'I ,}«B(.l ,.) + 1I,·,8(J , ...1,) (:,) 

+"t/.",~,\-1(1 - p)8(.r,1I 

". 


wil.1I tht' Illt'allured value 
3It I =(2.272 ± .022) x 10- (6) 

Tilt' mixiug pal'ameLel'wuicit depend ouly on I ~;dll is writteu as 

J,/ = ~~ M8 BBlhT8 MIlFAl ~l[( 1- p)l + ,,2)8(.r,) (il 

aile! the mea.<lured value is 
;Cd = 0.,1 ± 0.11. (8) 

8(.1',) is a top quark mass dependent function.; The values of the oUler paramett"rs are 
tak...u as.it.· Ref. i witb t.be exception of VEIB18 . 

An import.aot sow'ce of Ullcel·taiuties ill tbe ~ - B:: mixing is f 8. The theort"tical 
predictions on this plU'arnetel' vary wildly and this bas SOnlt" important COnRt'(IlII"Il('~ fOl' 
th... ral'(> dt"t'ays.8 I will use two common values when makiug nUIUt"ricai estimate, t.llt' 
so-called low value 1HB18 = 130 ± 40Mel:9 or a bigher value as ohtained iu IRUin' 
QeD C'a1culatioIl9IO or as indicated by sollle qUaJ'k model calculations.11 I1J8J8 :; 

:!:lO ± :lOMe\.'. Most models Ilredict a value within one or Lhe otbel' of Iht"St" rallgl"!!. 
Of COIll'St" 18 could he kl"pt as a rree pa.rameter in the analysis but in the hopt" that 
t.h l" tht'OreLical estimates will eveutuaUy get sorted out, I wiU ratber prest"llt result~ for 
tht"St" two values separately. Note tbat evell if tile theorilits fail to agrei! all the value or 
J8, this parameter will eventually be extractt><1 from leptonic B decays, e.g B -+ Iv or 
8, -+ 1+1- . 1:.1 

The easiest way to find the allowed region for the three parameters of the (!l\~I 
matrix aud to "epresent the effect of each indh,jdual Oll"aBUfl"ment is to draw the 
cOllstraints separately and look at the intersection region, this is donl" in numerous 
pllhlicatioIl9. 1••• I .. The correct s tatisticaitrl"atmeut hOWl"Vel' requires a \ ~ fit to the four 
piecf'S of data givf'1\ ill Eqs. 2-4 and Eq. 6. The results art' plotted in thl" P - 'I plane 
(Sf't" Fig. 1) for a given top quark mass. 13 III this plot A [emaillS a frf't" pal'aruetf'r. 
Clt"arly at. YO% C.L. (corresponding to ~ \:: = 4.61) a very large I'egioll of the plane 
is allowe<1. Fl'om this curve one can see that the high value for f8 prefers the solution 
with p positive whitt" for thl" low value both negative and positive values a.re allowed. 
On the other baud the upper and lower limit on 'I do not change very mucb whicht'\'er 
value of Is is cbosen . The allowed ranges are respectively 

.O~ <,., < .74 lor 18 ::: no ± 40Mel 


.11 < 'I < .is Jor 18 = 2'20 ± 30Md/ (9) 


We a.lso obt.ain that the allowed range for A at leT is given by 

.-1 = 0.91 ± 0.1 ( 10) 

III slIllIlIIary. wHh th... currt'nt, ie\'el of precision till' consi:-;tf'IIl'Y or lIu.' sll1l1,far.) 
model descript.ioll of t.he quark l11ixing cannot. n'ally ht"' dlt'('ked. To do Ihis. il is C's­

:ll"IIIia I to illll'ro\'t" I.hp direct m"Cl$ul'f'IlU'lIls of l;" flild ';,b and to rc·filll' tllC' Ih('orC'I k.d 
C'aklliatiolls for BI, and 18 ali \\'f·1I as thp 1II0del!l used to extract. tht' "aluc' {or ' ;" .. 
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Fig. !. Contour curves in the p - " plane from a. X2 fit to tbe da.ta., for I. = 130:::l: 40MeV 
at 111 (dash) and 90% C.L. (full) and I. = 220 ± 30MrV at 10' (dub-dot) aud 90% C.L. 
(dotted). In all caaes, m, =14OGtl'. 
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Fig. 2. Olte-loop diagrams for the short-disl.ance contribution to rare K decays in the standard 
model; a.) the W-box and b) the z..pt·n,;uin. 
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Al lhough I will na"t. discuss the effect of varying III, it is clear frolll Eq. !) alld EI[. 'j 

t hat. t.1lf' prt·diction8 dept"ud very Illuch 011 the t.op qua rk mass. A l1Ieasurt"IIIt'IIt. of III, 

would I,hel'eforf> much reduced the uncert,aillties on the C' l\ ~1 parameters. 
B~ides these ohvious improvemeuts of direct measuremt'nts. a whole set of pOl!­

sibilities for test ing t be CI\:M matrix is a vailable with rare I\: and B decays. This will 
bt" th~ top ic of the remaillder of this talk . I wiU llhow that indeed this call bE' dOIlt" alltl 
t,hat fllltherlllore preci8e measuremeuts of rare decays could give signs of 1It'\\' I>hysics. 

3. 	 Rare decays in the standard model 

Tht" dt'cays of I\: and B mesons can provide indirect llleasurt'IIlt' llt.s of Rd;./ ;:::: 
(1 - p) aud lllll;d ~ II since they occur at the olle-loop level alld are domillat.ed I)y 
the Iwa \'i;~t ft'l'Iuion. the top qua rk. The top dominance is unquest ionable for B decays 
but rt'llIains true eveII for Koons since tht' high top mass overcomes the ('1\:~1 suppres­
sion fac tor proportional to l';. \.-'d which a ppears in all KOOIl processes. Nevertheless ill 
these dt'cays, the contribution fro m tht> c quark cannot be neglectt>d. B decays offer 
many ad\'autages over I\:AOns sillce the long distance effec ts are less important.. a lltl tilt> 
rd a tln.' heavilless of the b guarantees the acclII'acy of the spt"Ctator model. However. B 
decays also have sOllle drawbacks the most important being that QeD t'fft'ct.s call Iw 
very largt'. e.g. in b -+ s"). and can be a st>riolls hindrance to the st.lIdy of e1ect.roweak 
physics. Olle way t.o circul\lvent t his prahlI'm is to make use of the two pos~ible trail ­
sit.ions b -+ ,~ and b -+ d. The former being iusensitive to the C'I\:M paramet.ers (l4i llC"f' 
1 ;./1;'" ~ 1) could be used to check the QC D parameters while tht> latt.er could test t hE' 
CI\: M mat rix. However this is possible ouly wit h a very large number of B mesons since 
in b -+ (/ dt'Caya one has to face the problelll of small branchiug ratios because of the 
\;,1/\;. snpprt'ssion factor. On the practical side Koons have a definite advant.age sillce 
l.ht'l't' are plans for extremt>ly precise measlll'ements of all rare koon decayslG.III alit! 
despite the slllall branching ratios precisionllleasurements of \.;.1 will become possible, 
Ou tht" ot.her hand. predictions for b decays are still orders of magnitude helow the 
present accuracy with the exception of the radiative decay b -+ s") which is inevit.ably 
approaching the lItandard modellevel,l" 

The dependence on the CI\M parameters for various decays are listed in Table 
1. 	The b decays are normalised to the dominant charged current semileptonic mode. 

TABLE 1. Dependence on CI\M parameters for rare decays 

Process CI\M dependence 

l\'+ -+ 7r+vv Al[ll~ + (1 - p~)l 
l\'L -+ 7r°vv. l\'L-+ 7r0 e.+e.-, Pl(A'+ -+ 7r+/I+/I-) (AJ" )J 

A'L -+ J'ii, Pdl\'+ -+ 7r+JI+JI-) ,'P(l - p) 
b -+ s)"svv,se+e­ indept'ndellt 
b -+ d..,. (Ivp. (/e+e­ (1 -	 p)~ + "~ 

.J. I. /\"+ -+ 7r+VV 

Tht' IWlIguiu and hox diagrams showlI ill Fig. Z for Ihis pl'On'ss an' typical of 
til(' 01lt'8 ("olltribut.illg t.o rare decays. \\'ith a filial stat.e involvillg Ilt'lltrillos. Ilwrt' tll't' 
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IIU pitololl t'"challg" "'hidl lIIl\k~ [\-+ 4 rr+I/V a rat,ht'r dt'an dt>ray t'xt'lIlpt of Iollg­
,lisliUI("f' ..fff'('ts . AM fol' all I\aon df'('ay~.lhl'rf> is ~1Ut' wt'ak dt"pf'udf'IH"t"on tilt' c quark 
1I1a~H. Tlw short·Jil:ltauct' coutribution to this <It'cay is given ror example- iu ReLi. 

Tilt' prt"llt'nt, t'xl'el'imental limitl is Br( 1\-+ --t "+IIV) < !'j x lO-u auti tht'R' an' 
I'IiHI:-! for l'III'I'Pllt f.'xperilllents to increase their precision to 10- 10 within a (elV Y&1"S.1 11 

Wht' ll t-olllparillg tIn· contoLlI' plots o( Fig. :1 with the allowt'd region in the p - 11 phull' 
showlI ill Fig. 1. it cau be 8t'eO that thilJ levd of precisiou will I)ot be 8ufficiellt Lei 
Pllt fllr t ht"r cOllstraiuts 011 tilt" CKM matrix unlt"::lS a signaJ higher than t.ht" staadalll 
1I1O,1t'1 t'xpt·(·tatiollfl iii 11leaaurt'd_ This coudusiotl is ft"ached evt"11 with lilt" opLilllisl j , 
a.'j~lllllptiou o( a known top quark m~s and with A fixed at its ct"utl'al value-. Froul thi , 
figul'f' it i~ .alllo ollviolls that the highf>f value of 18 (I\\,ors snlajJt'r branchiug ratios . ; 1 

IIWi\.'iIll'f'illl.\It of B,'( /\-+ ~ II'+IIV) > 2x 10-10 (01' example> would be almost incouml(' I: : 
with th is IB fol' any valUf' or the paramt"tt'r A. On tht" otht"l" hand it is also df'sr rl'Old 

Fig.:) that a mea!lure>mellt at th~ level 10-11 would reduce tlit' allowed region ill Il" 
IJ - 'I plaut' eW'1I tJlough the predictions gt't significantly spead out whE"1l the 10' ",lIg. 

of A (I~~) is allowed. A precision of 1O-1l or better. as cau ~ acbif'\'e<1 by l\AOl\ 
would gi\'(' a very good measure o( p and '1 ~pt"('ia1ly ir a much imprO\'t'd valuf' of \ 
is a\'ailahlt". Alternatively thjs decay could providt' all indil't"Ct tllt"asu\'f'lIlel\l of \;. all . ' 
I s - Howevt'1' ol1e mU8t rf'lllembtor that the a.bility to do this will I~ ('velll.ually limit, ·, 
by t.ht" ulIct"rtainty 011 the c quark mass. IS 

:J.~ . 1\-, --t "utlV 

Thill dt"cay which also involves nt"utraJ particlE'S in tbt' final 8tatt' hflS no 101'1' 
distancf> e[(,(,\.8 from photon8. Furtht"rmort" it was shown that the indired CP vioiaLi. I 

iii slI\all so this decay could give a Uf'W 8ignal of direct CP violation. 19 At the OlDII1CII. 

only pOOl' lilllit.s on this 1lI0de exist « 2.2 X 10--4) hut the p088ibilities \.0 l't"ach 10- 11 

havt' bt't>1I sludied.lO The <tired CP violating contribution is given for example in Ref. 
For III, = 140Ge\'", we have 

Br(h'L --t ",°1111 ) = un x lO-IU(Al'lfl . (J ,) 

The values of .-11
'/ aud 'I (for A fixed at its central valut" given in Eq- 9) corrt'9pooding 

to hypothetical measurements of this branching ratio are Hated in Table 2. 

TABLE 2. Limits on tilt" CP violating parameter 'I rrolll 1\£ --t 1I'°VII 

10" x B,.( /\-L --t II'U vii) A~" 11 (_-l = 0_91) 
1 .24 .28 
2 .33 .40 
:} .41 .49 
!) .5:J _6:J 
i _62 .j!) 

9 .il .8!) 
II .i$ JJ4 

Fur a fixt'{1 valul" or III, amI A a 1t'\'f'1 or pl't'l' isiulI or to-II \\'ill ;II'III'I'\'/-' III(' ('IIm'lIl 

limit. 011 '/ although this imprOVE"III("lIt bt'Comes marginal wht"1l the errol' hal'S 011 :\ ;'In' 
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Fig. 3. Contour curves in the p -" plane for 1010 8r(l\'+ 4 ,..+tlii) with m, ;", 14oG~V and 
a) A =0.81 b) A =0.91 and c) -" =1.01. ­
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illd ... le.1. N... n~rl ht'It>S~ wht'll nlll pit'd wi lh ol.ht'r I'Im~ Jecay:! . ill particular {\' + -+ ;r+"v 
whit'h givt' allllo:;t orthogonal informat.ion on p and 'I. tht> nt'u tral lIlode will prO\·jd... a 
IIl'1pful indi l,t>ct lll t>asmt>llIent of t ht> CJ\~I llIatrix E'lement '/ and more importantly will 
finally givt> anotut>r signal of l'P violat.ion. 

.J. :). A'+ -+ 1f+I'+I'­

The two spin corrt>\atioll in A'+ -+ 1f+1'+1'- whkh is directly pl'Oportiollllal to '/ 
would alw signal C'P violation:n As disCUSSE'd in the paraUt>1SE'8SiOIl,:ll this com'lat ion 
illvolves t.ht> measllft'lllt>nt of t,l.te spins of both leptons and is givt>n by 

PJ(A'+ -+ 1f+I'+I-'-) = R"J ~(E,., E,.) (12) 

where ~( E,..E,.) is a phase space factor and 

RJ = 3.:3 x 10-3,-1J'1 (1:1) 

for III t = t,IOGd ' . A potelllial 10-:1 prt'Cisioll on this correlation could be achieved 
1at, I\AON.'l3 For typical values of tilt:' pha:.!e space factor thill translates illto a 10 ­

prf."ci:lioll on Rl , This level of accuracy will bt' barely sufficient to reduce the preseut.ly 
allOlwd parameter space which in fact would be covered entirely when error bars 011 l;-.o 
art' illdudpd. Nt' \'er!heless Lhis measUl'l'lllent is Vf."ry important. First it will give a COII­
~i~tellcy check of the standarc.l prediction since indepeudently of tl.te CKM parameters 
Ollf." should get 

RJ (l-!) .JB,.(l\'L -+ 11'0vv-) = 2 . .5 X lO-J . 

Thi~ \'alup is howevpl' df'pendellt on the top quark ma~s. St'Colld it could givt> sigu of 
IIPW pitysirs especially if a value higher than expected is measured. 

TABLE 3. Limits on tl.te CP violating parameter '1 from R1 ( A'+ -+ 1f+11+1'- ) 

to'\ x RJ(l\'+ -+ 71'+1'+/' 'I (A =0.91)"P'I 
.301 .36 

2 .60 .72 
:} .90 1.09 

J..(. [\'L -+ I'ii. Pd[\'+ -+ 1f+I'+I'-) 

Orthogollal ill formation on the CI\~1 matrix can be obtained from CP conserving 
proCl"sses, which all depend on t - p (01' (I - P wl.teu QCD corrections are illcludf"<I). The 
fi..,;! 0111" is [\'L -+ I'ii which receives an important two pl.toton cont.ribut.ion. For this 
<h'ay it, is not so clear how to extract the short distallcf." cOltt.ribut.ioll,7.H Tht' pl't'S"'1I1 
lilllit.l ill Ur( /\'L -+ IIf' )=7.!J ± 0,6 ± 0.:1 x 10-11 

• Oue n~ds to kuow tl\t> shorl -distHII ... · 
l'Onlrihut.ion (SD) at a lO-tl If."vel or better to put new constraints on (,I\~I pan-HllI't ....s 
as call bf' st>t>n frolll Table 4. The nUIllf."ril'al values quot,ed here include both t,l ... charlll 
alld top qUiuk contributions.' 

TABLE 4. Limits on p from B,.( [ \ 'L -+ l'iihD 

IO\) x BI'([\'L -+ Jlii) p(.-l= O.91 
.2 .68 
.-! .:12 .45 
.6 .06 .27 
1.0 -,27 -. 02 
1.5 -.64 -.:tl 
2.0 - .95 -..'):1 
2,5 -, 7.5 
:1.0 -.9·5 

p (.-l = l.O I ) 

,75 

.55 

AO 
.17 
-.0.5 
-.25 
-.42 
-..58 

FrOlll t.ht> point of view of probing the CI~M matrix an equi valent IlWa:.!lIrt'lIIt>nt. 
wit,h llIuch le:!s uncertainties would be the longitudinal polarizat ion in A'+ -+ 71'+,,+J'-' 
The polarization wl.tich can be written (\8 

Pd A'+ -t 1f+"+Il-) = RL \11(£1"£1') (1!)) 

whprp \II (E,. . £,.) is a phase space fact,or. The standard model contribution to RL j~ 
f'x lti hit.s the same C'K M I\lId top quark dependence as the short-dillt.auce coul riblltion 
Lo I\'L -+ 1'ft. One predic ts 

RL = 60 ± G ( Hi)JBr( A'L -+ 1'1' )SD 

If onp slIcceeds iu obt.aining a 10-3 measuremeut of RL , comparabll" a.ccurac\' would 
lip achievpd with lllllCI.t less uncertaillt.ies. The dependence 011 p i:! given ill Table .'). 

TABLE 5. Limits 011 p from Pd [\'+ -+ 71'+11+1'-) 

lO:IRL "P(l-p) p (.4 = 0.9t) 
1 
2 
:1 
4 

,28 
..56 
.85 

1.12 

.66 

.32 
-.0:3 
-.36 

I 

:Vj . b -+ ry, d"'y 

Thf." main contribution to this radiat.i,·e decay comes from the magnetic photoll 
p(>nguin diagrams. It was shown that the QC'D correct.ions are very import.ant here.1ti.1; 

The decay b -+ ~1 being practically iudependt'nt of the CI\~I elements could he used 
to test these QCD corrections. Ind('t'd we have that to a good approximation 

f(b -+ .~ ') ) I\ : 'I~ 
x G ~I (17) 

TIII'rat.io D,.(b -+ ti'))/Br(b -+ ~') ) ('Quid thl'll gil'P ~Olllf' illfol'lllalioll 011 till' ('I\~I 111<1 ­

trix sin('(> tht' QCD corrections should bf." more n'liahle thim ou ('ach Illode illdi,·itllla ll ., . 
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Tilt' rjil;o or I"iltliati\'t> c!t'{·ays . including QCD corrf'ctiou9 from Rer.2~, i!'l plotted ill Fig. 
-t ill the II-II plaut'. 

Note that .. hE' dt,pt'lldellce on lhe 1;'6 dement (or 011 Al drOI)!J out when takillg 
tilt' ratio of tilt' rac.Lia.tive decays :liltct' at It'lUliug ordt'r 

B,.(b -+ til) ex II!tlI2 = ( I _ p)l + lJl (18)
Br(b -+ -''')') Ih-'I 

A ft'w I>('("cent. accuracy on this measurement is ueeded to put further ("oustraiuts 
011 the <. '(\M I>aramt'ten aud for tilis prt'cisioH a B factory is needed, Tht' present 
lI\eil.'1Urt'1l1f'nt for b -+ '~1 is not far ahovt' the !ltan<iat'(i predictiolls l\lId nt'w rt'liulls from 
CLEO t(-i,I'f' t'xPf'cted 1$0011 . t'l' Although nothing will bE' learnt"tl about tht' stalllilH<1 
('It'd-rowea!.: model with this uew result, ~ht'Se measurt'lllents will make it possihle to 
further coush'aiu new pbysics since many models prE'dict significant euha.1lcement!:! of 
this branching ratio as will be discus5t'<l in the uext a«tioD, 

:J.6. b -+ SlIii. dvii 

At the loop level these decays are similar to the 3 -+ dllv process dis('uSI'lf'd 
ht'fol"t' . COlllpar~ to radia.Livt' decays they havE' the alh'autage of rt'Ct'iviltg uegligil,le 
Q<.'D ("orrection!:!. Agaill the pl"Oj>erly lIormaiist'd b -+ .:I mode ill iudt'pelldeul of the 
(,l\~1 matrix elt'lIIents and tht' branching ratio is gi\"t'n ill the s(K'Ctator model by:lU 

f(B -+ E X,lIii) = 2.19 x 10-5 IX(r,W ( l!l) 
f(B -+ X<t'II) 

",ltprf' X( .r,) a the top <Iuark lllasS dept'lldeut function. For 111, = 140r;c\', thE' hrand,­
iug ratio j~ :Ui x 10-&. The corresponding b -+ d transition is again slIpprt'Ssed by 
1 \;.dJ/I~;~IJ:::;; .or, and alt.hough just as good a nte&l;urelllentof p and '1M tllP nuliat.in" 
<kcay llIight be hopt'It'lll:lly small to be measured. 

To stllllluarizE' this section. the standard model pl't'diction for rat·t' decays are at. 
this point 110t very a('curate. The decay A'+ -+ 1I"+"ii rt'ulains tbe best hOI>t' to Ult'a5Ure 
tlte Cl\~l t'lemE'ut ';//. As usual wheu dealing with iudirect Dleasurements combining 
1't'::Iultll frolll 9(> Vt' ral rare decl\ys is e!>St'utial to rt'ally put a model to the test. The 
iute-resting level of prt'cision from eacb decay taken individually is stated in Table 6. 
By comhillillg different nlt"aSurements and checking relations like (14) and (16) uspflll 
iuformation can he gathered even before these levels are reached. Furthetlllol't', as will 
Iw di:lcu!lsNI ill the n('xt section, there is hope of seeing indicatioll of new physics ShKt' 
th.. S~I rat('s arf' often enhanced. 
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TA BLE 6. Prf' t:isioll reql\ i n~t1 for \'iU'i~lIs process~ 

PI'()ce~s P l'ec i~ion 

few 10- 11 

10- 11 
/\'+ -t 1f+,/i/ 


A·[. -+ Jr°vi/ 


/\"[. -+ 11ft 
 few 10- 10 

310­

B -+ X,n/B -+ .\.1 

Pd [\"+ -+ '/1'+JJ+1'-) 

fe w 1O-'l 
ft'w IO- JB ..... .'\,tvv / B -+ X.vv 

4. Beyond the standard model 

T hE- I't' has lJf'en a considerablt> amount of work done au the effec t o f Ilt'W physics 
Oil rA.l'e decays.3U-~l T his ut"W physics could euter e itht'r at t ree 1t'\·t>1. e.g. It'ptO<III A. l'k 
f>xchaug~ , t'xtra scalars and t'xotic (('muolls 01' a.t loop level, e .g . charged Higgs.11.3:.l 

Im~y part icit'll. IIt'W gaugt' bosons etc.. T ht" m ain fea ture that st an ds out from publica.­
tioll ~ 011 t.his topic is tht> possi ble t>llhanct'Olt'n t in rare decays coming from Ilt'\\' physics 
and tht' {act t,hat tht"8t' elliaancemellts are lllodel and proc~s dt'peudeut . Fortunately 
1111' 1lI0df+~ "fred var ious decays ill a (Iifft>rent way 80 d i~tiuguishillg bet w(,(,1l tut' models 
is fE"a.'l ihie pl'o\'idt'd some non-st a.udard signa ls are observed. 

The ra re procE"Sses which are ullmeasurably small in the standard model givt' the 
lIlost undisputable signal of new pbysics (a typical example is KL -+ IJt' wuich can 
pil I Sf"vere ('ou~ t rai llt8 all It'p toquark models).J.I nevertht'less 1 will concentrate 011 t he 
dt"cays discus~1 a bovt' which all receivt' a standard model contrihut ion. The size of 
tht" possible t'llilancement froOl new physics will depend strongly on the m asses of the 
nf'W particles introduced so that ruling out models will not be possib le. The goal is 
ratllt'l' 1.0 ll hol\' that. ra re decays could pot t>utially give the first hints of physics beyond 
tllf' stanclard modd. For this the present consl.raillts all m asses aud couplings of IIt'W 

particlt-'s will be used to est imate decay rates in val'ious 11I0dels. 
Although a cOlilplete aualysis of all possible source of new physics is a nt'Vf'r­

ending ta.-;k. SOIllt" gt"neral feature can be extracted when concentratiug ou a few popular 
lIIocieis. The models considered will be divided iu two categorit'S according to whether 
or not. they have a ne w source of CP violation. The two Higgs doublet model will be 
lIsed as all exam ple of those without and a leptoqllark model will examplify the effect of 
illtroducillg new phases while a lways keepiug the CKM phase. PredicLions from various 
IllOdt"ls are slllllmarized in Tables i and S. 

{I. Two /fi99~ doublel modEl (TIlDM) 

This 1lI0dei is illtf'l'esting since it is the simplest. extt"nsion to the stanclal'd 1l1Odpi 
and it t"xists in 1II0st unified t.heories. llIore specifically in supersYlllllletric modds..-\s ill 
I he SlIIH'r!l),IIIIll£'tric models we will assullle that one doublet couples to up t.ypt> <j1lC1I'ks 
while Ihe other couples ollly to down t.ype quarks. The nt"w feature of I his lIIodf,l is I Ill' 
appf'ar<lIlCf' of llIany scalar fields. Only tue efff'cts arising frolll Ihf' citargj'd lIiggs will 
Iw ('ollsidered. To cOilipletdy describf' the charged scalar two paramett'rs nN'd 10 b,· 
illll'Oduft-'d. "'1/. Ih" lIIass of the chargt>tllliggs. aurl ~ = I·d/I·u. the ratio of II.., \'I'v·s. 

T"f' C' rr .. d ill loopll will 1)(' to add new diagrall\s when ' all ill t.el'l\al lint>s wil" 1\"+ IHt> 
l't'pliU'j'd by If+. Since the charged Higgs f out ributes sigll ifkant.ly to ./',1 via the box 
diagrilm. t he <"onst raill t s on f1 and 'I are l1lod i fi~ for moderate values of "' H. T~picillly 
t.h t' lowe\' bouud 0 11 p iucreases wlt.ile the olle 0 11 ' / relllains the SIUll E" (set:' Fig..'),.I .l Til t' 
COII~« lIt:' nrE" is that CP cOIIl'le rvilig procPtls{'tj iu I\aons IV hid l dt'pt>lIll 0 11 L - p art> 1I0t. 

f"uha llced despite t he UE"W cont r ibu tions from the Higgs whilE" the C'P violat illg one'S 
whid. dE"PE"lld au 'I arl' .31.3.') This OCCUl'S eVE"ll if tilere are no lIew sou rce of CP violat.ion. 

For B decays the sit. ua tiou is diffe rt"ut. Since the b -+ -'I transitions art" i. lf'pe ll ­
deu t. of t. he ('I\M par ameters even t he C' P conserving processes are euhancE"(1.1Z.3:1 The 
for lllu las for t.he rad iative IJ transi t ion i.n the TH DM are giveu by Hou and Willey. :) ~ 
Tlu> char~t'(,1 Higgs contribution beiug p l'Opol't iollal t.o ~, the enha llcelllt"ul fador sho\\'11 
in F ig. 6 depends st rongly on t he maximum value of { a llowed for a givt"11 m Ho 'flul! 
maxim ulll vaillt' can he ohta.i ned from the cou tour plo t in the { - llI H plalle whidJ gi vt"s 
t he a llowed region for t hese two parameters for fixed val ues of m, .13.J4l Note t hai tllf'St' 
contours wt"rt" ob tained using only the four nlt"asuremt"nts in Eqs. 2-4 and Eq.6. For 
examplt' wht'n IU, = 120Gd ' , mH = 150Cid ' and { = -to we ha.ve an t'nhan(,~IlIf'nt 
fad.or of 10. EVt'1l for larger Higgs m ass. e.g. IIIH = 300CieV, large euha nft"IHf'Ilts art' 
po.~si blt' (rador of 6 for e= .').5 ) sinct' the constraints on ~ art' wt'akt'l' in that ca.'!f'. 
Tlw prt>Sf>nt m"asUl't'n1t'ut of t his branching ra.tio a lrt'ady ('olllltrains solllf'whal !.!at' al ­
lowt'tI paralllt'tel' space. The prest'u t valuel BI'( B -+ 1\" ,) < 2A x 1O-~ impliP:J that 

BI'(b ~ .~")) < 2.'1 X 10-3 for H:=:~~:~I = 10%. Tht" whole r~ioll wht"l'e tlw enlla ll('t'­
Illf'nt fa(' lol' is greater tha n i will t ht'o be r uled out. Tht"se cons t.raint.s wilJ bffome 
e\'eu Illort" st'Vt'l'e wlit'u t he new data will b t" iI\'aiJable .3J•

37 Similar enhancE-llletal-li are 
311f'xpected for t.ht" process b -+ svi/ . wt> ha.ve

D CHR= Br(b-+ -'lvv lcH ;::: l+e~ (20)
B ,.(b -+ SVV )SM D(Yt):.AI 

where D( y,) <Ire top quark Illass dept"ndell t functions. For b -+ d transitions, t he ('I": f\ l 
parameters come into play and like CP conserving l":aon procest"s thert" is little st"nsi­
tivity to the cha.rged Higgs as cau be Sf'ell fl'0111 Table ia. 

r:!. Gillet· models 

A thorough discussion of b decays ill supt"rsymnlt"trir 1ll0dt"ls was dOllt" by Bprl.olini 
and co-authors,J9·46 they showed that there are possiblt" t"lIhanct"mt"llts ill b -+ S1. Fur­
t.hermol'£' t.hey showed that the SUS\' parameter space could be collslr<lint"d with this 
dt'cay in a cOlllplt"mentary way to what could be dOlle in high-t"nt"l'gy collidt>rs. lu such 
1Il0dt'ls. the nf:'utralino and gluino coutributions art" small but tht" chargt"d lIigg!:l and 
l'hargino cOlltributions could he almost campara bit" t.o the st<lll<iard Illodel. A COil" 

stl'llct.ive illterference betweell thost" two contributions would t.llt'll It"ad to a 1II<xIt'r<ll.e 
t:'lIhancf'llIf'nt over the st.andard Illodd (see Fig. 1-t of Rt"f.:19). Thir> is to Iw ('0111 rtisl t'd 
with b -+ .~/iD whert" 110 such enhanft'lllenl is expected. TIl(' exact \'ah ... of lilt' ,·lIhtlllt"·­
lilt> II I. fador depellds on thf' masses and 01.1..,1' p<lr<llllt"tt"rs of Ihe SlI pt'rs.\'I 111111'1 ric Illod('1 
1)111 ('veil tlIP presellt lilllit 011 this d(,c<l~' call constr<lill SOIllC' IlIaSSC'S ofsupcrs.\'IlInwlrir 
particles.:'!) 
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For I.llf> df>cay !\'+ --+ 7r+vv. 110 imrort«lItcontrihtltion from Ihf> minil1lal StlPf>r­
sYllllltel.ric llIode-1 CAli hI' expeded:w Note thi:lt. ill lIol1-lIIiuilllalliupt.>I'SYllllllE'tl'k llIocll·ls 
1 , 11t~ couclusiolls clo not. holll as therf' is a (ot more freedom in thE' choin' of thE' pa­
rt\lUf"t.erll of the modd a.ud thert.> arE' ma.ny otlif'I' partides tllat call cOIII.l'ihute t.o ral'f' 
d.'mys. For E'xample ill Ed models, tll1're are possihlE' tl'ee (t>vel contributions from 1t'1)­
toqual'ks. These models arE' very poorly constrained :lUch that prt'Sent expf>rimental 
hounds nUl he satul'at,ed."o An exa.mple of a leptoquark model (althougb not. Ed susy) 
will bf' dis('us8f'd ill the next section in the context or CP violating models. For tbat 
padicula.r leptO(IUark a. large enhancement in Pd /\.+ --+ rr+,.,+,.,-) is possihle. 

Anot.her popular model is thE' Lt>ft-Right symmetric Illodel. Nt>", ('olltl'ihut.ioIlS 
t.o rat't> cI~I\Ys arist> from iutl'Odlicing the fVR ill the box or from H'£. - It'R mixiug. 
Also siure'l.heSt' Illodt>la uec~arily ft>ature a lUOI'f> complicated Higgs st,l'uci.Ul'f> hoth 
chal'gf"d Higgs and neutral Higgs ('ould play a role ill rart> decays. In gt"lle1'al \\'1' can 
('ollcludt> that with the present bounds all the Left-Right model para-mett>!'8 tht>1''' are 
110 siguificant t>nhanct>meots to ral~ decays.;11 

A summary of t he predictions for variolls proct'S8e'S ill and bt>yond thf' standard 
1lI0dt'l art' givl'1I in Tahle 7. III this tahle a va!tll' st(st andard) indicatf's that ('0\1­

I. l'ihut.ioll8 frolll lIew physics can be negleded whHt" large 1'efers to a pOSRihlf' 81.rollg 
t>lIhaIlCf>IIIt>llt, which is basically uncoostrained hy the prt'Seut data. For tht> sl,amlard 
and ('harsC'd lliggs models. the predictions fol' two different valllt>s of fs are prt>St'lItp(1. 
TIll' modt>ls cOlI:liclered include t.he THDJ\( with IlIH = i!jO(;£\'. { = 1 (!lote thHt 
fol' a diffl'rellt choict> of parameLe1'8 larger t>uiaallct>lllt"nts are \>088ible) , the Left-Right 
mouel with AIR = 1.6TtY and { = .004. tue minimal 8upersymmel'l'ic modl'1 and tilt> 
lC'ptoqmu'" model dt~S('l'ibe ill tut' followiug section. 

TABLE 7a. Prt><lictions for varioll8 ran' decay~. ffsfs = 130 ± ~OMt , ' . 

Standard Charged Lt>ft-Right MSSM LeptO<Juark 
Higgs 

lO'UB,.(I\'+ --+ rr+vv) .J ­ 2.2 ... -2, st 5t :It 
109 B,.(l\'£. --+ I'M .2 -1. .18 ­ .9 st st at 

lOJRdA'+ --+ JI'+,'+,,-) . . 6-3. .S ­ 2,7 st st large 
10· Dr(b --+ ~)) 3.5 10. 6. 10. st I 

b --+ d"( /b --+ s"( .015-.1 .01&-.07 - - -

105 B,.(b --+ oSVV) :3.!5 4.6 4.5 st 9t I 

TAB LE 7b. Prt><lictiolls for various rare decays ..(H8/s = 130 ± 40JIt-\·. 

St,audard Charged Higgs 
1O ,u BI'{K+ --+ rr+vv) .:J -:)..') .4 ­ 3.8 

1O!! BI'( h'L -+ Ilii ) .14 ­ 1.8 ,2 ­ 2,5 
I03 Rdk+ --+ rr+/,+/,-) .6- 4,:) .9 - .) .2 

104 B,.(b --+ '~1) :1.5 10. 
b --+ (h/b -+ '~l .01.')-,2 .01'i-. 18 
10" Br'(b -+ ,~wil) :J.!'j -I.h 

,-­



/. :J. ModrL4 Il'ilh lit II ' 1101/1'('( of CP I'jolalioll 

This cla.'il! of models include all lllodf' ls where an additional phase can he ill­
t.rodllcf'(1 ill 1.1... Lagrangian. III Ill ult iple Higgs modds t here can bt" spontaut'Owl ('P 
violation dlle to a phast" in the rela t ive Vf' \' of the neutra l scalars or t heore call be a pha.'if' 
in the cltargl"<1 Higgs mix ing matrix. In Left-R ight models a phast" can be iut roc\ uced 
ill tht' gaug~ l)()II()n!! mixing matrix as well as iu th~ Higgs sector. F ilially. just at:! ill the 
standard 1110<11'1 phR8t's Clln cOllie fro III Yukawa couplings. t hest" cau b~ nOIl-staudard 
ill tht' !It'nat' Ihat they arilK" in the coupliJlgs of uew particles (lluch as leptoqul\rkll ) 
aud the st,andard fermions. It is t.his last source of C P violation t,hat I will t'mphasizf' 
here. The possible CP violating ol>servahles are. l>t'8ides the rate of KL -+ 71'01/;). t he 
polarizatious in h:+ -+ 71"+11+1I - (trall~verSt" or two-spin cor relation ),II the t·ransverSf' 
polarizatioll iu [\'j,3 H and llt~ longitudinal polarization in K L ~ l'I-,. ~3 The pre<lict.ious 
frulll \'ariou~ models are presented in Table 8. Those prediction depend very much on 
the details of the mo<lel8 which are givt"n in the appropriate references. 

TABLE 8. Prl"<lictiolls for various CP violatiug processes. 

[\' L -+ 1f'UI/I/ 1\'+ -+ 7I"ujill 

PT 

[\'+ -+ 71"+11+/1­

Pl 

[\'L -+ I'I' 
PL 

Stal\(lard 

Cltargf'cl Higgs 
f..lult.i-Higgs 
Left,-Right 

SllSY Ell 
Lt'pt.O(IUark 
Rt>fereJlce 

.02 ­ .S x to- 1O 

.02 ­ 1.6 x 10- 10 

-
-
st 
l:l 

10-11 

8 x 10-3 

small 
small 
large 

.:12 

1. ­ :j.!) x 10 . ~ 

1 - i X lO-l 

-
8 x 1O-~ 

10-3 

large 

21 

<!) X 10-"\ 

small 
1 x 1O-~ 
2 x 1O-~ 
i x 1O-~ 

small 
4:J 

As all example. consiuer a model \\'ith a leptoquark that t,rausforms as ¢I = 
(:1.2. i;:1) lIuder the 8tandard S'U( :1)XS'l'(2).\'l'( 1) symmetry. The Lagrangian COIl­
taiuiug the Yukawa couplings has the form 

C = (AI(jL eR+ A~llLLd¢1 + h.c. 	 (21) 

whf'l'e t.ht' coefficients A are in general complex and the CP violation arises from this 
phase in addition to tht" CKM phase. Note that even with real coefficicnts such a 
It'pt.oquark could show up in PdA'+ -+ 7I"+II+I,-).l5 Taking into account the present 
('QlIstraiut.s on CP conserving flavour-changing or flavour-couserving processes wt" can 
collclude that for this particular mood, the present bounds can bt' evaded and very 
large polarizations could occur. This is not a gelleral featurt" of leptoquark 1II0deis aucl 
tltf' predictions have to be studie<l case by case. Nevertheless some general sta.telllt"uts 
can he made. One can show that ill h'+ -+ 71'+/'+/'- ' the two-spin ('orrelat.ioll which 
collies from t,he interference bt'twt't'n the ollt'-phot.OIl diagram with charm and tilP z­
pl"'uguin ami \V-box diagram!! with topH can lit' large ouly in modt'\s wit h t'lft'rI i\'t' 
scalar iut.erart.ious. This is true abo for t.he transverse polarizat.iolJ iu h'/, :1 \\'111"'1"1' 0111' 

call ea.'!il\' slto\\" t.ltat it has to I>t> t'xtrelllt"lv small in Illodels witlt f.'rTt'di, ·e \ . or .-\ 
illt('n\(: t.i~lIs such as the SM or Left-Right lll~dels.4r. 

5. Conclusion 

To l'f'rfol'l11 prf'c i~e tf's t·s of t.he stlludll l"li lIlodel and t.o probe u t'W i>hy~ic~ mol'f' 
prt'ci:st' IIlt:'a.'Hlrt.'IlIf'llts of rart' I, and B decays art:' essential. As in allY loop proCf'SS 1.lw 
sourn ' of I\t'w physics will llot be eas ily detf' rlll int'd f'specially if 110 lllea~urt.'IlII~ lIt ahow 
the st.andard modellevd is obse rved . HOl\'ever combining results of mauy <It-cays 1\'01l1d 
1)1' very lI!:leful since val'iou::! models of new physics have different effects on ral'f' decays. 
( ~..rI.ai nly t lterf' is the po::!sibility of large euhancementll fro lll Bt'yond t.he Stan<lal"ll 
Model t>!ipecially ill rare B decays. Nt'IV sourCt's of CP violation could possihly show up 
iu polarizat.ion llIf'aslll"t'ment.1! so efforts to lIlake these should be pUl':!lIe<1 St'riollsly. 

I thank C.Q. Geng, D. Loudon and P. Turcotte for useful discllssions. I furt ht'r 
t.hallk P..l'mcoHe for his hel p in producing most, of t.he figures . This work I\'al'! ~upt>OI' t,t.'d 
iu I,ad, by the Natural Scieuce and Engiut't'l'ing Research Coullcil of Canada. 
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