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We stud} the ('P asymmet~ Z (). ,d,d,, d,d, in the context of models with an extra heavy vector-like singlet D quark. We show 
that values for the asymmet~' much larger than the standard model predictions can be obtained and possibly checked at LEP with 
upgraded luminosity or next future high energy collidcrs. 

Recently much theoretical effort has been devoted 
to understand the origin and mechanism of CP vio- 
lation. From the experimental point of view the ex- 
periments NA31 at CERN, and E731 at Fermilab, 
have not yet given an i l luminating result on the K ')- 
K" system - the only one where C P  violation has bccn 

detected up to now. 
Looking for C I '  effects out of the K° -K  '' system - 

maybe in the B°-13 ° system, with data from B-facto- 
ries, or through experiences at LEP or other high en- 
ergy machines - is becoming crucial to check the 
standard model (SM).  Predictions of models be- 
yond the standard one must then be compared with 
data in order to search for new sources of ( T  

violation. 

In this work we will study (7 '  violation at the Z ° 
peak, looking at its flavour changing neutral current 
(FCNC)  decay products Z" ,d,d,. 

In the standard model (SM),  due to GIM mecha- 
nism, this kind of processes arc forbidden at tree level, 
so that looking for ( ' P  violation in FCNC channels 

[ 1,2] turns out to bc a doubly suppressed observa- 
ble ~. From the diagrammatic point of view, one can 
get a CP violating observable in these processes, from 

~ Nevertheless. from the experimental point of'.'iew, sometimes 
it is better to start with a rare process to look for tiny effects. 

the interference of two one-loop amplitudes. Conse- 
quently the effect will bc suppressed by o~ 2, by the 
usual GIM factors and by the necessary and suffi- 
cient condit ions (NSCs) to have CP violation oper- 
ating in this process [ 1,3 ], in our case the NSCs im- 
ply the presence of a complex phase, some angles and 

the non degeneracy of the masses of any pair of up- 
type quarks. Thus, in the SM, the effects are outra- 
geously small. 

One possibility to increase the effect is to intro- 
duce FCNC at tree level. This can be implemented in 
several ways. but specially interesting are those 

models that can be viewed as an effective low energy 
limit ofa supersymmctric or string unification model. 
Following this suggestion one can add, for instance, 
extra doublets of Higgs, as suggested by supersym- 
metric SM models, but fermions tend to couple pro- 
portional to their masses and this could end up in a 
big suppression. Another possibility - naturally real- 
ized in E,, and string extended models - is to extend 
the fermion sector. Obviously. in any case, one has to 

put severe restrictions on the tree level FCNC cou- 
plings according to present experimental data. 

In this letter we follow the last strategy. We will ac- 
commodate a new heavy vector-like SU(2 )L singlet 
in the quark sector, in addition to the minimal  con- 
tent of fermions of the SM. Left and right-handed 
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components  of  vector-like fermions transform in the 
same way under the S U ( 2 h ® U ( I )  gauge group of  
the theory,, so Dirac mass terms are allowed and their 
corresponding masses are basically unbounded. 

Models with vector-like fermions have been pro- 
fusely studied [4] and it has been shown that, in ad- 
dition, they can introduce new CP phases [ 5 ] asso- 
ciated with the extra fermions. These new CP phases 
and FCNC - also present in the model - are usually 
suppressed by factors of  order m / 3 L  being m the scale 
of  the standard fermions and M the mass of  the new 
vector-like fermion, in such a way that predictions of  
the model do not upset present experimental data but 
they can still leave place for effects of  "'new physics" 
at present e+e - collider energies. 

We will concentrate on models with an extra vec- 
tor-like singlet D-quark with quantum number  of  a 
d-type quark. From the phenomenological point of  
view. one of  the most economical ansatz for the 
structure of  the mass matrix in such models was pro- 
posed in ref. [6 ]. The simple assumption that, in ab- 
sence of  mixing with the new D-quark, the mass ei- 
genstates of  the three standard quark generations must 
coincide with the electroweak ones, has turned out to 
be quite attractive, leading to very interesting phe- 
nomenological predictions both at high and low ener- 
gies (inversion o f  the empirical regularity m,>mb.  
m,.> ms for the u and d quarks and new structure o f  
the mixing matrix for light quarks, among others). 

Nevertheless we will study the most general model 
where one extra vector-like singlet D-quark has been 
added to the SM. Without loss of  generality [ 5 ], up 
and down quark mass matrices (M,, and M,~) can be 
chosen as 

dr DR 
o o , , , ,  / 

0 ,nl ~, m',] 
/5,.\ 0 0 0 .V ] 

where M is the mass of  the heavy D quark, nli give 
the mixing with the light quarks; and M, is a general 
complex 3X3  matrix Mu= (nl,,) ( i , j =  1 ,2 .3 ) .  

Diagonalization can be then carried out in two 
steps: 
- Using standard procedures we first diagonalize the 
3 × 3  Mo matrix. As in the SM. one of  the matrices 

needed to put Mu in a diagonal form will be the usual 
Cabibbo-Kobayashi -Maskawa matrix (CKM) , ,  
present in the charged current sector of  the SM 
lagrangian. 
- Next, diagonalization of  the 4 X 4  Md mass matrix 
(1) is performed perturbatively (in powers of  
m~/M<< 1 ) assuming that m~ terms - which break 
SU (2) - must be suppressed with respect to the mass 
;14 of the singlet D-quark. In this way, only mass ra- 
tios appear in the expressions and agreement with 
present data can be obtained for a wide range of  scales 
i n ( l ) .  

Applying the described procedure, the relevant 
pieces o f  the light sector of  the lagrangian are 

• ~/'= g ~~',7 a, ,,,"d,, ~;, +b.c. 

g Z t , ( l iL ,  "/'t•llL, - -  Bt ,  d 1 , } "dr . ,  
+ 2 cos 0,, 

• ,i t l  - 2 sin-0,, J ....... ) . (9)  

The mixing matrix I~, ( i , y= 1, 2, 3). which is no 
longer unitary, is given by 

3 

V,,= ~ (CKM),~U~,,  (3) 

with (~j being the 3 X 3 sector of  the 4 X 4 unitaD' ma- 
trix U, which diagonalizes Md (D(d i agona l )=  
UMaU'*). The standard phenomenology involving 
charged currents can be immediately reproduced by 
the model just noticing that the 3 X 3 sector of  the U 
matrix is diagonal up to first order in powers of  
( m ; I M )  [5]:  

L.~j=fik,+O(m'~m;*/M 2) ( L j = I , 2 . 3 ) .  

The FCNC couplings B,  ( i # j )  arc also given as a 
function of  the same diagonalizing matrix as 

B,, = d , , -  U,4 (.'74 • (4) 

with L.',a = - m ;/ M, and satisfy 

( t * ~ ' ) ,  = / L .  (5) 

FCNC B,, couplings have been constrained com- 
bining data on K°-IT, °, B°-l[3 ° systems, ..., for a wide 
n/t range, and following different strategies [ 7 ]. Here 
we address the problem of  CP violation in the way of  
ref. [ 8 ]: the bounds on the B,, couplings are obtained 
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requiring that their contribution to FCNC processes 
is not larger than the experimental values. Then, us- 
ing the most recent results from UA1 [9] and BNL ~2 
and taking into account the bounds on mixing angles, 
one can get the following results [ 11 ]: 

[Bd~I~<2.3XI0 -4, IBdb l~< l .8x l0  -3 ,  

[B~bl ~< 1.8× 10 -3 (6) 

Let us consider the process Z°--.d,d, with i#j .  In 
the minimal SM one has to compute ten one-loop 
diagrams (in the 't  Hoof t -Feynman  gauge) [1,12] 
as responsible for the flavour-changing decay of  the 
Z °. From this calculation, the values o f  the BRs for 
the different channels are 

BR (sM) (Z°~d~)  ~ (0 .2-4)  × 10-12 

BR(SM) (Z°--,bcl) ~ (0.8-18 ) X I0 -  l(), 

BR (sM) (Z°~bg)  ~ (0 .2-4)  × 10 -8 (7) 

for m, in the range [90, 210] GeV [ 13]. 
In the model (2),  the decay is allowed at tree level 

- duc to the FCNC term &, (fig. la)  - and the width 
due to this term can be then immediately calculated 
from (6):  

Z 0 .d, 

a) 
,Z, 

b~ 

d, 
_Z ° 

- v < d ~  

c) d, 

el 
Fig. 1. Diagrams contributing to Z"-,d,d,. The diagram la rep- 
resents the tree level contribution. 

BR(°) (Z°--*dg)~ 1.0X I0 -~ . 

BR(O)(ZO~ba) ~< 6.2 X 10 -7 , 

BR(°) (Z°- ,bg)  ~<6.2X 10 -7 . (8) 

We see therefore that present data are still compat- 
ible with the assumption that flavour-changing decay 
of  the Z ° to d-type quarks can be dominated by tree 
level FCNC. 

Going back to the CP problem, we know that to get 
a non-zero value for CP asymmetry', 

F( Z °--, d, d, ) - F( Z °-- • d, dj ) 
a,~,P= V(ZO._,d,~l, ) +V(Z0__,a,d, ) , (9) 

one has to compute the Z ° flavour-changing decay, at 
one-loop (at least) in perturbation theory, in order 
to get an absorptive piece. In this way, the CP non- 
conserving effects will arise from the interference of  
amplitudes with different weak phases and absorp- 
tive parts. 

,2 The BNL E-791 experiment reports the following rare Kt_ de- 
cay result: BR(KL-, lala) = (7.0 ± 0.82) × 10 -') [10]. 

In our case, the diagrams we have to consider are 
shown in fig. 1. Contrary to the SM case we have a 
tree diagram (fig. I a ) and a huge amount  o fone  loop 
diagrams: fig. lb represents all possible one loop dia- 
grams with an internal W interchanged in all possible 
ways, the same happens for figs. lc, ld and le inter- 
changing the role of  the W by Z, ~, and H respectively. 
In the limit that the mass of  the vector-like quarks go 
to infinity, the new D-quark decouples [14] and we 
get the standard model, In fig. 1 this decoupling is 
realized in thc following way: in the limit M - - , ~  all 
flavour changing neutral vertices go to zero, so dia- 
grams la, lc, ld and le vanishes at the same time 
that diagram lb reduces to the wellknown SM 
contribution. 

In order to explain our calculation let us fix the or- 
der o f  magnitude of  all the diagrams. Looking at eqs. 
(7) and (8) it is clear that diagram I a will dominate 
at least over the SM contribution in diagram lb. 
Therefore. provided we have appropriate weak phases 
we will get an asymmetry from the interference of  a 
tree level with a one loop diagram, contrary to the 
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SM where the CP asymmet ry  is obta ined from the 
interference of  two one loop ampli tudes.  So the (7 '  
asymmetry  at leading order  in c~ will arise from the 
interference of  diagram l a with the other  diagrams. 
The weak phase of  la is given by B, and it is obvious 
that diagram lc has a weak phase Bvee, so interfer- 
ence of  l a with I c gives zero contr ibut ion  to a~r .  The 
same happens with d iagram ld being of  order  
B,,ee[ I + O (  [/--'4al") ]. Finally, d iagram le is gauge 
independent  due to Higgs mass presence and model  
dependent  ( we need to specify the Higgs sector of the 
theory ). In addit ion,  with one Higgs doublet,  the weak 
phase comes from the Higgs f lavour changing cou- 
pling propor t ional  to B,j and consequently does not 
contr ibute  to the CPasymmet ry .  In conclusion, in or- 
der to calculate (9)  we can start including in the am- 
pl i tude just figs. la and lb, nevertheless it must  be 
stressed that this ampli tude is not gauge invariant and 
even worse not finite, but we are interested not in the 
ampl i tude  itself but in the ( 'P violating interference 

<" is fi- and as we will show later on, the result for a,  
nitc and gauge invariant .  

Keeping these remarks  in mind,  the decay ampli-  
tude can be written now as the sum of  two terms: 

T (Z"  - , d , a , ) -  T,, = T 2 "  + I I )  ' ( 10 )  

The first one is the tree level contr ibut ion,  

T l f ' -  - g B, ,g t (p , )y ' l .v (p , )Gip)  ( 11 ) 
2 cos 0~ • ' 

with L =  ~(1- ; '5 ) .  
The second one takes into account all d iagrams in- 

cluded in fig. lb. So diagrams contr ibut ing to this 
piece are topologically equivalent  to the SM one-loop 
diagrams. In the limit of  zero external masses, it re- 
duces [ I ] to an effective V-A vertex: 

T:, h' _ g 2 cos 0,, ' I "a(P ' ) ; ' "Lv(p ' )c ' (P)  " ( 12 ) 

with 

c~ ~ g-" (13)  A, ,=  ~ Z )-,~,l(-'-k) and oe--- 4 ~ '  
J , = l  

In the previous formula ).,~, -= I 'L I~,. I',, being the 
3 × 3  mixing matr ix (2)  and . r ,=  (mk/31~)'-. The in- 
dex k identifies the up quark running into the loops 
in fig. lb  and l(x~ ) is the flavour-changing form fac- 

tor arising from the sum of  all d iagrams included in 
fig. lb. 

As we have previously explained the diagrams in- 
cluded in fig. I b are the same as in the SM. the only 
difference in the calculation is that, in our model. 
GIM cancellat ion ( ~ =  ~ "~ " z , - < ) , , )  does not operate.  
Instead wc have 

3 

E ).,~, --- B,,. (14)  

due to the unitari ty of  the complete  4 × 4  (',,/s matrix.  
Therefore. we can put 

O~ 3 

< =  ;.t,/c,,/ 

- ~ ( B , + ( O ) +  ~...,~" 2,~,F(x~)) .  (15 

where we have set m, =m:=(I .  and 

k'(.v,) = l ( x , )  - l ( O )  . ( 16 

are the finite and gauge invariant  (for Z ° on shell 
form factors of  the SM [ 1 ]. 

From eq. ( 15 ) we get the following result: the sec- 
ond term on the RHS is the SM result up to minor  
changes in the matrix elements that we will neglect. 
The first one on the RHS is the new contribution,  that 
is divergent and gauge dependent ,  as it should, be- 
cause it is proport ional  to B,, as d iagrams lc and ld  
that have been disregarded. Being this dangerous 
piece propor t ional  to B, it will not contr ibute  to the 
a symmeto '  and also this part of A,  can be neglected 
as diagrams I c and I d. 

Finally. we must say that diagrams coming from 
renormal izat ion counter terms will not contr ibute to 
the asymmet ry  because they do not have absorpt ive 
parts. So we arrive, as we promised,  to the following 
finite and gauge invariant  expression for the 

asymmetry:  

, ( B J . . )  Im F(.v~) (17)  
a~/ "-- 2 4~ z I B, I -" +... 

In the denominator ,  the dots have been included 
to remind us that the calculation is valid provided 
the FCNC trec level contr ibut ion is bigger than the 
one loop SM one. From ( 17 ) we see that we only need 
the absorpt ive part of  the form factor. This will no- 
tably simplify the calculation, in part icular  in the 
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Feynman- ' t  Hooft gauge we have only the two dia- 
grams of  fig. 2. We found 

l m / ( x )  : 2 z r  { [ a  (~  + l--sx ) 

, g__--4.;  

' [ (  s ) + -  a s + 2 ( I - x ) + ) x ~ - +  (1 r ) -  
S 

× , o g ( 2 ( l - x t + , - ,  
\ 2 (  1 - x )  + s+ x"~S--4 .~i /  ) O ( s - 4 x ) .  

( 1 8 )  

where 

a - ~ - ~ s i n 2 0 , , ,  b - s in :0 , , ,  s =  M~. 

For illustrative purposes we consider the sb chan- 
nel. Present data on the standard 3 × 3 mixing matrix 
V,, gives ,;.~;~ ~ I'~.~, ~- I I.'~ I and ).~ ~ I'~'~ ~ - I t't~ [ 
- 0 .044 .  In addition from eq. (18) we have 

lm F(x~.) = 8 . 1 X  l0 -4 for m~.= 1.5 G e V ,  

Im F(x,)  =0.73 f o r m ~ > ~ M z .  (19) 

so in the numerator of  eq. (17) we have F ( & )  
dominance. 

Not having any constraint on the relative phase of  
Bbs and A[,, we will take this relative phase -~ in order 
to show an upper bound of the  asymmetry. Note that 
in this case we can substitute the dots of  the denom- 

i 

Fig. 2. One loop Feynman diagrams contributing to the absorp- 
tive pan  of the amplitude Z c~ ,d,d, in the Feynman- ' t  Hoofl 
gauge. 

inator ofeq.  ( 17 ) by the SM contribution to .4~b, that 
we rename .4 ',b. that is also dominated by the top con- 
tribution ( I F ( x , ) I ~ 6 x I O  -4, l ~ l F ( x , ) l ~ 4  for 
9 0 6 m , ~ < 2 1 0 G e V [ 1 3 ] ) . S o u s i n g  

O~ 
I.l',b[ ' ~ I | '~ ,11F(x,) l ,  (20) 

we get our final result 

a (/, a 2 [ B~t, [ 
~b I <~ 4--n IB~b I'-+ I.lLb In IV,, Im F(x,)  I 

~ 1.8X10_4 IB~,I (21) 
[B~t, 12+ [.4'~b I 2 " 

The asymmetry (21 ) has its maximum value when 
],'l~,b [ ~ [ B,t, I as we would expect, decreasing when 
one of  the amplitudes becomes greater than the other 
one (remember that [B~t, [ ~< 1.8× 10 -3 and 1 × 10 -4 
~< 1+.12t, I ~<4× I0 -a ) .  If we assume that FCNC cou- 
pling dominates the width, we can reasonably accept 
I B+b[ m 1 × 10- 3 which gives a CP asymmetry: 

la~,J'l ~2X 10- '  (22) 

Finally, we would like to make a comment  about 
the numbers of  events needed in this case to get a sig- 
nal for the asymmeto' .  At lalevel  this is given by 

1 I 
'Vz - BR(Z"~sI~ ) 2a~, " (23) 

One can become convinced that if we have the inter- 
ference of  two amplitudes f ,  and.if, and one of  them 
(f,) is dominant,  the number N z is controlled by the 
intensity of  the suppressed amplitude .t'i since. 
essentially 

1 Lfi, I -~ 
Xz I.[i 12 BR " 

and BR ~c if, I -~. 
Now. considering that BR(Z'~--.bs) and l/a~h are 

proportional to I B~t,I :. one finds that the number of  
events is roughly independent of  the magnitude of  the 
FCNC coupling: 

4× 10: 
3,'z~ I l m l " ( & ) l "  7X107.  (24) 

Values fbr Nz of  this order can be not so far from the 
capabilities of  future e "e -  colliders or even from LEP, 
upgraded with higher luminosity. 
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In  c o n c l u s i o n ,  we h a v e  s h o w n  t h a t  w i t h  t h e  a d d i -  

t i o n  o f  v e c t o r - l i k e  f e r m i o n s  to  t h e  S M  o n e  c a n  get 

s p e c t a c u l a r  r e s u l t s  fo r  CP o b s e r v a b l e s .  In  p a r t i c u l a r ,  

a ~ '  c a n  b e  s e v e r a l  o r d e r s  o f  m a g n i t u d e  b i g g e r  t h a n  

in t h e  S M  m o d e l  [ 1,2 ]. N e e d l e s s  to  say  t h a t  t h c  d i s -  

c o v e r y  o f  f l a v o u r  c h a n g i n g  n e u t r a l  c u r r e n t s  a t  t h c  level  

o f e q .  ( 8 )  w o u l d  b c  t h e  m o s t  i m p o r t a n t  goa l  b u t  o u r  

r e su l t  in  eq.  ( 2 2 )  c l ea r ly  i n d i c a t e s  t h a t  it is w o r t h -  

w h i l e  a h a r d e r  s e a r c h  fo r  C P  v i o l a t i n g  c f f ec t s  in  t h e  

k i n d  o f  m o d e l s  h e r e  d i s c u s s e d .  

O n e  o f  us  ( J . R . )  is i n d e b t e d  to  t h e  S p a n i s h  M i n i s -  

t c r i o  d e  E d u c a c i 6 n  y C i e n c i a  f o r  a p o s t - d o c t o r a l  fel-  

l o w s h i p .  T h i s  w o r k  h a s  b e e n  s u p p o r t e d  in  p a r t  b y  CI -  

C Y T  u n d e r  G r a n t  N o .  A E N  9 1 - 0 0 4 0 .  
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