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ABSTRACT

In the standard theory we discuss a mechanism of
interference between two different tree-level charged
current amplitudes to induce CP violation. The asym-
metry between conjugate Cabibbo disfavoured modes of
charged bottom meson decays is considered, Estimates
for two-body decays of Bu and Bc are presented.
We find that B; + D7 + D:, for instance, can give
a big CP asymmetry with values "1=50%, depending

on the angle and phase parameters.

Permanent address : Department of Theoretical
Physics, University of Valencia, Spain.

Permanent address : Department of Physics, Uni-
versity of Bergen, Norway.

Ref.TH.2925~CERN
19 August 1980



1. - INTRODUCTION

Ever since the discovery ) of CP viclation in 1964, the effect has only

been seen 2) in the K°-k° system and its origin is not understoed. At present,

3)

the most attractive model of CP violation 1s that of Kobayashi-Maskawa {hereafter

dencted by KM) where the existence of three families of quarks allows the presence
of a CP violating phase in the charged current sector, together with three Cabibbo-

like rotation angles. With the prejudice that all rotation angles should be small,

4) of the KM model for the K°-g° system are rather similar to

those of the superweak model 5). A small departure from the superweak prediction

65)

the predictions

€' = 0 ig, however, anticipated and one hopes that the precision experiment

now in progress at Fermilab will provide a test of the KM model.

In connection with heavy quarks, a great deal of theoretical effort

M on studying the CP properties of the B°-F° system. In view

has been spent
of the great importance of understanding the origin of CP violation one would like
to study situations in which the effect may exhibit itself directly in a transition.
Therefore, in this paper, we address ourselves to the question of CP vioclation in
the decay of charged bottom mesons. A particularly clean signature of CP violation

would be &)

the demonstration of inequality of the decay rate or branching ratio
for any decay process and the ceorresponding quantity for its charge-conjugated pro-
cess. The guestion is whether cne expects such a difference and if so at what level

in the standard theory,

We show that Cabibbo-disfavoured modes of B meson decays may present
big CP asymmetries, as a conseguence of having two interfering amplitudes of si-
milar strength with different weak interaction phases, In Section 2, general
considerations about CP effects in the standard theory are made, It appears that
tree-level CP violating amplitudes are only possible from heavy quark systems, and
the pieces of the weak Hamiltonian responsible for the transitions are given.
Section 3 explores the effect in some two~body decays of Bu and BC pseudc-
scalar mesons, using a constituent quark medel for the mescn form factors. The
estimates are given in Section 4, as a function of the KM parameters, for
B; + D7 o+ Dg and B; > T+ 50. Section 5 summarizes the main points and presents

gome conclusicns,



2. = CP ASYMMETRIES

*

A4 glance at the KM matrix tells us that the dominant transitions ) for

B mesons are from the b + ¢ vertex for which the imaginary part of the transition
coupling constant is, a priori, as important as the real part. Thus one may wonder

why CP violaticn in B decays is not enormous. There are, however, two points.

The first point is that an over-all phase is not what matters but rela-
tive phases between two {or more) amplitudes contributing to the same process. As
all other interactions, strong, electromagnetic and neutral currents, are flavour-
conserving, the only possibility to build up a relative pthase is to have interfe-
rence with another charged current flavour changing amplitude, This implies that,
for weak interactions operating tc the lowest order and at the tree level, one will
have CP violating effects mostly in the Cabibbc suppressed decays and not in the
allowed decays. This is similar to what happens in atomic and nuclear physics
where one looks for parity violating effects in "forbidden® transitions. If instead
one starts with a Cabibbo allowed decay then the corresponding CP violating amplitu-
de is doubly forbidden as compared to the allowed che. S0 we study the inferference
between two different free-level weak interaction amplitudes. A different mechanism
proposed 9] involves strong radiative corrections to a loop giving flavour changing

neutral currents,

The second point is that even if two interfering weak interaction ampli-
tudes have different phases the rate for a process and its charge conjugated process
will be equal by CPT as long as the weak transition matrix is hermitian (i.e., lo-

west order) and the strong interactions are neglected, viz.,
. = -
CEUT iy = <SS 1Ty -

where I' is the antiparticle of i with its spin reversed. In fact, in order to
get CP viclation in the rates it is ngcessary to have at least two interfering am-
plitudes with different weak interaction as well as different strong interaction

phases. By writing the T matrix as

T T e e e e e o e e e e o e e o T L e e e o o e e o o il o o o e 7 Bt . . e e e e e o e . e e o T B A e P e e

We refer to b+ ¢ transition as Cabibbo allowed because it is the dominant
mode. The Cabibbo suppressed modes, in this terminology, are those amplitudes
which are propertional to additional factors of sines.
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where £y are the wealk couplings, we have

<§l’ri;>: %‘ M‘ esD{J + gz M‘z ebdz
- o, P
¢ gl | T | b > = ?_T ﬁ41 4 + g:z P42: e , P4; = h4:(

where the oy are the strong interaction phases. Then the difference in the rates

for 1+ f ana I+ T is given by
V ;(oi‘—b() ¥ - N
P -r ~ We{(%fgz-‘g‘%:)e ’-}NI"’I(‘Q.%Z)SN(% 0{2)

We shall now proceed with estimation of the expected CP effects for the
two-body decays of B, and B_ mesons [E; = (bu), B: = (bu), etc.] taking the
weak interactions at the tree level and assuming that the strong interacticns are
adequately described in terms of form factors. The transitions we have in mind

are

ba—“ — (?-2 ?‘4-4) ("L ?_2:1) > ‘-’}4?/‘12

(3

which, according to the conventional wisdom, take place via two separate mechanisms,
the decay (W radiation) diagram {4} and the annihilation diagram (a) as depicted
in Fig. 1. In reaction (3], qj denctes a charge % quark, u or c¢. The condi-
tion a4y Z Qs is necessary in order to get different wezk interaction phases in

the two amplitudes.

The piece of the weak Hamiltonian responsible for reaction (3) is given
by

e S ) (Fabd) + Ky (Tpup) (k)| e
K, = - S4C1[C1C253‘f5LC3 8;5]
K, = S¢ ¢ Sg e

where we have suppressed the V-A structure of the currents and used the common
notation 5; = sin@i, ST cosei 1§ is the CP phase. Comparing with the diagrams

in Fig. 1, one sees that for Bu decays the first term in Hw is responsible for



the direct (radiation) amplitude and the second fLerm for the annihilation process
and vice versa, for the BC decays. HNcte that the diagrams in Fig. 1 correspond

te the vacuum insertion in the current-current product above.

3. - TWO-BODY DECAYS

We now explore CP effects in some two-body decays of Bu and BC pseudo-

scalar mesons which can proceed through both mechanisms,

- - *#
i) B, = D7 + D
ii) B. -~» T  + Dg
- -4+ DX (5)
1ii) B, — T+ D, 5
A& fourth process
iv) B ;T - D+ D o

proceeds only through the direct diagram and thus should show no CP violation if

the vacuum insertion is a good approximation.

For the process i) the transition matrix element is of the form

{b'D:le]8;>=%§ (?‘B'?*){K{ Xn)"‘ sz(ﬂ} (6)

u
g
Dz. The first term in (6) is due to the direct amplitude and the second one is

where is the four-momentum of Bu and 5“ is the polarization vector of

the contribution of the annihilation mechanism. Furthermore,

(94.7%) X DAY eloy <D ITYF Y bl BL)

(25-7%) x@ = <D DI ld yuyoulo><o] wyFy. b18BL

{7
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For the processes 11) and 1ii) we have similarly

= - ¢ (4 (2)
¢ ZDoli-lwch):V_%{sz A

{ Ke 29 4 K, Zmé (9)

=P

cw- DNIH, Bl Y=
wheore

yO L a1 d Y s wlor< Do & Y b8

YR ca B Ay, elo> <ol €yt s blBDyg

Finally Z(l) are obtained from X(l) by interchanging u=< ¢ and o< ¢ in
)

)
Eq. (7). Note that the matrix elemenits appesaring in X(l), Y(l’ and Z(l are
all directly measurable (at least in principle) in leptonic and semileptonic
decays. In X(e), Y(2) and 2(2), however, the first factor is not directly

accessible.

In order to give a theoretical estimate we need to know three types of
matrix elements : axial current between pseudoscalar and vacuuam, vector current
between twe pseudoscalars, and axial current between a pseudoscalar and a vector

particle. The general form of these matrix elements is given by

CP(a)lALl0> = fp a,

<P, (%z) l\/ﬂ IP.{ ('1-:)> Fa (% + 32)/,,, + F (?4"?2)/4

$1

4 \/(‘;z) | A/‘ [P(.)) 3 V[F.c Auv +F, %ﬁ%v +F3 az/x ?;}vj

{11

0)

We use a mass breaking formula ! for [, with fﬂ = 0.13 GeV which leads to

fD = 0.22 GeV, fBU = 0.36 GeV¥, and ch E Q.41 GeV. For the two-body matrix ele-
ments of the current, we make a naive constituent quark model estimate with factor-
ized Flavour-spin and space-wave functions. The form factors F((ql-qz)a) then
invoive the characteristics of the quarks participating in the weak dynamics and

the detailed momentum distribution provided by the meson wave functions. Since
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the meson wave fuanctions are not known we follow obher authors 11) and assume that
the spatizl wave functions for the initial and final mesons arc the same. These

inputs allow us to determine the normalization at q2 = (ql-q2)2 = 0 and the rela-

Live q2 dependence of the form factors. We find

M, - M
Fo(a*) =~ A2 F (a2 Fyo (o) = A
_%) MJ-#MZ +c¥) 7 + )

Fz(ﬁz):o » F (q)

r;(‘#z) , F(0) = M+ M,
(M, +M, )2 -

(12)

A difference between cur results and earlier ones 10) is that we have kept the q2

dependence of F3/F which follows from the model. Inscrting (12) into the

1 : .
expressions for X(i), Y(l) and Z(l), i=1,2, we find
&
: D (Mgw-bm l) A 2
v) ){( = ‘g';p -ZM 2: Fa[ (?2‘—' M,p“)
(MB +MD*) - D-
&
) Moo+ M ~ A 2
X(z . )Cgu_ -ZM (My- + D;) i'q, (cf; MB.&)

(M *Mb;‘)b* Maﬁ

Wy M5= P [, +Mpe) - mE] £ (372 wad)

6 +Mp°

Ve fa, meMe [l eyt Mg ] FY (972 M4
¢ ", *MD

A
LI.IL) ZU): gﬂ 2 Mbaﬁ F—d. (gz; M:)

{ Mooe}? _ A
Zz): §3c 2 M}o* (my + 2*’) £ ($Z=M82;)
('Mn‘f‘ MD“‘) - (13)

UL SR a8 LI BRI G0OR B L e A 8 LU RE R  eme s man  pe  be s e e 0 e b e e
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Here FV and FA are the vector and axial form factors appearing in (12) but
normalized to unity. The subscripts d and a denote the direct and the anni-
hilation mechanisms. The general structure of the amplitudes in (13) is as
expected on generzl grounds, in particular the appearance of the sum of the masses
for 07 > 07 + 17 and the difference of the masses for O =+ 0 + 0 . Note,

however, that the dependence on M is vastly different for the annihilation

"siB
(2) (2) 2)

contribution Y than for X or This is simply due to the speci-

fic q2 dependence of FB/Fl in (12} whereas F_/F+fv constant 1s responsible

el
for similar q2 dependence of the coefficlents in Y1) ang Y(“).

4. - RESULTS

Inserting the values of masses and (P =z w, D and B} we find

P

(M) X e 02 Pl M) M) XD o053 FLegr: Me2)

i) '
9( -4.69 Fd (ﬁz:m:) ,

J v .
Y= 12.36 F, (3% M,")

(L MD‘)" Z(l): 0. 413 F:(az - M]’% , (a?; MD:)-JECZ):_ 0’05-5' r:(gz___ Msi)

{(14)

in appropriate GeV units. We have taken MBu = 5.02 GeV and MBC = 6.25 GeV.
Remembering that we must take the interference between the decay and annihilation
contributions, we expect larger CP violating effects for processes 1) and iil.
Furthermore the time-like form factor Fa(qg) is probably larger at q2 = Mgu

than at M%c‘ Therefore, we give the explicit formulae for the first two cases

(z)¥

3 Foo(=
i} B D +'D

u o]

Here the relative difference between the conjugate decay modes, a

manifestation of CP violation is given in our mechanism by the CP asymmetry

parameter
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* -4
+cfsj‘ IX( )’a--&c,czss (c,cz S5 +31C3Cé) Re [Xu)xcz)rj

2
S55= sim S , Cg % cos &

{15}
and X(l) are given in Eg. (14). The numerical value of the asymmetry depends
on the parameters of the KM matrix as well as the form factors FQ and Fi at
q2 = M%U which are all empirically unknown. We put the bottom charm form factor
Fﬁ(qE:Mg—) equal to unity. The guantity Fg, which is an axial isovector

charm-charm form factor is much more model-dependent. We shall estimate it in
two rather orthogonal ways as follows.
121%) = % . . + - .
Above 4 GeV, some knowledge of DD production in e e , domi-

nated by Y type vector isoscalar resonances, is available. If there were

a breoad strong axial resonance at those snergles, its effects would

e

%%u. Such a resonance with M 4.2 GeVo oand
o]
FA 300 MeV would at q2 = (5.02 GeV)2 give Fi(qL:Mgu) = =2.3 + i{0.38).

Note that in this case the annihilation contribution can in fact be larger than

still be noticeable at q2

=

the direct one. Putting Cl = C2 = C3 =1, we find that the asymmetry is a

function of the ratio A = 82/83

the asymmetry in Fig. 2, as a function of A, for several values of &. The

and, of course, the phase &. Ue have plotted

asymmetlry is appreciable. For example, an asymmetry of about 30% would mean
I~ 2P+, i.e., an appreciable difference in the partial branching ratics,
B ot L iplx

u o]

If" there are no resonances with the adequate quantum numbers we rely
on perturbative QCD, neglect the mass effects and estimate the form factor

following the procedure for the calculation 13)

of the pion form factor. In
this case the absorptive part is much smallier (aboubt 1%) and the asymmetry is

given by

*
) We wish to thank Dr. R.H. Schindler for a very useful discussion on charm
production.
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AT s B0 o (2.2%) R(X,S) (16)

P o+t
rg()ré);_'z‘_)‘_fi , 3 = S2 (17)
TP DY S3

R, S§) = R, S) (18)

Here the 2.2% is simply 2.21mFi(q2=M% ). We have plotted the function R(X,d)
u

in Fig. 3 for A < 1l. For X > 1 one may siuply use the relation {(18). Note
that in this case the annihilation contribution, being smaller than the direct
one, has been neglected in the sum of the rates. For large values of & the

asymmetry is typically at the level of several per cent, again T~ > rt.

The above results may be converted into the corresponding branching

ratios using the CPT result F(B; + all) = T(BG > all). An estimate for each
individual partial rate can be obtained from the corresponding two-body Cabibbe
allowed mode B; + F o+ D: which is expected 10) (4 pe several per cent of the
total rate. The ratio of interest is

r{(s. >+ D)

w ° 2
- - “
r(su. - F +:Do) t19)

where 5 is the Cabibbo angle. The exact expression for ‘the ratio (19) is

rather complicated and involves the parameters cof the KM matrix, etc.

(2}

i1) B;+TF+DO

The CP asymmetry parameter in this case is obtainable from the invariant

(1) and Y(Z) in Eq. (14). The annihilation wD form factor now

amplitudes Y

enters at Mg which iz far above the expected resonances with charm guantum
c

numbers. Therefore we neglect the annihilation contribution in the sum of the

rates and find

AT TP o iaass[ee Im RO aMe)] , Az 2
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The branching ratioc as compared to thea correspending two-body mode B + 7 + n
. - C
1s given by )

F(Bc—'” T DO) ~ slz
- - 2
P8 — "+ ve) 1427+ 22¢s
where the D° - N, mass difference has been naglected.

We note that the CP asymmetry depends on quite different combinations
of the KM parameters in the fwo processes i) and ii). Here the effect (20} is
linear in % and in sin 8§, in contrast with those shown in Figs. 2 and 3 for

the case i). The crder of magnitude of the affect is proportional to the absorp-

. v 2 2
tive vector form factor Fa at q = MBC. It is plausible that since one is far

above the relevant resonance region with charm quantum number, the asymptotic
. 13 .
form factor predicted ) by QCD should give a reasonable sstimate. We apply it

. v, 2 2 -3 . .
and find Im Fa(q = MBC) % 5x10 7. Insertion into Eq. (20) yields

12

c? .t
A 2D 5(?..&)55"/0 (1)

C "+t S3

5. - CONCLUSIONS

To summarize, we have shown that for charged bottom mescn decays, CP
viclation is induced through a mechanism cof interference between two different
tree=level charged current amplitudes. They correspond to the direct (decay) b
guark diagram and the annihilation diagram. The vertices asscciated with them
provide a relative observable phase within the scheme of the standard electroweak
thecory with three families of guarks. It is thus predicted that direct CP viola-
tion in the transition matrix of bottom particles is present. The Cabibboc disfa-
voured modes enhance the CP violating asymmetry, which can be maximal at the level
of the couplings. The asymmetry in the rates of conjugate decay processes has
been considered and applied to two-bedy decays of Bu and BC mesons. A real-
istic calculaticn of the effects depends on dynamics of non-leptonic interactions
which are not well known. With a model-dependent calculation of the weak hadronic
vertices, inserting the vacuum into the current-current product, we find that the

process B; + D7 o+ Dg is promising for the effects discussed here. The results
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are given in Figs. 2 and 3 [?q. (16[[, for two orthogonal views of the annihila-
tion axial form factor, as a function of the KM angles and phase parameters. The
effect ranges from a few per cent to very big values 50%. For BZ > T+ 50 the
annihilation contribution is expected to be small, so the CP effect (20) is pro-
bably at most several per cent. These estimates suggest that there could be an
important direct CP violation in B decays. If observed, it will provide an
essential clue to the understanding of the origin of CP violaton. The extension
of the mechanism discussed in this paper to semi-inclusive decays of the B mesons

will be treated separately.
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FIGURE CAPTIONS

- Fipure 1

Direct decay (d) and annihilation (a} diagrams for {bﬁl) - (dag)(qqql).
CP asymmelry between the conjugate decay rates for B; > D7 o+ D:, as
function of X = 52/53, for different values of the phase §. An
annihilation axial form factor dominated by a strong resonance has
been assumed (see the text).

The function R{} = s./5,),8) defined in Bg. (17), relevant for the
CP asymmetry of B; - D7 o+ Di in the case of a small annihilation

form factor.
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Fig. 3




	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17

