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Abstract

In the wake of exploringC P-violation in the decays oB and B, mesons, we perform the straightforward calculation of
their nonleptonic decay rates within a relativistic quark model. We confirm that the dB8gaysD; DO and B, — Dj DO are
well suited to extract the Cabibbo—Kobayashi—-Maskawa apdlerough the amplitude relations because their decay widths
are the same order of magnitude. In the sector the decayB — DK andB. — DD lead to squashed triangles which are
therefore not so useful to determine the anglexperimentally. We also determine the rates for other nonlept®sidecays
and compare our results with the results of other studies.
0 2003 Elsevier Science B.V. Open access under CC BY license.
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As was pointed out in [1] and [2,3] the deca§g — D; DO(DO) are well suited for an extraction of the CKM
angley through amplitude relations. These decays are better suited for the extractidhasi the similar decays
of the B, and B; mesons because the triangles in latter decays are very squashe®j.meson has been observed
by the CDF Collaboration [4] in the deca — J/vIv. One could expect around:610'° B, events per year at
LHC [5] which gives us hope to use tiB decay modes for the studyigP -violation.

In the case of thé. — D DO(E) decays the relevant amplitude relations can be written in the form [2]
V2A(Bf — D} DY) = A(Bf — D} D°) + A(BS — D} DY),

V2A(B; — Dy DY) = A(BZ — D; DY) + A(B; — D; DY), @)
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Fig. 1. Diagrams describing the decBy — Djs DO, Fig. 2. Diagrams describing the decBy — Dy DO,

where|D9r) = (|D% + |ﬁ))/«/§ is aC P-even eigenstate. The diagrams describing the deBays- D;FDO and
B} — D} DO are shown in Figs. 1 and 2, respectively. The color-enhanced amplitusig e$ D D° can be

seen to be proportional tUJbVCS ~ 0.0029 exfiy). At the same time the decay amplitude ®f — Djﬁ) is
proportional toV,,. Vs ~ 0.0088 but color-suppressed. Simple estimates made in [2] give

A(BY — Df DY)
A(B — D DY)

— . p-70
=|A(Bc > D DI h, @)

A(B; — D; DY

This implies that all sides of the amplitude triangles suggested in [2,6] have similar lengths as shown in Fig. 3.
It allows one to extract the magnitude of the weak CKM-phasieom the measurement of ther — DF +

(D%, DO, D9r) decay widths. The method [6] of the extractiomyofrom Eq. (1) is based on the parametrization of
the amplitudes as

A(Bf — DF DY) = A(B; — D; D°) = |A|e",

A(Bf — DFD%) =|Alee®,  A(BI — Dy DO)=|Ale” e, ©)
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V2 A(B; — D; DY)

A(Bf — DFD")

V2 A(Bf — D} DY) <+— A(B; = D; DY)

A(Bf — D}D%)=A(B; — D; D"

Fig. 3. The amplitude triangles for the decal — DE{DP, DO, DY).

wheres ands are the strong final state interaction phases. Introducing the notati®i — D D3)| =|Ay|and
|A(B; — Dy DY)|=|A_| Eq. (1) can be rewritten as

|AL|?>+|A_|?=|A]”+ |A|]> + 2|A||A| cosy cog5 — &), |A4]? — |A_]? = 2|A||A| siny sin(5 — §).
(4)
The four solutions for sip are given by [6]
1
siny = —{ VY Y Y Y (5)
4|A||A|{ }

whereY., =[|A|+|A|]? —2|A+|? andY+_ =2|A+|?> —[|A| — |A|]% Thus, the measurements of the rates of the
six decays in Eq. (1) will determine the magnitude-ofvith the four-fold ambiguity in Eq. (5). The way to resolve
the ambiguity was discussed in [6].

In contrast toB, — D; D, the corresponding ratios f@& — K D andB. — DD are [2]

A(B~ — K~ DO)

+ +po
‘A(B — K*D0) z‘ _ =001, (©)
AB* — K+DO| |ABT—~ K7D%)

+ +po - DO
T I et | BCCRY o
AB} — D+DO|  [A(B: — D™D

which can be seen to lead to squashed triangles which are not very suited to measure

Some estimates of the branching ratios have been obtained before in [7-10] with widely divergent results. We
employ here a relativistic quark model [11] to provide an independent evaluation of these branching ratios.

This model is based on an effective interaction Lagrangian which describes the coupling between hadrons and
their constituent quarks. For example, the coupling of the mésam its constituent quarkg, andg; is given by
the Lagrangian

Eint(X)=gHH(X)fdmfdszH(x,X1,X2)f§(x1)FH)~HfI(xz)~ (8)

Here,.y andl'y are Gell-Mann and Dirac matrices which entail the flavor and spin quantum numbers of the meson
field H (x). The shape of the vertex functidfy; canin principle be found from the Bethe—Salpeter equation as was
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done, e.g., in [12]. However, we choose a phenomenological approach where the vertex functions are modelled by
a simple form. The functioy must be invariant under the translatibg (x + a, x1+a, x2 +a) = Fg (x, x1, x2)
and should decrease quite rapidly in the Euclidean momentum space.

In our previous papers [13] we omit a possible dependence of the vertex functions on external momenta under
calculation of the Feynman diagrams. This implies a dependence on how loop momenta are routed through the
diagram at hand. In our last paper [14] and in the present calculation we employ a particular form of the vertex
function given by

mix1 + max2

Fp(x, x1,x2) = 5()6 - >¢H((X1 —x2)%), 9)

mi+m2
wherem1 andmy are the constituent quark masses. The vertex fundjptx, x1, x2) evidently satisfies the above
translational invariance condition. We are able to make calculations explicitly without any assumptions concerning
the choice of loop momenta.

The coupling constanigy in Eg. (8) are determined by the so-caltemnpositeness condition proposed in [15]
and extensively used in [16]. The compositeness condition means that the renormalization constant of the meson
field is set equal to zero

Zy=1- ngnH( 2) =0, (10)

whereH}, is the derivative of the meson mass operator. In physical terms the compositeness condition means that
the meson is composed of a quark and antiquark system. For the pseudoscalar and vector mesons treated in thi
Letter one has

1 ,d d4k

o (r%) = 550" 5 | ez P (= kz)tr[ 5sl<k+wzm>y5sz<k—wlzm],

~ 1 rptl 1 L d [ d%
H/V(P2)=§[g““—ppf} 2,20 e /471 - B (—K2) ey Suk + warp)y " Sok — waz) ],

Wherew,-j =m;/(m; +mj).
The leptonic decay constayfip is calculated from
3gp [ d*k
42 | Am?i
3gv d k 1 uw
0 [ (AP [ 0"k + waapyyev ok — wnap)] =~ el
The transition form factor® (p1) — P(p2)(V (p2)) are calculated from the Feynman integrals

®p (—k?) tr[ 0" S1(k + w21p)y °Sa(k — w12p)] = fr p*,

3 / d*k ~
iﬁp 272 P (= w13pn)?) B (—(k + wasp2)?) [ Sa(k + p2) 0" S1(k + Py 31y °)
= Fi(¢°) P + F-(¢°)q". (11)
3 d* k
i;ivf 272 Pp (=t wispn)?) By (= (k + waspa)?) ] Sp(k + p2) O S1.(k + Py *S3(Byy - ev ]
- %{—8“”%0(#) + PP AL (q%) +q" PP A-(¢7) +is" P PugsV (¢7)}, (12)

where O* = y*(1 — y®°). We use the local quark propagatdgk) = 1/(m; — k) wherem; is the constituent
guark mass. As discussed in [13,14], we assumerihiak m1 + m> in order to avoid the appearance of imaginary
parts in the physical amplitudes. This holds true for the light pseudoscalar mesons but is no longer true for the
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Table 1
Form factors forB;m — DO(D*0) andB — D; (D}™) transitions. Form factors aepproximated by the formF (q2) = F(0)/(1—a$ + b5 2)
with § = qz/m%(_

Br — DO%(D*0) Bt - D (D)
F(0) a b F(0) a b
Fy 0.189 247 162 0194 247 161
F_ —0.194 243 154 —0.183 243 153
Ap 0.284 130 015 0312 140 016
Aq 0.158 215 115 0168 221 119
A_ —-0.328 240 151 —0.329 241 151
1% 0.296 240 1.49 0.298 241 1.49

light vector mesons. We shall therefore employ identical masses for the pseudoscalar mesons and the vector
mesons in our matrix element calculations but use physical masses in the phase space calculation. This is quite
a reliable approximation for the heavy mesons, €Xj.and B* whose masses are almost the same a®thadB,
respectively. However, for the light mesons this approximation is not so good sin&et862) has a mass much

larger than thek (494). For this reason we exclude the light vector mesons from our considerations. The fit values
for the constituent quark masses are taken from our papers [13,14] and are given in Eq. (13):

ny mg me mp

0.235 0333 167 506 GeV

(13)

We employ a Gaussian for the vertex functibp (k%) = exp(—k /A ) and determine the size parametﬂ%
by a fit to the experimental data, when available, or to lattice S|mulat|ons for the leptonic decay constants. The
numerical values fori  are

A Ax Ap Ap, Ap A, Ap, (14)
100 160 170 170 200 200 205 GeV

We have used the technique outlined in our previous papers [13,14] for the numerical evaluation of the Feynman
integrals in Egs. (11) and (12). The results of our numerical calculations are well represented by the parametrization
F(0)

F@§)=———F"—"7= 15
) 1—a§+0b52 (15)

with § = qz/mB Using such a parametrization facilitates further integrations. The valuEs®f ¢ andb are
listed in Table 1. The calculated values of the leptonic decay constants are given in Eq. (16). They agree with the
available experimental data and the results of the lattice simulations

fk+  fpo  fpxo  fb, fpx /B /B,

0.161 0215 0348 0222 0329 0180 0398 GeV (16)
The relevant effective Hamiltonian for the deca3s— Dsﬁ andB, — D, D is written as
Heﬁ=—%{cl<m(vmvu*b-(Eu>v_A<6s)v_A+vmvb By —al@s)v—a)
+ Co(2) (Ves Vi - (bS)v-a @)y - + VsVl - (bs)v—alic)v—a) }. 17)

where V — A refers to O* = y*(1 — y°). We use the numerical values of the Wilson coefficients at the
renormalization scalg = mj pole given byC1 = 1.107 andC, = —0.248 as given in [17]. Note that we interchange
the labeling 1« 2 of the coefficients to be consistent with the papers [7-10].
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Straightforward calculation of the matrix elements of the dedays> Dsﬁ(DSDO) by using the effective
Hamiltonian in Eq. (17) reproduces the result of the factorization method. We have

G :
A(BS — Df D%) = 22V, Ves[aa[ 157 (md, ) (5, —mho) + 5P (m, )m3, ] i,

=5
azl S (miyo) (mf, —mD,) + F22 (mo)mio] oo} (18)
— G
A(BY — DI D) = =V, Vasaal £ (o) (m, =) 4+ 12 (mTo)mo] o
+ annihilation channel (29)

wherea; = C1+&C2 andap = C2 4+ £C1 with £ =1/N,.. As usual we put the QCD color factbr= 0 according to
1/N.-expansion. Also we drop the annihilation processes from the consideration. Note that the calculation of the
matrix elements of the nonleptonic decays involving the veftanesons in the final states proceed in a similar
way. We extend our analysis to the semileptonic and nonleptonic dec#@ysnefson.

Table 2
Comparison of some branching ratios of themeson decays with the available experimental data

This work PDG [18]
B — DOcty 0.024 002154 0.0022
Bt — D*0cty 0.056 0053+ 0.008
B+ — K+ DO 2.8x 1074 (2.9+0.8) x 10~4
B+ — D} DO 0.013 0013 0.004
Bt — D D*0 0.008 0012+ 0.005
Bt — DIt po 0.019 0009+ 0.004
Bt - DIt px0 0.046 0027+ 0.010
Table 3
Exclusive nonleptonic decay widths of tieand B, mesons in 1015 Gev
B+ K+ DO (0.364a1 + 0.286a5)? BT - Kkt DY 0.0091543
B+ — K+ p*0 (0.342a1 + 0.442a5)2 B+ — K+ p*0 0.02193
Bt — D} DO 4.367a3
B+ - Dy D0 2.70743
B+ - Dt DO 6.300a7
Bt — D}t D0 14,8447
B — p*t DO (0.0147a1 + 0.0146a5)? Bt — p+ DO 0.75342
Bt — p+p*0 (0.0107ay + 0.0234a5)? Bt — p+ p*0 1.92543
BY - p**+pO (0.0233a1 + 0.0106a5)? Bt — p*+po0 0.39942
B — p*+p0 (0.0235a1 + 0.0235a5)2 Bt — p*+p*0 1.9543
B — D DO (0.0689%1 + 0.0672a5)2 Bt — D} DO 0.040543
B+ — pFp*0 (0.0503a7 + 0.106a5)2 Bt — D D*0 0.10143
BY > Dt DO (0.101a1 + 0.049845)2 Bt — p¥t pO 0.022243
Bt - prtp*0 (0.104a7 + 0.110a5)? B — DXt p*0 0.10943
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Table 4

Branching ratios of some nonleptonic decay widths of Bh@nd B, mesons calculated far, = 1.107 andap = —0.248

B+ K+ DO 2.76x 1074 Bt — Kk+DO 1.41x 10°6
BT — Kt D*0 1.82x 1074 Bt — KkTD*0 338x 1076
B+ — ptp° 1.11x 10°7 B — D+ DO 3.24x 1075
BY — Dt p*0 0.25x 10~7 B — Dt p*0 8.28x 1075
BY - p**+pO 376x 1077 B — Dp*t pO 1.71x 1075
BF — D*tp*0 2.84x 1077 B — D*t px0 8.38x 1075
B — DF DO 248x 1076 B — D DO 1.74x 1076
B — D D*0 0.60x 1076 B — D D*0 434x 1078
BY — pitpO 6.88 x 1076 BY — Dt DO 0.95x 107
BY - DT p*0 541x 1078 B — Dt p*0 469x 1076
Table 5

Exclusive nonleptonic decay widths of te meson in units of 101® GeV. Comparison with other studies

Process This work [7] [8] [9] [10] [5]
B — D DO 0.040543 0.0340a2 0.168a3 0.01a3 0.0415a3 0.176a3
B — D D0 0.101a2 0.035442 0.143a3 0.009a3 0.049543 0.260a3
B} — Dyt DO 0.022242 0.033442 0.065842 0.087a3 0.0201a3 0.166a3
B} — Dt D*0 0.10943 0.056443 0.12843 0.1543 0.059743 0.951a3

For numerical evaluation we have used the set of the parametgrs:= 5.279 GeV, 13+ = 1.655 ps,
mp, = 6.4 GeV,tp, = 0.46 psS,a1|e=0 = 1.107,az|¢=0 = —0.248 and

[Vud| Vsl [ Vub| [Veal Vel [Vbel
098 022 0003 022 098 0040

(20)

First, to illustrate the quality of our calculations, we list some branching ratios df #heeson decays in Table 2
and compare them with the experimental data. The exclusive nonleptonic decay width8 @frii®. mesons for
arbitrary values ofi1 anday are listed in Table 3 whereas their branching ratiosafice 1.107 anday; = —0.248
are given in Table 4. One can see that as it was expected the magnitudes of the branching ratios of the decays
B. — DyD° and B, — D, D° are very close to each other. It gives us hope that they can be measured in the
forthcoming experiments. Finally, in Table 5 we compare our results with the results of other studies. One can see
that there are quite large differences between the predictions of the different models.
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