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Study of pure annihilation decays Bqs— DD’
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Abstract Within the heavy quark limit and the hierarchy approximation Aqcp < mp < mp, we analyze the

B — DD’ and By — DD’ decays, which occur purely via annihilation type diagrams. As a rough estimate,
we calculate their branching ratios and C'P asymmetries in the perturbative QCD (PQCD) approach. The

branching ratio of B — Doﬁoo is about 3.8 x 1075 that is just below the latest experimental upper limit. The
branching ratio of Bs — DD’ is about 6.8 x 10™%, which could be measured in LHC-b. From the calculation,
it is found that this branching ratio is not sensitive to the weak phase angle . In these two decay modes,

there exist C'P asymmetries because of the interference between weak and strong interaction. However, these

asymmetries are too small to be measured easily.
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1 Introduction

In the Standard Model (SM), CP-violation
(CPV) arises from a complex phase in the Cabibbo-
Kobayashi- Maskawa (CKM) quark mixing matrix,
and the angles of the unitary triangle are defined as!™:

VC’{,VM} [ VJ,VM}
= arg |— , a=arg|— ,
p= e [ Vi Via &V Vi
V*b‘/ud:|
= arg | ——2>—|. 1
7 g[ Vi )

In order to test the SM and search for new physics,
many measurements of C'P-violation observables can
be used to constrain above mentioned angles. It is
well known that we measure (3 precisely using the
golden decay mode B — J/PK,; the angle « can
be determined with the decay B — mmt and y could
be measured precisely in the Large Hadron Collider
(LHC) with the decay mode B, — D.K.

Besides the above mentioned channels, many
other channels are used to cross check the measure-
ments. Among these decays, B — DD decay is con-
sidered to test the 8 measurement. For the B —
DD decay, the analysis based on SU(3) symmetry!?,
iso-spin symmetry®® | factorization approach™ ® and
other approaches!® have been done in the past sev-

eral years. However, the calculation of the decay
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B° — DD’ has difficulties. It is a pure-annihilation
diagram decay, also named W-exchange diagram de-
cay, which is power suppressed in factorization lan-
guage. The quark diagrams of this decay are shown
in Fig. 1. Theoretically, the QCD factorization ap-
proach (QCDF)™ and the soft collinear effective the-
ory (SCET)® cannot deal effectively with decays
with two heavy charmed mesons. In Refs. [9, 10],
perturbative QCD (PQCD) has been exploited to B
meson decays with one charmed meson in the final
state and the results agree well with the experimental
data. Specially, the pure annihilation-type B decays
with charmed mesons were studied in Ref. [10].

0
By

Fig. 1.

The quark level Feynman diagrams for
the Bq — D°D° process.

In the standard model picture, the W boson ex-
change causes bd — ¢c, and the Giu quarks are pro-
duced from a gluon. This gluon attaches to any one of
the quarks participating in the W boson exchange. In
the decay B — Doﬁo, the momentum of the final state
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D meson is §mB(1—2r2), with 7 =mp /mg. If we con-

sider the heavy quark limit and the hierarchy approx-
imation Aqep < mp < mp, the D meson momentum
is nearly mg/2. According to the distribution ampli-
tude used in Ref. [9], the light quark in the D meson
carries nearly 40% of the D meson momentum. So,
this light quark is still a collinear quark with 1 GeV
energy, like that in B — DM ' B — K(m)r!*" 2
decays. The gluon could approximatively be viewed
as a hard gluon, so that we can treat the process per-
turbatively, where the four-quark operator exchanges
a hard gluon with an ut quark pair. Of course, we
are able to calculate the diagrams if the charm quark
and the up quark are exchanged. As a rough estima-
tion, we give the branching ratio and C'P-violation of
B..—D'D’.

In the next section we will develop the analytic
formulae for the decay amplitudes. In Section 3, we
give the numerical results and summarize this article
in Section 4.

2 Analytic formulae

For simplicity, we set the B meson at rest in our
calculation. In light-cone coordinates, the momen-
—0
tum of B, D° and D™ are:

Mg Mgy
Py = —=(1,1,0); P,=—"2(1—7%17%0);
B \/i( ) 2 \/5( )
M,
Py = —(r*,1-1%,0). (2)

V2
We define the light (anti-)quark momenta in the B,
D° and D’ mesons, ki, ko, and ks as:
ky = (171P1+707k71T), ky = (I2P2+,0,k2T),
ks = (0,23P; ,ksr). (3)

In PQCD, we factorize the decay amplitude into
soft (®), hard (H), and harder (C) dynamics, char-
acterized by different scales!'™

A ~ szldzgdz3b1db1bgdb2b3db3 X
Tr [O(t)qu (21,b1)Bp (2, bs)Pp (23, bs) X

H(z:,b;,1)S:(z,) e*sm} . (4)

In the above equation, b; is the conjugate space coor-
dinate of the transverse momentum k;r, and t is the
largest energy scale. C' is the Wilson coefficient, and
@ is the wave function. The last term, e=5® con-
tains two kinds of contributions. One is due to the
resummation of the large double logarithms from the
renormalization of the ultra-violet divergence Intb.
The other contribution comes from the resumma-

tion of the double logarithm In*b from the overlap
of collinear and soft gluon corrections, which is called
Sudakov form factor. The hard part H can be cal-
culated perturbatively, and it is channel dependent.
More detailed explanations of the above formula and
reviews on PQCD can be found in many references,
such as!™ 1%,

As a heavy meson, the B meson wave function is
not well defined, neither is that of the D meson. In
the heavy quark limit, we take them as:

Py (x,0) = —= [P+ Mz]:¢5(2,b), ()

i
NG
i

— + M, z,b). 6
\/675 [}D D] ¢D( ) ( )
The Lorentz structure of the two mesons are different
because the B meson is the initial state and D meson
is the final state.

The effective Hamiltonian for b — q(q =
given by!'*!
G
7
Vg Vo [C1 (1) O3 (1) + Ca (1) O3 ()] —

@D((E,b) =

d,s) is

Har = £ { VeV [CL ()05 (1) + Ca () O3 (1) +

10
ViV 2 Ci(1)O:(1) (7)
=3
where C;(p)(i=1,---,10) are the Wilson coeflicients
at the renormalization scale pu and the four quark op-
erators O;(i=1,---,10) are

O = (bic;)v-a(C;qi)v-a,
05 = (bic:)v-a(€4;)v-a,
= (_zuy)v a(83¢:)v-a,
= (Bzuz)v a(t;q5)v-a,
= (bigs)v— Azq(%%)v A
= (big;)v - Azq( @) v-a;
=(@WAZAMWM, (®)
= (big;)v- Azq( @) v+a;
07 = g(BiQi)V—Azqeq@ij)wA,
Os = g(Bin)V—Azqeq@j%)wAa
Oy = g Jv- AZ o(@95)v-a,
010— v AZ G@)v

Here ¢ and j are the SU(3) color indices; in Os... 10
the sum over q runs over the quark fields that are
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- ¢ 5 c into M,, as follows:
64mCy M2
u M,[C)] = gj dxldxzdx3rb1db1b2db2 x
u U V2Nc o 0
d (a) c d (b) C ¢B(x17b1)¢D(‘r27b2)¢D(‘r37b2) X
b i . U { [+ 25+ (225 — 22)r2] Ci (£) E(£2) x
C, /C hgl)(flvfl?z,%,blabz)*'
: _
g g ¢ [— 235+ (221 — 225 +23)r°] X
© " @ u 2\ 201 (2)
Ci(ty)E(ty)hy” (w1, 22,73,b1,b2) ¢, 9)
b ¢ b < where Cp = 4/3 is the group factor of the SU(3).
f \/ u gauge group. The function FE,, is defined as
TN ®<< B(f) =au(f)e 050050, (10)
d d
© c ® ¢ and Sy, Sp result from the Sudakov factor and
_ - the single logarithms due to the renormalization of
b p b the ultra-violet divergence. The functions h, are

(® () u

Fig. 2. The leading order Feynman diagrams
for Bq — DD’ process in PQCD approach.

active at the scale u=0(my,), i.e., g€ {u,d,s,c, b}.
For the Wilson coefficients, we will also use the lead-
ing logarithm summation for the QCD corrections, al-
though the next-to-leading order calculation already
exists!". This is the consistent way to cancel the
explicit x4 dependence in the theoretical formulae.
According to the effective Hamiltonian in Egs. (7),
(8), the lowest order diagrams of B — DD’ are drawn
in Fig. 2. We first calculate the usual factorizable dia-
grams (a), (b), (c¢) and (d). For the (V—A)(V—A) op-
erators, their contributions of (a) and (c¢) are always
canceled by diagrams (b) and (d), respectively (be-
cause of current conservation). For the (V—A)(V+A)
operators, these diagrams do not contribute, either,
ie., factorizable diagrams have no contribution. For
the non-factorizable diagrams (e), (f), (g) and (h), we
find that the hard part of the (V—A)(V—A) operators
are the same as those of the (V—A)(V+A) operators.
We combine the contribution of diagrams (e) and (f)

647Cr M2
WO = =5

0

the Fourier transformations of the virtual quark and
gluon propagators. They are defined by

hgj)(fl'l,l'g,xg,bl,bz):{gH(gl) (MB\/ $2$3(1_2T2)b1)x
J()(MB\/ szg(l — 2T2) bz)e(bl — bz) + (bl g bz)} X

Ko(MgFyby), for  F; >0

st ’
EH(S”(MB,/|F§(J.)|Z)1), for FZ2, <0

with:

(11)

Fa2(1) = —X1— X2 _x3+$1$3+x2$3+

(9425 — 2123 — 22513)77; (12)

FZo) = oty — 1123+ (0125 — 23523)r7. (13)

al

In the above equation, HS"(z) = Jo(2) +1Ys(2) is a
Hankel function of the first kind. In order to reduce
the large logarithmic radiative corrections, the hard
scale t in the amplitudes is selected as the largest
energy scale in the hard part:

tl =max(Mg,/|FZ; |, May/(1—2r2)2525,1/b1,1/bs).

(14)
Analogically, we can get the M,,, which comes from
the contribution of diagrams (g) and (h):

1
J dz dzodes rb1db1b2db2 ¢B(I17b1)¢D(I27b2)¢D (503, bz) X
0

{ [1 — I3+ (2"‘2.’1:1 — 2(1}2 +(E3)'r2:| Cl(té)E(té)h{,l) (fEl,fEQ,fES, bl,bg) +

[./L'l +x2 — 1 + <_2 — T2 +2x3)'r2:| Cl(ti)E(ti)h](f) (fEl,xz,fES, bl,bg)}, (15)
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where the following functions have been defined as:
hg)(I1,$2,$3,b17b2) :{%iHél)(MB\/l — Ty — X3+ Toz + (Lo + 23 — 22223)72 by ) X
Jo(Mp\/1 =25 — x5+ 2025+ (25 + T3 — 20525)72 by)0(by — by) + (by bg)} X
Ko(MgFy)by), for F2, >0

%iH(gU(MB\/@ b)), for F2,<0) 1o

Fg(l) = —1—2125+Tow3 + (2175 — 2257577, (17)

Flo) = 1 =21 — 0 — T3+ 2123 + Tos + (T2 + 3 — 2105 — 22205)17°, (18)

= max(Mg m, Mp/1 =y — 25+ T3 + (T2 + 25 — 20525)72,1 /by, 1/by). (19)

We obtain then the decay amplitude of the decay
Bq DD’ as:

A = ViVeaM,[Co] = ViVia M, [Cs + Cr] +
Vi VaaMy[Co] = Vi Via My [Cs + C7] =
Vi VeaTh —Vig Via P =
Vi Via Py (14 2, P00 (20)

where [ is the weak phase angle defined in Eq. (1),
and 0, is the strong phase, which plays an important
role in studying C'P-violation. In the above calcula-
tion we used the following notation:

T, = Ma[c2] - M, [02]7

(21)
P, = M,[Cs+ C7]+ My[Cs + C7] + My [Cs],
and
ViVea || Th
Z1 = c = 22
LB (22)

which describes the ratio between the tree diagram
and the penguin diagram. The corresponding charge
conjugate decay is described by the amplitude

AL =V Vi P (14 2,100, (23)

Therefore, the averaged decay width I" for B® — DD’
decay is then given by

2 3
r@ —p'p) = Zrhs
128

|1+ 27 +2zcosBcosdy|.  (24)

(1—2r%) |V Via Pi|* %

From this equation, we know that the averaged
branching ratio is a function of CKM angle 3, if
z1 #0. Derived from Eq. (20) and Eq. (23), the direct

CP-violation can be formulated as:
2 2
’ABdHDUB‘)’ - ’AEdHBODf)’

A(g;(B—)DOﬁO) = 2 2 =
|ABdHD06“| +|A§dH6“D0|
—22z,8in Bsind,

142?42z cosBcosdy

(25)

For B? — DD’ and its conjugate decay, we write
the decay amplitudes and rearrange them as:

AQ = ‘/CTD‘/CSM&[CZ] - szsMa[C5 + 07] +
Vo Vi My [Co] = Vi Vie My, [Cs + Cr] =

Vu*qusMb [02] - ‘/t;,‘/ts {Ma [OS + C?] +

V*V.
M, [C:+C-] — =<2 = M,[C =
Ok O] - T [21}
Vi ViuTo — Vi Vi Py =
Vi Vool [L 4 220742 (26)
A, = Vo Vi {l—l—zgei(w‘b)}, (27)

where T3, P, and z, are defined as:

T2 - Mb[CQ],
Vx>V,
P, = Ma[C5+C7]+Mb[C5+C7]— ‘;EVdMa[Cﬂa
tb Vts
Vit Vis || T2
Z2 Vu*b‘/us P, ( 8)

So, the averaged decay width and direct C'P violation
can be formulated as:

Gi Mg
1287
(1+224+22,c0805co87),  (29)

I'(B.—DD’) = (1-2r%) |V Vi To|*
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|ABSHDUBO| |AB§HD D0|
|ABSHDOBO| +|ABSHD D0|

AZp(B.—DD") =

2z, 8inysin dy

. 30
1+ 22+ 22z, co8ycosd, (30)
In our calculation, we set m., ~ mp, just because

AQCD

mp —m. = Aqep and — 0 in the heavy quark

mg
limit.

3 Numerical results

For the B meson, the distribution amplitude is

well determined by the charmless B decays!™ '?)]
which is chosen as
M2 2?1
o(,0) = Noa* (1 —2)?exp |~ 5= — 5 (h)’
(31)

with parameters w, =0.4 GeV, and Ny =91.745 GeV
which is the normalization constant using fz =
190 MeV. For the B, meson, we use the same distribu-
tion amplitude according to SU(3) symmetry, where
w, =0.4 GeV, Np, =119.4 GeV and fp, =230 MeV.

Since the ¢ quark is much heavier than the u
quark, the ¢ quark in the D meson picks up more
momentum, and therefor the distribution amplitude
should be asymmetric with respect to . =1/2. The
asymmetry is parameterized by ap. Similar to the
b-dependence of the wave function of the B meson,
for controlling the size of charmed mesons, we also
introduce the intrinsic b-dependence similar to those
of charmed mesons. Hence, we use the wave function
of the D meson as!*”

¢p(z,b) = \/%fpx(l—x) [1+aD(1—2x) X
exp [_%(WDW] . (32)

We use ap = 0.7 and wp = 0.4 in the above function.
Other parameters, such as the meson masses, decay
constants, the CKM matrix elements and the lifetime
of the B meson are listed below™ %

Mgy =528 GeV, Mg, =5.36 GeV, Mp=1.87 GeV,
fo =210 MeV, |Voa| = 0.974, V| =4.3x 1072,
[Vea| =0.23, [Vip| =41.6 x 1072, |V;a| =T7.4%x 1072,
[Vio| = 1.0, |Vis| = 0.226, |Vie| =0.957,

Vie| =41.6 X 107%, 730 = 1.54x 1072 5

Tho = 1.46 x 1072 s. (33)

With these parameters fixed, we calculated the
decay amplitudes of the B® — DD’ and B, — D°D’
decays in Table 1. From the table, we notice that the
main contribution comes from the tree diagram (e)

and (f). And our predictions for the branching ratio
of each mode corresponding to 8 = 23° and ~ = 63°
are listed below,

BR(B;—D'D") = 2.3x10°5;
_ (34)
BR(B,—D'D") = 6.8x 10,

Fig. 3 shows the branching ratio of By — DD’ as a
function of the +. It can be seen that the branch-
ing ratio is not sensitive to the CKM angle . From
the experimental side, only upper limits for decay
B, — DD’ are given at a 90% confidence level:

BR(B;—DD’) < 6.0x10-5 BarBar!""l

BR(Bs—DD’)< 42x1075.  Belle!'¥

Obviously, our result is consistent with the data. For
the By — DD’ decay mode, z; is about 6.5, and
the strong phase d, is 34°, so A3 is about —6%
with the definition in Eq. (25). As far as the de-
cay mode B, — Doﬁo is concerned, z, is about 205
and d, = 155°, and the relation between direct C'P vi-
olation and + is shown in Fig. 4. From the figure we
see that the CP asymmetry is about 0.4%, which is
rather small. It is necessary to state that the z; and
2, are not the true ratio between the tree contribution
and the penguin, because mathematical technique are
used in Egs. (20) and (27).

Table 1. Amplitudes (107* GeV) of By —
DD and B, — D’D".

By — DD’ Bs — DD’
T(e)+T(f) 68+17i 66271
P(e)+ P(f) 0.8040.23i 0.7743.68i
T(g)+T(h) 9.81—2.99i 14.0—0.6i
P(g)+ P(h) 0.08—0.02i —0.0140.01i
6.88
~ 686 |
|
S 684
X
N 6.82
~Q
6.80
6.78
1 1 1 1 1 1 1
0 25 50 75 100 125 150 175
Y
Fig. 3. The change of the branching ratio of

Bs — DD’ changes with the CKM angle ~.

In addition to the perturbative annihilation con-
tributions, there is also a hadronic picture for
the By — DD’ decay, named soft final states
interaction™®. The B meson decays into D and D™,
the secondary particles then exchange a p meson, and
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then scatter into D°D’ through final state interac-
tion. For the B, decay, the B, meson decays into
D and DT then scatters into DD’ by exchanging
a Kaon. But this picture cannot be calculated accu-
rately because of the lack of the knowledge of many
effective vertices. We have ignored this contribution
here, though it may be important!®.

A% (B;~D D)%)

0 | | ; | 1 | | |
0 25 50 75 100 125 150 175

Y

Fig. 4. The direct C P-violation of By — Doﬁo
as a function of the CKM angle .

There are many uncertainties in our calculation

such as higher order corrections, the parameters listed |

in Eq. (33) and the distribution amplitudes of heavy
mesons. We will not discuss uncertainties arising
from higher order corrections as we only roughly esti-
mate the branching ratios and C'P asymmetries. Nev-
ertheless the higher order corrections have been con-
sidered for some special channels #*! and showed a
15%—20% uncertainty. The parameters in Eq. (33),
fixed by experiments, are proportional to the ampli-
tudes, so we will not analyze this kind of uncertainties
either. In our calculation, we find that the results are
sensitive to the distribution amplitudes, especially to
that of the D meson. Since the heavy D wave function
is less constrained, we set ap € (0.6 —0.8) GeV and
wp € (0.35—0.45) GeV to exploit the uncertainties.
Table 2 shows the sensitivity of the branching ratios
to a change of wy, wp and ap. It is found that the
uncertainty of the predictions on PQCD predictions
is mainly due to wp, which describes the behavior in
the end-point region of the D meson, however it is
very hard to be determined. Considering the exper-
imental upper limit, our results favor large wy,, large
wp and small ap.

Table 2. The sensitivity of the decay branching ratios and C'P asymmetries to change of wy, wp and ap.
BR(Bq —D'D") BR(B; —D'D") Adit (B —DOD") Adit (B, - DOD")
(x107%) (x107%) (%) (%)
wp(B\Bs)
0.35\0.45 4.3 7.8 —7.2 0.4
0.40\0.50 3.8 6.8 -5.3 0.4
0.45\0.55 3.2 5.9 —5.8 0.4
wp
0.35 5.0 9.7 —4.2 0.3
0.40 3.8 6.8 —5.3 0.4
0.45 2.2 4.2 7.8 0.5
ap
0.6 3.2 5.9 —6.9 0.4
0.7 3.8 6.8 -5.3 0.4
0.8 4.3 7.8 —6.1 0.4

At last, we give the prediction of the branching
ratios with err bars included as follows:

BR (B4 —D'D’) = (3.8705712703) x 107"

Je-fo-fo ?
190 MeV-210 MeV-210 MeV )
BR (B,—D"D") = (6.8719+2310) x 10~* x
2
( fo. oI ) e

230 MeV-210 MeV-210 MeV

We believe that the By — DD’ will be measured
soon because this ratio is just below the present up-
per limit, and B4 — DD’ will be measured in LHC-b
next year as a channel to cross check the v measure-

‘ ments.

4 Summary

Within the heavy quark limit and the hierarchy
approximation Aqcp € mp < mg, we analyzed the
B — DD’ and B, — DD’ decays, which occur
purely via annihilation type diagrams. As a rough
estimation, we calculate the branching ratios and C'P
asymmetries in the PQCD approach. The branch-
ing ratios are still sizable. The branching ratio of
B — DD’ is about 3.8 x 10, which is just below
the experimental upper limited result"™ ¥ and we
think that it will be measured in the near future. For
B, — DOBO, the branching ratio is about 6.8 x 1074,
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which could be measured in LHC-b. From the cal-
culation, it is found that this branching ratio is not
sensitive to the angle v. In these two decays, there
exist C'P asymmetries because of the interference be-
tween weak and strong interactions, though they are
very small.

Y.Li thanks the Institute of High Energy Physics

for hospitality during his visit where part of this work
was done. We would like to acknowledge C.D.Li and
W.Wang for valuable discussions.
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