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We evaluate th@e.]/z/x( 7.)D* 7~ nonleptonic decay in a phase space region where the pion factors out.
This decay might provide a significant background to the decay prcRT‘bss]/l//( 7.)D*°, followed by D*®
—D*#~, with a slightly off-shellD*°. The relevant form factors describing t@—d/l// (nC)DW‘;{
semileptonic decay, required for the calculations, have been evaluated within the framework of a QCD rela-
tivistic potential model. We estimate the branching ratio for the nonleptonic channels, fiiﬂﬁnj?
—JyD 7 )=3.1x10"8 andBR(@H n.D*m")=3.5x10 8. As a by-product of our calculations, we also
quote theB%— /4 (5,)D* €v, semileptonic decay branching ratiBR(B%—J/4(5,)D* €v,)~10"13

DOI: 10.1103/PhysRevD.67.054022 PACS nuni®erl13.20.He, 12.39.Ki, 12.39.Mk, 12.39.Pn
In this article we study th&° meson decays us to estimate that the contribution of tha®
o - —J/y(n)D 7~ background channel is around 25%—35%.
BO—J/y(n )D€ v, (1)  While a calculation from first principles is not available at
the moment, a useful approximation might be the factoriza-
@_h]/w( oD . (2)  tion approximatior{6] and, within this framework, the decay

modes(1) would provide the crucial hadronic matrix ele-
These decays which may be classified as “very rare,” at leasinents needed to compute the relevant amplitudes. We stress
in the standard model with mesons built solely of quark-that no method for calculating the above nonleptonic rates
antiquark pairs, should be searched for in present and futuf&om first principles is nowadays available and one usually
programs aB factories. As a possible motivation, consider €mployees some approximations to evaluate such decay
preliminary studies of the inclusivB— J/ X spectrum, in- modes. Among all, the so-called “factorization” has been
dicating a slowd/ hump[1,2], which kinematically corre- €xtensively studied and applied in several papers. In that
Sponds to an invariant mass,=2 GeV. Some hypotheses Espect, the evaluition of the relevant form factors for the
have been already suggested in order to account for suchBf— J/y(7.)D*¢,v semileptonic decay is the first step of

phenomenon: if3] the B°—J/¢Ap decay is followed by the approximation. ThB%— J/y(5.)D* ¢, branching ratio

the resonant\ —p bound state, whereas {@] a possible IS @ by-product of our calculations and we have quoted it for
explanation is the intrinsic charm content of Beneson. In  the sake of completeness although it is very small and ex-
the latter case the decay proceeds through th@erimentally irrelevant. From a theoretical standpoint, semi-
@(bﬁ(&:) on)— I oD channel and it accounts for a leptonic B-meson decays with two hadrons in the final state
slow/ slo H H H

BR=10* provided that the intrinsic charm content fraction reprgsent a formidable challenge as they involve hadronic
in the incomingB meson, is at least 1% matrix elements of weak currents with three hadrons. They

To corroborate the hypotheses[B14], it is worth estimat- can be studied by pole diagrams, which amounts to a simpli-

ing the mechanisms for these decays in the framework ofijcatlon because only two hadrons are involved in the had-

conventional heavy mesons picture as precisely as we can. [gnic matrix elements. This Is the approach fo_IIowr-__\d In some
[5] the @—N]/lﬂ(n )D() decays have been calculated in papers where these decays have been examined in the frame-
C

perturbative QCD: the branching ratios for these decays ar\é\/ork of the chiral perturbation theories for heavy meson de-
estimated around 10—108 and, therefore, too small to ays[7,8]. This method has been successfully applied to de-

cays with light mesons in the final state and it is based on an
account for the Belle and CLEO data. Moreover(§] the effective theory implementing both heavy-quark and chiral

possibility of production of a hybrigdg meson with mass symmetry[8—11]. This method allows to achieve, for sys-

around 2 GeV is briefly discussed and, although the calculagmg comprising of both heav§Q) and light (q) quarks,

tion of such a decay is difficult, a decay rate’#0.0* larger rigorous results in the combinethy,—%, my—0 limit.

than the conventional mechanism for tB& is expected. However the range of validity of this approach is limited by
The nonresonant decay moB8— J/y(7,)D*m~ would  the requirement of soft pion momenta and it has been never

be interesting to analyze in this context, as it might provide applied, to our knowledge, to a final state with three charm

significant background to the decay procesB’  quarks. The aim of this article is to examine the deqdysn

—Jly(ne)D*°, followed by D*°—D "7~ with a slightly  the framework of a QCD relativistic potential modéPR] and

off-shell D*°. It is difficult to calculate this background re- to extend the kinematical range where theoretical predictions

liably, since precise calculations of the latter one are notre possible. We shall present a detailed analysis of the form

available yet. In Ref[5] an approximate evaluation of the factors relevant for Eq1). Subsequently, the deca¢® will

main channel branching ratio has been provided. This leadse considered. We do not include final state interactions in
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our calculation since no consistent way to compute them is
presently available. It is clear that they can modify our nu-
merical result§13].

In three recent papefd4-14 an analysis of some semi-
leptonic and rareB-meson decays into one and two light
hadrons has been presented; it employs the relativistic poten-
tial model in an approximation that renders the calculations
simpler. We wish to exploit here this approximation in the
study of theB— J/y(7n.)D€v decay.

Let us start with a description of the modébr more
details se¢12,14—-18). In this approach the mesons are de-
scribed as bound states of constituent quarks and antiquarks
tied by an instantaneous potenti&lr), which has a confin-
ing linear behavior at large interquark distancesd a Cou-
lombic behavior=—a4(r)/r at small distances, with(r) ] — _ )
the running strong coupling constafthe Richardson’s po- FIG. 1. Feynman diagram fd@°—JD" semileptonic decayl
tential [17] is used to interpolate between the two regjons =J/,n.. The curl_y line represents the vyeak current; the exter_nal
Due to the nature of the interquark forces, the light quarkgegs and the Ipop line represent, respectively, t.he on-shell particles
are relativistic: for this reason one employs for the mesor?nd the constltuen.t quarks of the _model. The circles and the_ square
wave functionV the Salpetef18] equation embodying the represent, respectively, the effective strong and weak couplings.
relativistic kinematics:

D+

field theory. The setting of these rules is the main innovation
introduced i 14] as compared tpl2]. For the decayél) we
draw a quark-meson diagram as in Fig. 1 and evaluate it

- : ccording to the following rules:
where the index 1 refers to the heavy quark and the index 3 (1) For the heavy mesoH in the initial state one intro-

to the light antiquarkM is the heavy meson mass that is duces the matrix:
obtained by fitting the various parameters of the model, in :
particular the heavy quark masses which are fitted to the

valuesm, = 1452 MéV, m,=4890 MeV, and the light quark 77— = . (k) y/— 9" At Mg ~dot Mg
massesn,=my=38 MeV, m=115 MeV. The heavy me- NE] MgMo+0d:-Gz  2Mg 2mq
son wave function\IfH(F) in its rest frame is obtained by ®)

solving Eq.(3) (H=heavy bound state); a useful representa,nere mq and m, are the heavy and light quark masses,
tion in Fourier momentum space was obtainedli4] and is q%, g% their 4-momenta andl'=—iys, (£ for a J°

as follows =0~ (17) heavy meson. The normalization factor corre-
sponds to the normalization (H/H)=2 m, and
J1d3k/(27)3]| y(K)|?=2my, already embodied in Eq5).

with @=2.4 (1.6) GeV ! for B,D(J/4,7.) mesons andk One assumes that the 4-momentum is conserved at the vertex

- . q0. i byghb=pht=H- .
=|K| the quark momentum in the heavy meson rest framef1dQ: i-€. 1 +qz=p*=H-meson 4-momentum. Therefore

this is the first approximation introduced [4]. At this  07=(Eq.K), a5=(E4,—k) and
point we would like to comment that the spectrum obtained
depends only weakly on the light quarks masses. We will EqtEq=my. ©)
exploit this fa}ct later When.we emplcmd_—AQcD. . (2) For the heavy mesohl in the final state one intro-
The constituent quark picture used in the model is rathe(rj o
. . X uces the matrix:
crude. There are no propagating gluons in the instantaneous
approximation, i.e., the Coulombic interaction is assumed to —OH 50, )
be static. Moreover, the complex structure of the hadronic
vacuum is simplified: confinement can be introduced by thevhere? is as defined in Eq5).
linearly rising potential at large distances, but the chiral sym- (3) To take into account the off-shell effects due to the
metry and the Nambu-Goldstone boson nature of #®  quarks interacting in the meson, one introduces running
cannot be implemented by the constituent quark picture. Foguark massng(k), to enforce the condition
these reasons, while there are good reasons to believe that
Eq. (3) may describe the quark distribution inside the heavy E=Vm?(k) + k|2 (8)
meson, one cannot pretend to apply it to light mesons. There-
fore pion couplings to the quark degrees of freedom are defor the constituent quarks.
scribed by effective verticedor more details sefl4-16).
To evaluate the amplitude for semileptonic decays, it is———
useful to follow some simple rules, similar to the Feynman *By this choice, the averageny(k)) does not differ significantly
rules by which the amplitudes are computed in perturbativérom the valuem, fitted from the spectrum, s¢é4] for details.

[V=VZ+mi+ = Vo+m3+V(r)]W(r)=M¥(r), (3

YK =47 Ma® e K (4)
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(4) The conditionmé?O implies the constraint The normalization factoN, is as follows:
0<k=<Kmax: 9 m . .
— (if g=constituent quark
on the integration over the loop momentdmwherek .« N.= Eq (12)
actually depends on the kinematics of the protess g
1 (otherwise.
d3k
J' (277)3- (10) (6) Finally the amplitude must contain a color factor of 3
and a trace over Dirac matrices.
the hadronic matrix element for the decdys, correspond-
NgNgr v“(1—s). (11 ing to the diagram in Fig. 1; the result is
|
+ - RO, d°k * *
A#=(D"(pp)J[cy*(1—y5)b|B(pg))=— V3 2m° N e(k) ¢3(K) #p(K) O Kmax—K]

XTr

G+ mp Ggt My dp—G—py+mes r —fgptd4+m

C
M1 —
2 mb 2 md 2 mc, 2 mc Y (1 YS) (13)

where I'=£* (—iys) and J=J/y(p;,€")[ 7.(p,)] for the outgoingd/ (7.) meson. Note the appearance rof, #m;
resulting from Eq.(8). The factor/ in Eq. (13) accounts for the normalization of the hadronic current and of the heavy

mesons:
e [ mem, \/ myMmy, \/ MgMe/
Eb(Eb_qO) Ede+md(mb_md) md(md_

Mer) +Eg(E;—mg+q°)

mcMe/
X > (14)
mg+q?

—2memg, +2m3+ m3 —m2—2(mgq®— E4(E;— 2mg+2q°))’

We introduce the various form factors for tBe—J/« D semileptonic decay:
(D (Pp)I(p3, €M) cy*(1= y5)b|B(pg))

=i E:{ [MEC19"+ p&(Capg+Cad”) +q“(Cupp+ Csq”) + P (Cepp+ C70") ]

1
+€"*F(D1P;,05+ D2P3.Pest D30.Psp) + FEWMPBUPMQB(DNE‘*‘Dsqv)
B

1
+ FGVMBPBUPJM,B(DGPEL*' D,p5+Dgd”) ¢, (15
B

whereq=pg—pp—p;. Following[7] we introduce also the form factors for tle— 7.D semileptonic decay as follows:

(D*(pp) 7e(P,)|cy*(1— y5)b|B%pg))=iw . (pp+p,)“+iw_(p,—pp)“+irq*+2he**#%p,p, pps.  (16)

It is useful to introduce the following variables:

s=(pp+py? t=(p—py?% u=(p—pp)?

2For the processes induced by thiesu current, for instancek, = mg/2 (see[14—16). Hereky = mp/2.
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that satisfy

s+t+u=g?+m3+m3+m3.
The form factors w., r, h, C;, D;

(17
(i=1,...,7;]

PHYSICAL REVIEW D 67, 054022 (2003

0 D+

=1,...,8) ardunctions of three independent variables. One

can choose as independent variabtes)?, t or, alterna-
tively, s, g2, E;, whereE; is the J/4(7,) energy in the

B-meson rest frame. The relations between the two sets o J

invariants are

t=m3+mj;—2mgE;

q’=s+m3—2mg(Ep+E,). (18
The kinematical range is as follows:
mp<t<(mg—mj)?
0<qg?<(mg—m;— \/E)Z
Smin=S=Smax: (19

where

1
Smin/max™ E[(mé—l—m%—m%—qz)z—( V)\(tme ,mB)
+ VM(mp,t,0%))%],

AN(X,Y,2) =X2+y?+ 72— 2(Xxy+yz+X2). (20)

From Eq.(13) one can extract the different form factors by

multiplying A* by appropriate moment&ee the Appendix
for explicit expressions of all the form factors

The calculation of the trace in E(QL3) is straightforward
and is similar to those performed fih4 —14 for similar pro-

FIG. 2. Feynman diagram fd°—JD*° nonleptonic decay in
the QCD relativistic potential model=J/, 7, .

[15,16, when the outgoing meson momenta are small, the
results of the model become strongly dependent on a numeri-
cal input of our calculation, i.e. the value of the light quark
massmy. The numerical value ofny cannot be fixed ad-
equately because the values of the quark masses were fitted
from the heavy meson spectrum, which is not very sensitive
to the light quark mas&or more details sefl2]). Therefore
the value ofmy has a theoretical uncertainty and the param-
etermy is the main source of error for the present calcula-
tion. We set the value of this parameter to the sab&D.“
Moreover the role of pole diagrams such as those studied
in [5] becomes relevant. These diagrams cannot be ac-
counted for by the present scheme, which at most can be
used to model a continuum of states, according to the quark-
hadron duality ideas. The low-lying resonances, such as
those studied ifi5] should be added separatélWe expect a
large contribution from th®™ (see the discussion ib]). It
is worthwhile to stress that in the present model the resonant
production of a pion occurs through the long distance con-
tribution depicted in Fig. 2 wittD™*)* mesons as intermedi-

cesses. The evaluation of the integral is even simpler, beate states; all the diagrams are calculable in the heavy meson
cause, although the three-body decay kinematics is rathesiral Lagrangiarf11] and they are found to be of the same
involved, all the quarks in the loop of Fig. 1 are constituentorder of those calculated {r5].

and there is no light quark propagating. The integration can
be performed numerically but, unlike the semileptonic de-

cays with two pions in the final stafel 6], here the loop

integration domain is not genuinely three-dimensional, du
to the smallness of phase space. In fact, the calculation b

comes simpler by inserting the wave functiorg (k) (H

=D, J/¢, n.) as they are in thél-meson rest frame in the

%)_hase space, the theoretical predictions are not expected to

In principle the partial widthd (B%—J D*(f?@ can be
used to extract the relevantv.,| Cabibbo-Kobayashi-
Maskawa(CKM) matrix element: due to the smallness of the

Strongly depend on the specific model employed to achieve
the final results. We find BR(B®—J/y(7.)D*€v,)

relevant formulas, which is an approximation we perform210*13, which is of course unmeasurable in the foreseeable
and is justified by the small value of the outgoing mesonsfuture.

4-momenta in the processé&). This approximation has

Instead, we calculate the relevant formulas of 82

been already incorporated into the formulas of the—JD*m~ nonleptonic decays. This channel is a background

Appendix®

to B°—JD*? followed by the(almost on-shell decayD*°

An important point to be stressed is the kinematical range
in which the predictions of the present model are reliable. We———
cannot pretend to extend our analysis to very small meson“n [16] the low-lying p resonance provides the model with a
momenta for the following reasons: first, as discussed irtutoff at smalls in the B— 7 semileptonic decay form factors;

3The form factors in Eqs(15), (16) do not differ significantly
from their actual value in the kinematical ran@e) and within this
approximation.

here such aatural hadronic scale is absent.

SThis is the reason why ifil5] the B* pole of theB—  form
factor is not reproduced in th|q§,7|—>0 region. The same remark
holds for[16] about the resonances encountered at smaill the
B— mr7r semileptonic decay form factors, such as theesonance.
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FIG. 3. Differential branching ratio, in GeVt, for BO
—n.D*~. The momentum is in GeV.

D*°—D*#~. The relevant amplitudes follow from Egs.
(15 and (16). Numerically we get(for my=300 MeV

=Aqcp):
BR(BO—J/yD )

[ 1.98x10°8 transverse polarization,

1.09x10°8 longitudinal polarization,

BR(B%— 5D *m~)=3.54x 1078, (21)
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FIG. 4. Differential branching ratio, in GeVt, for BO
—J/V D*7r~. The momentum is in GeV.

which discusses, among other reactioBS;—J/4D° em-
ploying a completely different method of analysimsically,
perturbative QCI  There, we obtained: BR(B°
—JyD*%=7-8x10"8 to be compared with3R(B°
—J/yD w7 )=3%x10"8 Thus adding a pion reduces the
rate significantly, in agreement with the effect expected from
severe phase space suppression. We therefore believe that
any reasonable method of analysis will lead to branching
ratios of O=1x 102 for the three body three charm quarks
process. These theoretical findings provide us with an order
of magnitude for those processes and, in that respect, they do

It is also interesting to compute the differential branchingnot seem to account for the slaWy hump as indicated by

ratios:

dBR  7pof 5| VepVid°GE |py| [ smax
= e g | s laAta?s)?,
dlpJ| 2567 mB J
(22

Smin

where g?=m?2, f,=132 MeV, 750=1.6 ps, V,=0.040,
Vyg=1—-\?/2, \=0.22, mg=5.279 GeV,G is the Fermi
constant andyiymax are as in Eq(20). A# is the relevant
amplitude for the nonleptonic decaB’—J/y(7,)D " m™
given in Eq.(13). The differential branching ratios for the
nonleptonic decays we have studied are plotted in Figs.

and 4.

the preliminary results of CLEO and Belle Collaborations.
Since the charmonium spectrum will be extensively studied
at theB factories in the near future, it is important to confirm
whether the slowd/ s hump exists. In that respect, a refined
measurement is needed. If the hump persists, it will be hard
to find a consistent explanation within the conventional mod-
els. Thus a new scenario, like those discuss¢@8-+5], could

be applicable.

This work has been supported in part by the Israel-USA
Binational Foundation and by the Israel Science Foundation.
The research of G.E. has been supported in part by the Fund

We can therefore conclude that from an experimentafor the Promotion of Research at the Technion.

point of view theB-meson nonleptonic decay channel with

three charm quarks in the final state representbaaely
interesting process. We have investigated t@
—Jy(n)D €v, semileptonic decays and theB®

APPENDIX

From Eq.(13) one can extract the different form factors

—J/¢(n)D 7~ nonresonant nonleptonic decay chﬂmelsby multiplying A # by appropriate momenta. One dets

by using the factorization approximation and tHg°

—Jlp(n.)D" semileptonic decay form factors. The calcu-
lation has been performed in the framework of a QCD rela-
tivistic potential model. The branching ratios for these de-

cays are: BR(B—J/y(n)D (v)=10"% BR(B®
—J/yD*7r7)=3.07x10 8 and BR(B’— .D 7" )=3.54
X108, We can compare our previous pap@ef. [5])

D;=0 (j=4,..., 8) is a consequence of theHqQ(H
=B,D,J/y,n.) couplings introduced in our model and of the na-
ture of the quarks involvedall constituents there is no way to
generate higher powers in the meson 4-momenta in the loop of
Fig. 1.
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Ci= [Mg(mg—me:) +Eq4(E;—mg+9°%) 1{2Eimg(mg+q°)

fkmax dki (k) 3 (K) ¢p (k)
272 g\emimimm: m,

+Eq[ —m3 —2mza°+ (M — M) (Me— M) 6%+ E(— (My— M) (Me+ M) + Mg (Mg +6°)) + Mg (My(Me—me.)

+mMeMg, + 2mMg(My— Mg+ Mg, ) — 3m3— g2) ]+ Mgl M3 (M, — Mg, + mg) + E ymg(my— me— 2my)

+Mg(Mg+Me) (Mg—Mer) + Mg (M — Me, +2mg) + E(My— mMg) 4%+ myq? — mp((mg—me,) (Mg +my)

+mg(mg+29°) +g?)1},

kmax dkk2 k * k ol k
CZ:—2J r Lel0ds 0 g k) [Ma(my—me:) + Eq4(E;—mg+9°) 1(Eq— mg)

o 272 86mimimm: m,

X [ MgMg(my—mg—2mgy) + E4(m3 — (M, — mg) (Me+mg))],

[Mmy(mg—mg,) +E4(E;—mg+q°)]

max dK k2 K) o5 (K) s (k
CsszJ’k % e(K) 3 (K) ¢hp(K)

272 ° 83m3m3mem?Z,m,

X[ MgMg(2my— m—mes — 4mg) + E4(2m3 — (my— my) (Mg + Mg, + 2my) ],

[Mmg(mg—me) +Eq4(E;—mg+q%)]

max dKI2 k) (k) s (k
C4=_mBJ’k % Pe(K) 3 (k) ¥p(K)

2 2.2 2
2m 8\/3mamim,mz, my,

X[ = 2E4Epmg+ mgmy(—2my+me—mg +2my) + Eg((mp—mg) (Mme—me +2my)) ],

[My(mg—me) +Eg(E;—mg+a%) [ Egmg+mg(m,—mg)],

2fkmaxdkk2 I% Pa(K) 3 (K) P (K)

C5: 2mB
o 2% 8y3mimim:mZm,

2f“maxdkk2 % (k) 3 (K) g (K)

D;=m mg(My—m.: )+ E4(E;—mg+q°) ][ Egmg + mg(my—my)],
1=Mg 02 Sﬁmémﬁmcmi,mb[ (Mg — M d(E;—mg+q°) J[Egmg+ mg(mp—mg) ]

max KK k) (k) g5 (k
oo A P09 (k)

272 ° 8y3m3m3mmZ,m [ma(m=mer) +Eo( By~ Mg+
B''d' el e Mib

X [ MgMg(mMy— Mg —2my) + Eg(Mm3 — (M, — mg) (Me+mg))],

kmax KK (K (k) Y5 (K)
D3=—mBJ' N > - [My(mg—me) +Eg(E;—mg+a%) ][ (M~ me) (Eg(mp—mg) +mgmg)],

2 2.~2 2
2m 8\/3mamim,mZ, m,,

D4: D5: D6: D7:D8:0,

Mg (Kmax dkk? ¥ (k)w'(k)lﬂ*(k)
_7Bf N D [ my(mg—mg:) + Eg(Ey— mg+q%) 1{— 4E3(my— mg) (Mg — q°)

W, =
o 272 8y3mimimmZm,

+ mgMg[ M3 — 2my, (Mg + 2mg) + My(3mg+ mg) + my( — Mg+ 2mg, +my) + 2(E;q°+g?) ]
+ E4[ —m3(m,—2mg, +4mg) — 2mg( — memg + memg+ m3+ E 9%+ 2) + 7mgmgyq°+ mp(m3 — 3mgq®

+2(—meMme: +memg+mi+Eq°+a?)1},
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Pa(K) 3 (K) P (K)

272 8\3mimim:mZ m,

W_=—

méfkmax dkk2
2 Jo
X[ (mp—

max dK k2 K) s (k) s (k
:mBJ’Ok % e(K) 3 (K) ¢hp(K)

272 © 83m3m3mem?Z,m,

X [Mgq°+(mg—q°)(E;+2Eq—mg) — g%+ (Me+mg) (Mes —

Pa(K) 5 (K) ¥ (K)

8\/—mBmdmC ,my

-2 0 212

Mg) (E4(q°—mg) + my(my+mg)) + mg(mgy(q°—

PHYSICAL REVIEW D67, 054022 (2003

[Mg(mg—me,) +E4(E;—mg+q°)]

mg) + Eq(me+mg))],

[My(mg—me) +E4(E;—mg+q°) J(Egmy+ Epmy)

mg) ],

[Mmg(mg—me) +E4(E;—mg+q°) J[Eq(m,—my) +mgmg].
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