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The decay B — Dn/{v using chiral and heavy quark symmetry
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We calculate the rate and angular correlation parameters for the decay B — D*#fv — Dnfv using the recently
combined methods of chiral and heavy quark symmetry to evaluate the current matrix elements. An interesting
interference effect between the direct D* exchange term and the B* exchange term yields constraints on the width of
the D*. If the D* width is small compared with the experimental resolution, the model fits recent ARGUS data with

el = 0.043.

1. Introduction

Heavy quark symmetry [1] has turned out 1o be a
useful tool to obtain model-independent information
on the weak decay matrix elements of heavy mesons.
In the limit of infinitely large quark mass additional
symmetries beyond the ones of QCD arise which re-
duce the number of independent weak current matrix
elements. The approach is conveniently formulated
in terms of an effective theory called heavy quark ef-
fective theory (HQET) [2]. In this framework cor-
rections to the heavy quark limit may be discussed
systematically.

In heavy to heavy transitions like b — ¢ decays all
heavy quark bilinear current matrix elements between
heavy quarks are described in terms of only one inde-
pendent form factor, the so-called Isgur-Wise func-
tion. In addition the symmetries of the heavy quark
limit give the normalization of the Isgur—Wise func-
tion at the point of equal velocities for the initial and
final heavy meson. This is phenomenologically very
useful, since it allows a model-independent determi-
nation of | .| from semileptonic B — D and B — D*
decays [3].
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When heavy quark decays also involve the emission
of soft pions, the methods of chiral symmetry (CS)
may be used alongside the heavy quark symmetry to
describe matrix elements of currents involving heavy
mesons and soft pions. Such is the case in the decay
B — D*f1 where the D subsequently decays to Dr.
The fundamental process is thus B — Dnafv with an
intermediate D* state in the Dx system and, to satisty
the CS. an intermediate B™ in the Bn cross channel
of the fundamental process. (See fig. 1.)

Recently several authors have studied the com-
bined HQET/CS limit and written down the ampli-
tude for the current matrix element (D (' )7 (p3) |V, —
Au|B(v)) where v and v’ are the four-velocities of
the heavy mesons [4]. It is remarkable that this am-
plitude depends only on the normalized Isgur~Wise
function and on an overall scale related to the D*
width.

In the present paper we shall use this amplitude to
calculate the partial width, the polarization parame-
ter «v, and the forward~backward asymmetry param-
eter Ay of B — D*¢1r. We shall compare and corre-
late our results with data on the branching ratio for
B — D¥v — Dntv, B — (D,D",D*")¢v, the total
semileptonic branching ratio, and the parameters o
and Ap -
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Fig. 1. B* and D* pole diagrams contributing to the decay B — Dnf .

2. Kinematics and angular distribution of B — Dn¢y

A complete treatment of the angular distribution
and kinematics of the decay B — D"#v — Dnfy can
be found in our earlier work [5] in the context of D —
K~#v. The only difference for B decay is that signs of
the vector current must be reversed [6]. Here we only
review that the process is described by the momenta
P — P2+ ps+ k4K ()
where p, and p; are the momenta of the D and =, re-
spectively, & is the electron momentum, k' is the neu-
trino momentum, and ¢ = k + k’. The fully differ-
ential decay distribution integrated over the angle x
between the lepton and hadron decay planes is

d‘r
dgq?dcos 8 dsudcosﬁ*
= , 2
Z "'dg? dsy; d cos 0+ d523 dcos 6~ 2)
where the lepton coefficients are
Iy = 3(1 4 cos* 0).
L = 3sin? 0.
Ip = 2cosf. (3)
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and the hadron tensors are given by

d*r;
dg? ds)3dcosf
_ Gf L"bc\zqzx/%-"[]
o 96(2n)5m}

i

with i = U,L.P.
In terms of the current decomposition

Ju = {p2. p3tde + Vulpr

= (I/m) [/ (p

+ GhmDYewapg” (02 + p2)" (02~ p2) " 1.

+ P30+ &2 — P3du + Fdu

the hadronic structure functions are

Hy = C (g + WX /mi).
(/g mi) | XS + Caglt

Hp = (ZX/mf)('l Re(g"h).

Hy

where we defined

= ((135_73/m,2) sin? 0,

Cy = kX + Vaa [ (m? — 553 —¢°) /2] cos 0",

2 I
K o= (mmy — 3 ) /8.
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The dynamics of the decay 1s contained in the struc-
ture functions H;. They depend on s23. cos 8*. and ¢2,
the invariant mass of the Dn system, the polar angle
of the D in the D system, and the momentum trans-
fer to the leptons, respectively. In (4) and (6) we de-
fined

X = Vonlgl = Vsnlpy| = 212 (miss.g?) )2

and
Vaz = 2ipy| Vs = 2lpal/ Vs

2 2 2
= A”'(sz_;. 3, 113) [/ S23.

They are related to the momenta of the B and the
D meson in the D rest system P = p, + py = 0.
The structure functions F; can be calculated from the
decomposition of the hadronic matrix element.
Finally, the coefficients o and Ay, arc given by

o =2H /Hy— 1,
Ap = %1’1p/([1L + Hy). (8)

3. Chiral and heavy quark symmetry results for
B — D*¢v — Dniy

The HQET/CS result for the current matrix element
is [4]

/ . i/\ . ,
(DT () | At Vil B(1)) = (o) gy
V2
1 15 v '“,,/j
" (2‘('[)3 + 2(”1;3 — mpg) [_”;wnﬁ[)}( ¢

+p3(0 + 0 e — (14 ve')py,]

| : vt
_ —i€, agpie
20'ps + 2(mp — m;) (F16uapp3

+o3(e 4+ ), — (1 + '1"1")p3u]). (9)

This expression determines the relative sign and
magnitudes of the two diagrams in fig. 1, up to the
overall constant /° (which can be directly related to
the width for D* — Dr) and the Isgur-Wise func-
tion. Recently. Lee, Lu and Wise have advocated the
use of this amplitude above the D* resonance to de-
termine the fundamental parameter / related to the
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width of the D*. This region however is subject to
large experimental backgrounds. We instead concen-
trate on the interference effects in the resonance re-
gion and the dependence of the rate on the D* width.
This also has the advantage that the pion is still soft
in this region. Our procedure is to calculate the dia-
grams of fig. 1 and then require that they match (9)
in the heavy quark limit. This imposes the constraint

(gpeop-p+ /M) = (8gep-rp+/Mp)

= 17817 (10)

and also determines all of the form factors /', g, and A
in terms of a single Isgur-Wise function. (The impor-
tant relative sign between the two terms of equations
is the same as that used by us [5,6] many years ago in
the context of D — K~*/v.) For the Isgur-Wise func-
tion we used a dipole form (with the mass fixed by
the be vector and axial vector state. estimated to have
a mass 6.34 GeV [7]) so that the large momentum
transfer behavior of the first axial vector form factor
is that of a monopole. This form factor also gives an
excellent fit to the ¢° dependence of the rate as mea-
sured by ARGUS [8] and is quite similar to their
“model A” from ¢ = | to & = 1.3, slightly higher for
large £. In doing the actual numerical evaluation we
did not use the strict heavy quark limit incorporated
in (9) but rather used (9) to relate the form factors of
the B* and D~ pole terms, employing the general kine-
matical framework of our earlier work which includes
all terms with finite masses for the heavy mesons [5].

The two terms arising from the D™ pole and B* pole
interfere in the neighborhood of the narrow D*, an
effect that vanishes in the narrow-width approxima-
tion. In table 1 we show the results of our calculation
for three cases: no B* pole, B* pole with sign accord-
ing to the HQET/CS model (D* + B*), and B” pole
with opposite sign (D* — B*). The only input to the
calculation is the width of the D*. We show results for
Ip- = 0 (narrow-width approximation) up to I'p+ =
0.4 MeV. The B* term interferes destructively with
the D” pole if the HQET/CS sign is chosen.

The effect of the narrow-width approximation is
clearly seen in the first model (no B* exchange). In
this model the effect of a finite-width Breit-Wigner
factoris to enhance the rate because of the rapid varia-
tion of the rest of the matrix elements under the Breit—

439



Volume 298, number 3,4

Table 1
B — D*¢1 — Dn¢r decay paramcters for various values
of I'px (MeV). Units of I are {Fj|? x 10~ GeV.

Model Ipx*

0.0 0.1 0.2 0.3 0.4

no B* I 1.398 1.528 1.658 1.789 1.919
pole 3 1.058 1.084 1.104 1.122 1.144
A 0.192 0.190 0.188 0.186 0.185

D* + B* I 1.398 1458 1.517 1.576 1.637
exchange o 1.058 1.116 [.174 1.224 1.276
Ag 0.192 0.189 0.186 0.184 0.181

D> - B* I'  1.398 1.885 2376 2865 3.358
exchange «o 1.058 1.316 1.494 1.620 1.720
A 0.192 0.175 0.165 0.158 0.153

Wigner factor. That this occurs for Fp- values which
are very small compared to mp- is rather unexpected.
in particular that such a tiny width as 0.4 MeV in-
creases the B — D™ ¢ width by 29% compared to the
narrow-width approximation. The rcason for this is
that the D* mass is only 6 McV from the Dz thresh-
old, where the phase space has a strong dependence
on $»3. the invariant mass of the Dn system. Then
the Breit—-Wigner function is distorted and has a very
asymmetric shape with a long tail on the high side.
[We have run the calculation for a D* mass of 2.100
GeV (instead of the accepted value of 2.010 GeV)
and find no difference between zero-width and [p- =
0.4 MeV.] In view of the sensitivity of the B — Drév
rate on the total width of the D* one might think that
accurate measurement of B — Dnf 1 is a practical al-
beit indirect way of gaining information on /p.. (Of
course a direct measurement of Ip- seems very diffi-
cult if not impossible if it is less than [ M¢V.) Unfor-
tunately up to now this has not been possible due to
the large background above the D™ resonance which
must be subtracted in the experimental analysis.

The analysis of ARGUS [8] is based on the as-
sumption that the D™ width is small compared to
that group’s experimental resolution of 1 MeV. Thus
the most direct comparison with this reference is in
the narrow-width approximation, where the effect of
B* exchange vanishes. Using the B lifetime (1.32 «
10~'? s) and the branching ratio reported by ARGUS
[81.
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Br(B — D"#r) = (52£0.5+0.6)%, (11)
we find from the narrow-width column of table 1 that
el = 0.043. (12)

This agrees with the value of ARGUS derived from
HQET with their “model A” for the Isgur-Wise func-
tion, which i1s numerically very close to our dipole
form. ARGUS also reports a new measurement of «
and Ap,

on=1.1+04x0.2,
Ap = 0.20 +0.08 £ 0.06. (13)

These results arc independent of 1}, and agree nicely
with our results in the zero-width approximation *' .
Although the angular correlation parameters change
as a function of Ip«, as we can see from table 1, the
change is still inside the limited accuracy of the AR-
GUS data. In addition we must remember that their
analysis is based on the assumption that /- is small
compared to their experimental resolution of | MeV.

In their recent ARGUS paper the group also found
evidence for D™ production in semileptonic decays.
In fact they report the total semileptonic branching
ratio to D, D* and D" final states,

Br(B — (D.D*.D )¢ 7)
= [(9.4-9.8) = 1.0 £ 0.9]%. (14)

where the numbers in the parentheses represent the
spread due 1o theoretical models used in the analysis.
Thus the states D, D*, D*~ almost exhaust the semilep-
tonic rate [10].

Br(B — X¢77) = 10.7+0.5%, (13)

leaving at most a few percent for states like the ad-
ditional finite-width effects we found with or with-
out B™ pole contributions. This offers the possibil-
ity of ruling out some of the models in table 1. Av-
craging the numbers in (14) and combining it with
(15) we get a limit for the extra Dz contribution of

#l Similar results are reported by the CLEO Collaboration
[9]. with a cut in the lepton momentum p, < | GeV.
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(2.4 +£0.5)%. This means that the total Dr contribu-
tion including the D* should obey I < 2.18 in units
of table 1. By examining the results of table 1 we find
that I'p- < 0.16 MeV for the admittedly unrealistic
model of D* — B*. For the other two models the lim-
its are less strict. By making runs with larger Ip. we
obtain Ip. < 0.60 MeV for the model with no B*
pole and Ip- < 1.3 MeV for the HQET/CS model
(D* + B*). If in the future the error on the branching
ratios in (14) and (15) can be reduced. better lim-
its on I'p- for the more interesting HQET/CS model
may be obtained. If on the other hand the experimen-
tal accuracy is high enough that a deficit between the
total semileptonic rate and the rate from the sum of
resonances could be established this deficit could be
explained by a finite-width effect of the D*. So, for
example, if the D* width is as large as 0.2 MeV the
finite-width effect yields as much as 0.4% to the to-
tal semileptonic rate in the most realistic HQET/CS
model.

The experimental upper bound on I'p~ is Ip- < 1.1
MeV [10] which is about the same as the bound we
have found for the D™ + B™ model. From the theo-
retical point of view, using SU (4) or potential mod-
els, the total width of the D is expected to be much
smaller, about 0.1 MeV. For a review see ref. [11].
(See also Yan et al. [4].)

We carried through this calculation assuming that
the D*(2010)* decays entirely to D°z* and D* ="
The particle data group [10] reports that the branch-
ing ratio of these channels is (82 + 4)% leaving the
rest to the D* 3 channel. However it seems increas-
ingly unlikely, on theoretical as well as experimental
grounds. that this branching ratio is more than a few
percent [11].

Finally, to improve the calculation we unitarized
the angular momentum J = 1 partial wave by satis-
fying Watson’s theorem using the method described
in our earlier work [12]. The effect was insignificant.

In conclusion we have used HQET/CS to calculate
B — D"ty — Dnfv. Because the D™ is so close to
threshold, finite-width effects are important and the
rate depends on the D™ width. The model is consistent
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with the data for |Vp| = 0.043. Improved data on
Br(B — (D.D*.D**)fr) and the total semileptonic
rate may well provide the best constraint on the D*
width.
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