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Predictions for B — D{(2420) {v and B — D;k(2460) €v at Order Aqgcp/mep
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Exclusive semileptoni® decays intaD; andD; mesons are investigated including ordejcp/m.
corrections using the heavy quark effective theory. At zero recoil Ahep/m., corrections can be
written in terms of the leading Isgur-Wise function for these transitiensand known meson mass
splittings. We obtain an almost model independent prediction for the shape of the spectrum near zero
recoil, including orderAqcp/m., corrections. We determine(l) from the measuredd — D {7
branching ratio. Implications foB decay sum rules are discussed. [S0031-9007(97)03208-0]

PACS numbers: 12.39.Hg, 13.20.He

The use of heavy quark symmetry [1] resulted in amultiplet can be related to the analogous parameters for
dramatic improvement in our understanding of the specp; andD;, which we denote bW and\|. We define the
troscopy and exclusive semileptonic decays of mesonspin averaged masses, = (3mp- + mp)/4 andmp =
containing a single heavy quark. In the infinite mass(5mp; + 3mp,)/8, and similarly for analogous mesons
limit, the spin and parity of the heavy quark and thatcontaining a bottom quark. Using the measured hadron
of the light degrees of freedom are separately conserveghasses [10], and identifyirg; = 5.70 GeV as the mass
Light degrees of freedom with quantum numbefsyield  of the B} (5732) state, we find
a doublet of meson states with total angular momentum, Ay = 2momy (i, — iy — T+ 7p)/(my — my)
J =s; + 3 and parityP = ;. All semileptonic decay ! ! B B b DI ¢
form factors of B mesons into either member of such a = —0.34 Ge\? @
heavy quark spin symmetry doublet are given by justonerr  —+ _ _,  _ ;o _
function ofw = v - v’. Hereu is the four-velocity of the A =mp = + (A = A)/@me) = 0.35 GeV.
B andv’ is that of the charmed meson. Moreover, for the The matrix elements of the vector and axial currents
B — D™ ground state to ground state transitions (thes¢V* = cy#b andA* = ¢y*vysb) betweenB mesons and
states have;" = 1 ), this universal function is normal- D1 or D; mesons can be parametrized as
ized to unity at zero recoil [1-4]. Corrections to these ! 2 - s o
model independent predictions, suppressed by powers é?l(v OIVEIBw) mo,mal fre

Agcp/me.p, can be systematically investigated using the + (fv,o* + fu,u™) (€ - v)],
heavy quark effect theory (HQET) [5]. D,(v', €)|A*|B(v)) = Jmp mpifae” P e vgv!

In this Letter we discuss semileptonicmeson decays < i( ; ) @) D5 Efa e P70
into excited charmed mesons. Surprisingly, we find(D2(v", €)|A¥|B(v)) = /mp;mg [k, € vy
model independent pred.ictions that hold even including + (ka,v* + kszlpd)eszavﬁ],
order Aqcp/m.; corrections. We concentrate on the . " M’ 5y )

- . . : = Jmpmg ikyehBY eF 4

doublet corresponding te]" = 3 , which contains the (D> (v, €)IV#]B(v)) mp;my ikye €agV UpUy -

D;(2420) and theD;(2460) mesons with widths around Here f; andk; are functions ofv. The differential decay
1

20 MeV. States in the]" — 1 doublet can decay into 'ates forB — Di{v and B — D;{v decays in terms of

D™z in ans wave, and so they should be much broadethese form factors are, respectively; & mp,/mp and
than theD; and D, which can only decay in & wave. 72 = mp;/mp),
(An s-wave decay amplitude for th®, is forbidden dr; GE|Vop |2myri ST

by heavy quark spin symmetry [6])B — D\¢7 and . =~ 43,5 YW (3a)
B — D5 {7 account for sizable fractions of semileptonic o 5 5
B decays [7-9], and are probably the only three-body X201 = 2wri + i) [fy, + (W" = Dfi]
semileptonicB decays, other tha® — D) ¢7, whose +[w = r)fy + W2 = D (fv. + rfv)P,
differential decay distributions will be precisely measured. 2 1353 ' ’

The measured masses of various meson states contaifd2 _ GrlVes"mprs (w? — 1)32 (3b)
ing a bottom or charm quark already give important infor- dw 14473
mation on HQET matrix elements. The, — D, mass X {3(1 = 2wry + rD[KZ, + (W? — DK}]

g . - T 3
splitting is only 37 MeV, suggesting that fa = 5 _ 2 )
states matrix elements involving the chromomagnetic op- + 2w = roka, + 07 = Dlkay + raka)]T
erator are smaller than for the ground statg: — mp = The form factorsf; and k; can be parametrized by a
140 MeV). The parameterd andA; for the ground state set of Isgur-Wise functions at each orderAgycp/m. .
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It is simplest to calculate the matrix elements in Eﬂ. (2)together with the equation of motion for the heavy quarks,
using the trace formalism [11]. The fieldy, and p,"  and the constraints in Eq (10), we obtain

that destroy members of th§’ = 7 doublet with four- w—1DE" =2 - 2 = WA = A)r.
velocity v are in the4 X 4 matrix b) (11)
1+¢ ) , w -0 =)~ = Wk - A)r.
Hv - P* u ) . c
Py = Puys] “) At zero reCO|I,n(1b)(1) = —1 )(1) A = N)r(1).
while for s7' = %+ the fieldsP? and P*** are in Next we consider the terms originating fro.m the order
I+ 4 v Aqcp/me, corrections to the HQET Lagrangian,
FF = PRy, P’ _
v 2 ‘ v YT s 5L = th,Q)[(iD)2 + &UaﬁGa'B}hsz). (12)
2mQ 2

1
X [8’5 -3 yr(y* — v“)ﬂ~ (5)  These corrections modify the heavy meson states com-
) . pared to their infinite heavy quark mass limit. For ex-
The matricesH and F satisfy yH, = H, = —H,¥,  ample, they cause the mixing of t#g with theJ” = 1*
ﬁF%Lol_eﬁngo_r(gliéry\Fﬁy?n: O-aanr(‘jivﬂFf =0 member of thes,”' = %* doublet. (This is a very small
) QbC)D cb s effect, since theé; is not any broader than th@;.) The
elb = Ry ThY = rTH{v, Fy TH,}, (6)  kinetic energy operator does not violate heavy quark spin
for matrix elements between the states destroyed by theymmetry, and therefore iB — D;, D> semileptonic de-
fields in A, andFv, Herer is a dimensionless function cays its effect can be absorbed into a redefinitionr of
of w, and h(Q is the heavy quark field in the effective which is used hereafter. For matrix elements between the
theory. Thrs matrix element vanishes at zero recoil forstates destroyed by the fields #§, andH,, the time or-
any Dirac structurd” and for any value of(1), since the dered products of the chromomagnetic termsifi with
B meson and théD,, D;) mesons are in different heavy the leading order currents are
quark spin symmetry multiplets, and the current at zero
recoil is related to the conserved charges of the spin-flavori ] d4xT{|:h(C) &s
symmetry. Equation (6) leads to the , — oo predictions
for the form factorsf; andk; given in Ref. [12].
At order Agcp/m.,, there are corrections originating
from the matching of thé — ¢ flavor changing current (13)
onto the effective theory, and from orde¥ocp/mm. ]d“ {[hfjb)&aa,;G“Bhff’)}(x) [T (0)}
corrections to the HQET Lagrangian. To leading order

TapGP hfﬁ)} )[R Th?)] (0)}

apl + ¥
2

= Tr{fRffaﬁf FHU},

in ay, the curren‘EFb is represented in HQET by _ Tr{’R%vaT + 9 ia“ﬁHU}.
b = h(c)< I >h$,b>. o
2my, The most general parametrizations®f¢?) are
7 (C) (c) (c) (c)
(7) R =M VoYa¥p T M VoVa¥p T M3 8oalVp,
For matrix elements between the states destroyed by th R0 ) (b)
fields in Fy, andH,, the new ordet\qcp/m., Operators Mﬁ =M VoYaYp T M VoVe¥p T N3 Loalp -
in Eq. (7) are (14)
(c)
B i DY = TS, FoTH,}, g Only the part of meﬁ antisymmetric ina and B
h( i D W) = Tr{S(AF,,,FH . (8) contributes, when inserted into Eq. (13). The functigns

depend onw, and have mass dimension one. [Note that
gsaYp Is dependent on the tensor structures included in
Eq. (14).] All contributions arising from the time ordered
products in Eq. (13) vanish at zero recoil, singgF,

Unlike B — D™ decays, since thé&),, D5) mesons and
the B are in different multiplets, there is no relation
betweenS© and S). The most general form for these

quanfitiesis — o, o 0, and va(l + $)ooB(1 + ¥) = 0. (Order Agco/m.
Sex = volmiva + 1wy + Ts n] T T4 8o corrections were also analyzed in Ref. [13]. We find that

(9) 4 (denoteds, in [13]) does contribute in Eq. (8) fdr =
The functionsr; depend onw, and have mass dimension ¥aI', and corrections to the Lagrangian are parametrized
one. They are not all independent. The equation oPy more functions than in [13].)

motion for the heavy quarksy - D)hS,Q) = 0, implies Using Egs. (4)—(14), it is straightforward to express
wr® + Téc) _ T§c> -0, the forrp factors_f,- and .k" parametrizings — D (v and.
(b) ®) o) (b (10) B — D,{v semileptonic decays in terms of Isgur-Wise
twry — 73 =0. functions. We use the constraints in Egs. (10) and (11) to
Using id (h(c)l“hvb)) — (Av, — Av)RYTh®, valid eliminater; andr,. The form factors in Eq. (2) depend

for matrix elements between the statesFiSi and inH,, on Ti(b) and n,@ only through the linear combinations
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m=0w+ Dr” + 72 + 28 = wA)r and 1, = and dropping the superscript ot and 5\, we obtain

6n\” — 2w — 1Y) + 7. Denoting e, = 1/2me, | for the B — D, {7 form factors

Vo fa=—(w+ D7 —ep(w — D7y + (w + D]
+e3w = (= ) + (w + 1) @m + 3m3) = 4wh' = D)r],
(1 = wir — &p(w?> = 1) (7 + m)
+ e W? — 1) (B — 370 + 2,1 + 3m3) — 4w + DwA = A)7rl, (15)
\/gfv2 = =37 — 3gp(1p + mp) — &f@dw — )7y + 57 + 101 + 4w — 1)1 — 573].
V6 fy, = (w = 21 + &[22 + w)rp, — (2 = w)ms]
+ e L2+ wiT + 2+ 3w — 26 + w)m — 4w — Dmr — Gw — 2)ms + 4wA — A)r].

\/gfvl

The analogous formulas f& — D5 {7 are | Since theD, — D, mass splitting is very small, and
ky = —1 — &p(7p, + 1) model calculations indicate that the analogous functions
parametrizing time ordered products of the chromomag-
— &cr — T = 2m + m3), netic operator foB — D®*)¢% decays are tiny [14], here-
ka, = —(1 + w)r — &[(w — D7y + (1 + w)ns] after we neglect the corrections parametrizedphy
The value of7(1) can be determined from the experi-
—efw = D(r1 = 7) (16) mental measurement of the — D,€7 branching ratio.
—(w+ 1)@y — m)], We use the average of the ALEPH [7] and CLEO [8]

results,B(B — D;{7) = (6.1 = 1.1) X 1073, to obtain
kA2 = _28()(7—1 + nz)s

ko, = 7 + ep(1p + 1) 7(1) = 0.55 = 0.05. (29)

—&(m1 + 7+ 2m1 — 2m — m3). (We used A’ — A =035 GeV from Eq. (1), 75 =
The allowed kinematic range f&# — D, (7 decay is 1.6 pS, [Veo| = 0.04, m. = 1.4 GeV, and the quoted
1 < w < 1.32, while forB — D3¢witis1 < w < 1.31.  error is only experimental.) To get Eq. (19) we assumed

Since these ranges are fairly small, it is useful to expand’(1)/7(1) = —0.8. 7(I) has little sensitivity to this
the differential decay rates in Eq. (3) simultaneously inchoice.  Allowing —1.2 < 7/(1)/7(1) < —0.5 only
powers ofw — 1 andAqcp/mcp. affects the central value in Eq. (19) By0.01. The Isgur-
dT1>  GEVaplPmiri, Scora-Grinstein-Wise (ISGW) nonrelativistic constituent
= = Vw2 — 1 quark model predicts(1) = 0.54 in surprising agreement
dw 48 with Eq. (19) [12,15]. ¢ is +/3 times the functiorrs, of

X [xh + 2w — 1) + xw — 1?172(1). Ref. [12])

(17) The ALEPH and CLEO analyses assume tlkat—
D£7X is dominated byB — D,{7, and thatD, decays
rei . only into D*z. If the first assumption turns out to be
keep terms up to orde\qcp/me»)* ", Equations (3), false thenr(1) will decrease; if the second assumption is
(15))’ and (:2L6_)/y|eld_ 5 s false thenr(1) will increase compared to Eq. (19).

xp =32 (A — A =), Even thoughe. (A’ — A) = 0.12 is small, the term
xi” = (8/3)[(1 — r)? + 4e. (A" — AN)(3 — 4r + rd) proportional to it comg;s with a large coefficient, and
dominates the value of; *. Numerically, thisAgcp/m.

correction toxil) is 1.8, while the part that survives in the

+ 3ecms — epmp)/7], m.,, — < limitis 0.8. Note that the part of th&gcp /m2
xﬁz) = (8/3)[(3 — 4r; + 3r}) + 2(1 — r)*7'/7], (18)  correction tOxEI) that involvesA’, A, and /(1) is only
O _ 0.27 = 0.10 for the previously mentioned range of(1)
xfl) ’ (using A = 0.4 GeV [16]). The orderAqcp/m. terms
xy = (40/3)(1 = r2)’[1 — 2QQecm1 — &3 that involve A’ and A changex'” by less than a third of
— &)/ 7], its leading order value for-1.2 < '(1)/7(1) < —0.5.
o) s . After Eqg. (12), we absorbed inte the form factor that
Xy =83 = 8r +3r;) +(80/3)(1 — ra)™7'/7. parametrizes time ordered products of the kinetic energy
Here 7, 7/ = dr/dw, and n; are evaluated atv = 1.  operator with the leading order currents. Whil¢ is
The values ofy; that occur in Eqg. (18) are not known. quite large [see Eq. (1)], this is probably a consequence
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of the D, and D; being p waves in the quark model, zero recoil, all Agcp/m.p corrections can be written
and does not necessarily imply that the heavy quarkn terms of them,., — o Isgur-Wise function for these
kinetic energies significantly distort the overlap of wavetransitions, and known meson mass splittings. With some
functions that yield the form factors. If we had explicitly model dependent assumptions, we predicted the shape of
included the time ordered product involving the charmthe spectrum near zero recoil, including ordejcp /m.

quark kinetic energy, the |eading term [r{l) would corrections. Testing these predictions will constitute
change from(1 — r;)2 to (1 — r)%(1 + 2mes.). Even an interesting check on our understanding of exclusive

taking m. = =A' changes the extracted value ofl)  Semileptonic decays based on the HQET. Similar results

. . . 1+
by less than 0.04. So thisocp/m. correction tox” is  hold for semileptonicB decay into the broad;,” = 3
likely to be much smaller than the term proportional tocharmed meson multiplet, and for the semileptonig

(A = A) explicitly shown in Eq. (18). It is important decays into excited charmed baryons. These will be

to have experimental data on the spectrum ofB — presented in a separate publication. Perturbative QCD
corrections and nonleptonic decays (using factorization)

will also be considered there.
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D¢v decay to test the hypothesis that IM%CD/mE
corrections are not large.

The order Agcp/m., corrections calculated in this
Letter are also important for the prediction & =
B(B — D>{v)/B(B — D{7). As R is sensitive to
7'(1)/7(1), we shall explicitly display the dependence on
7/(1). In the m.;, — o limit, expanding to linear order
in 7/(1)/7(1), we obtain R = 1.89 + 0.517/'(1)/7(1).
Including the AéCD/mE correction to x;, and the

A ) (1) . . .
ocp/m, correction tax; *, and expanding again to linear
order in 7/(1)/7(1), yields R = 0.79 + 0.307'(1)/7(1).
This suppression oR compared to the infinite mass
limit is consistent with experimental data. [It is possible
that part of the reason faB(B — D>{7X) X B(D; —
DWr) < (1.5 — 2.0) X 1073 [7] is a suppression of
B(D; — D™r) compared tdB(D; — D*).]
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