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B decays to radially excited D mesons in heavy quark effective theory
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Semileptonic transitions B — D™ £p, where D<">(n #0) is a radially excited meson, have recently
attracted much attention as a way to understand some puzzles between theory and data. In the heavy quark
limit the inelastic Isgur-Wise function vanishes at zero recoil, £ (1) = 0(n # 0). We consider here the
1/mg corrections within heavy quark effective theory. We find simple formulas that involve the derivative

of the inelastic IW function at w = 1, §<"

J'(1)(n # 0). We propose a number of ways of isolating this

important quantity in practice, with emphasis on lattice QCD. We formulate also a generalization to the

inelastic case of Luke’s theorem.
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This paper is devoted to the discussion of 1/mg,
corrections in heavy quark effective theory (HQET) for
the heavy quark current transitions between the ground
state and radially excited states, e.g. B — D) (n # 0).

These transitions have been the object of some attention
in recent years, in the view of solving some puzzles of
semileptonic B decays [1,2].

Rather detailed calculations of transition form factors to
heavy meson radial excitations have been performed in
Refs. [3,4] in the framework of a relativistic quark model.
Within another quark model scheme, Ref. [5] is also very
interesting in this respect.

The TW function &7 (w) for the transitions 0 — n
satisfies the normalization condition

5(;1)(1) = 5n,0’ (1)
that expresses the normalization of the elastic IW function
and the orthogonality between the initial and the final states
for n # 0.

Our purpose here is to study in detail the subleading
1/mg corrections in HQET at zero recoil, following the
paper by Falk and Neubert devoted to the elastic case [6].

Besides the leading inelastic Isgur-Wise function
EW(w)(n > 0), we consider the first order 1/m,, correc-
tions, that are of two types, corresponding to corrections to
the heavy quark current, and to corrections to the leading
order HQET Lagrangian.

where I" is a Dirac matrix. The matrix elements of the
relevant operators read [6]:

(DU ()| h L hy|B(v)) = =" (w)Tr[DIB,  (3)

(DO ()[R Ly (iDghy) |B(0)) = =Tr[" (0,0 DIy B),

(4)
(D (W) [((Dgh)y"Thy|B(v)) = ~TrlE" (v v) Dy T'B)
(5)
where A = y°Ay%, B = P_(-ys), D = P, (—ys) are given
in terms of the projectors P, =12 P/ =12 where v

and ' are the initial and final four—velocmes, D" ()
denotes the pseudoscalar D or vector D™* final states,

and the functions .fg,Q)(")(v, V') (Q =b,c) read :

& (0.0) = £ W) (0 4+ 1) + EQD ) (0 = ),
=& W)y (6)

From the equations of motion and the matrix element of
the divergence of the current one obtains

Consider first the leading and subleading corrections to (b)(n) o Aw =AM ()
the quark current £ (w) = 2(w—1) &0 (w), (7)
- 1 - 1 —
cI'b - h.Thy, +—hTIy*(iDyh —— (iDgh.)y*Th -
¢ - ndn, + 2mC v (l a b) + 2mb (l a 6)7 b» () B A — A<">W )
g (w) = ————-E&"(w). (8)
(2) 2(w=1)
S Taking the limit A" — A while keeping w fixed, one
gmte I\éhxte de l(éeiﬁherched[fIMR 8627-CNRS finds the results of the elastic case, valid for all w, namely
amir.Becirevic u-psud.ir A .
Alaln Le-Yaouanc @th.u-psud.fr 0 (w) = g9 (w) = %§(W>’ where we have omitted the
*Luis.Oliver @th.u-psud.fr superindex (0) corresponding to the ground state.
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In the inelastic case, taking the limit of relations (7), (8)
for w — 1, one obtains

()
_MNQ:_Ai

g (1), (n>0). (9)

There are two types of 1/m g Lagrangian perturbations,
depending on the insertion of the Lagrangian in the
initial » quark or in the final ¢ quark. Both types of
perturbatlons (D) f de [7¢0(0), £ (x)]|B(v)) and

(DM (V)i [ dxT]| JCb(O), Y (x)]|B(v)), even in the case
of the b insertion, depend on the radial quantum
number n because the final state is radially excited. The

current J°?(0) denotes J = f_zfj)l“ "), where I" is a Dirac

matrix, and the Lagrangian is given by EQ)(x):
ﬁ[Oém)v_FOE’W)(]L] with 0§<m>1 h( >( )2h5/ )’ 05’%).‘/7” =

% 1\%6,,Gh?)

Generahzrng the notation of Ref. [6], considering now
radial excitations in the final state B > D™ £y (n = 0 is
the elastic case), the different form factors read, up to first
order in 1/my, :

R = &) e 1O 4 e, L0 (10)
W = e LY — e, L, (11)

h&;l) _ §(H> + €c(L§C)(n) _ L(SC)(H)) + eb(L(lb)(Vl) _ L‘(‘b)(n))’

(12)
hg»:>:5<n>+ec< @ :VV: gc><n>>
+ep Mww_gi% 9m>’ (13)
WY = (LY + L"), (14)
B = E0) g ¢, (L0 _ 00 _ [0y 0y
ey (L — L), (15)

where &) (w) is the Isgur-Wise (IW) function for the
transition between the ground state and the radially excited
states 0—n, LEbKn) (w)(i=1,4) are elastic subleading form
factors at order €, = 1/2m,, and L™ (w)(i =1,....6)
are subleading form factors at order ¢, = 1/2m.,..

Extendin the notation of [6], one f1nds for the different
functions L ( ) (Q=b,c) (i=1,2,3):
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LLOW _ 4@) _ 4@
LLOW _ _pa(0) (16)
and
n Aw — A n
Lgb)( ) _ _ — é:(n)(w) + ngb)( )’
b)(n /_\W - [_\(n) n
L = == (),
B)() 2 [Aw—AM v
L = — 17
00— (e ).

and similarly :

am A—=AMw
L = S g )+ 267,
am A= AMw
LW === (W),
(O)(n) 2 A=A"w (O)(n)
LEOm _ _ _ (8
0= 2 (AR e+ €07,y

At order 1/m, in the transitions 0 — n with n # 0, we
have many more form factors than in the elastic case.
However, some constraints still exist.

For the current t;lpe form factors, we must emphasize the
relations for L and L(C)(")( ) that become, at zero
recoil:

b)(n c)(n
L") = -5 ()

(AE™

= AEMEM'(1)

=AW —A). (19)

and the constraints that follow from the Eqgs. (17), (18):
LY w) + (w+ DL (w) = 3L (w),
LYY )+ w+ DL (w) =3L" (w).  (20)

A remark is in order here. The inelastic relation (19) is not
symmetric in the exchange b <> ¢ because the radial
excitation occurs in the final charmed state. This gives an
opposite sign between L (1) and L™ (1) for n > 0.
This differs from the elastic case, for which one obtains
L0 (w) = L0 (w) = Ls(w) by taking the limit A®) —
A = A at w fixed.

For the form factors of the Lagrangian type we do not have
Luke’s theorem [7], but weaker generalizations of it.
Consider the transition between charmed pseudoscalars

D — D through the elastic current ¢y%c at zero recoil
w = 1. From (10) one has hi’”(1):§<">(1)+eC(L§“)(”)(1)+
b)(n
L ()).
The different superscripts (b) and (¢) mean simply that
the initial and final states are different, although the
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functions Lgc)("), ng(”)
masses.

Since ¢y’c is the ¢ quark number operator and
one has the normalization (1), relation (20) reads 6,y =

S0+ e (LY (1) + L™ (1)), and it follows

are independent of the heavy quark

LY 1)+ L (1) =o. (21)

Considering likewise the transition between charmed
vector mesons D* — D* through the elastic current

&% at zero recoil w=1, one has A" (1)=¢£"(1)+
eC(LgC>(")(1)—l—Lgb)(")(l)), which implies

LY (1) + LY (1) =o. (22)

Relations (21) and (22) are generalizations of Luke’s
theorem [7] to radially excited inelastic transitions, and for
the elastic case 0 — 0 one has Lgc) 0)(1) = Lgb)<o)(1) =
L;(1)(i =1,2), and therefore L;(1) = L,(1) =0.

The TW function for the inelastic transition £ (w) (n # 0)
vanishes at zero recoil, Eq. (1). Therefore, it would be very
interesting to have information on the derivative at w = 1, at
least for the first radial excitation. We have a number of
suggestions for this purpose.

(i) Using the second relation (19) and (12), (13) one has

hy (1) = 1) (1) = —e LY (1) + O(ey)
= e, AEWEM (1) 4 O(ep).  (23)

Therefore, up to 1/m,, corrections, this difference of
form factors is proportional to AEMEM' (1), and
could give information on the derivative of the IW
function at zero recoil.

Although difficult, one could in principle also
envisage a lattice calculation of the difference of
form factors at zero recoil (23) in the heavy quark
limit for the B meson (m; — o0), and thus isolate the
desired quantity.

(i) Using the same argument, one could as well con-
sider the ratio of the form factors,

— —c.L (1) + 0(e}) + 0(2)

= e AEWEN (1) + O(ey) + O(e7).  (24)

that could also provide £"'(1) up to higher correc-
tions. For example, varying the masses m,;, m, on
the lattice, one could isolate this derivative.

(iii) Another possibility would be to use the identities
(3)—(5), the definition (6) and the results (7), (8).
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After some algebra, one finds for n > 0 :

(DU (W) [eiDy(v = v')*hy | B(v))
= (w+ DA =-Aw)e (w),  (25)

(D (o) eiD (v = o' )hy B ()
— (w+ D(Rw =AM (w),  (26)

that gives for n > 0 :

li a

wol 2(w—1)
= —AEMEM' (1), (27)
D(n) Y _ N\ 2

i (P (@)1heiDo(v — v)*hy | B(v))

wol 2(w—1)

— —AE(")(S(”)/(I). (28)

Although difficult, a consideration of these matrix
elements on the lattice could in principle isolate the
interesting quantity AEEM) (1),

(iv) There is also a straightforward systematic method,
namely to consider on the lattice a form factor like

hg’)(w) (10) and vary 1/m,, 1/m, to have access to
the inelastic form factor, following the general
argument proposed in Ref. [8]. In this work, in

the static limit for the b quark, h(f) (w) has been
clearly isolated for the first radial excitation, provid-
ing some information on this form factor. Of course,
to get the derivative £&7)'(1) one would need to
consider several values of w near the zero recoil
point w = 1.

On the other hand, the problems that one encounters for
radial excitations within the Bakamjian-Thomas (BT)
relativistic quark model have been exposed in [9]. We
summarize here the results. We have checked that Eqgs. (20)
are satisfied at zero recoil in the BT model, as well as the
generalizations of Luke’s theorem (21), (22). However, the
relation (19), that involves the difference A — A, is not
satisfied in the model.

We have considered the 1/mg corrections of form
factors for semileptonic transitions between B mesons
and radially excited D mesons. In particular, we have
found some relations that involve the derivative of the
inelastic Isgur-Wise function at zero recoil £ (1)(n > 0),
and formulated a generalization of Luke’s theorem in this
inelastic case. Moreover, we have proposed some methods
to isolate the derivative &")'(1)(n > 0), that could in
principle be determined from physical form factors or
lattice QCD.
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