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We explore semileptonic B decays to the four lightest excited charm mesons, D** = {Dj, D}, D\, D} },
for nonzero charged lepton mass and for all » — ¢£v four-Fermi interactions, including calculation of the
O(Agcp/m, ) and O(ay) corrections to the heavy quark limit for all form factors. In the heavy quark
limit, some form factors are suppressed at zero recoil; therefore, the O(Agcp/m, ) corrections can be
very important. The D** rates exhibit sensitivities to new physics in b — czv mediated decays
complementary to the D and D* modes. Since they are also important backgrounds to B — D)7z,

the correct interpretation of future semitauonic B — D*) rate measurements requires consistent
treatment of both the D** backgrounds and the signals. Our results allow more precise and more
reliable calculations of these B — D**£v decays and are systematically improvable by better data on the
e and y modes. As an example, we show that the D™ rates are more sensitive to a new ¢o,, b tensor

interaction than the D™ rates.
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I. INTRODUCTION

The measurements of the ratio of semitauonic B decays
compared to the light-lepton final states,

['(B - Xt0)

R(X) = T'(B - Xi)"

l:/,t,e, (1)

show a 40 tension with the standard model (SM) expect-
ations [1], when the X = D and D* results are combined.
Improving our understanding of the B — D*) form factors,
required for precision calculations of R(D*)), has received
renewed attention recently [2-8]. To maximize future
sensitivity to new physics (NP) contributions, measuring
and understanding contributions for additional semilep-
tonic decay modes mediated by the same parton-level
transition is important and necessary, not only as they
can give complementary information on the new physics,
but also as they constitute backgrounds to the R(D™))
measurements.
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In this paper, we study B — D**¢v decays, where
D* € {Dj;, D%, Dy, D%}, (2)

denotes the four lightest excited charmed mesons,
above the {D, D*} ground-state doublet of heavy quark
symmetry (HQS) [9-11]. (The D** notation is common
in the experimental literature; these are the 1P orbitally
excited states in the quark model.) In Ref. [12], SM
predictions for R(D**) were derived, extending results
for massless leptons [13,14], but a comprehensive study
of NP effects has not been carried out yet. We include
contributions from all possible four-fermion operators
(assuming no right-handed neutrinos), and derive the
O(Aqcep/m.») and O(a,) terms in the expansions of the
form factors, going beyond the leading order in the heavy
quark expansion. The O(Aqcp/m. ;) corrections to the SM
matrix elements were calculated a long time ago [13,14],
and can be substantial, due to the suppressions of certain
leading-order matrix elements near zero recoil, imposed
by heavy quark symmetry. We show that the available
B — D3lv and B — Dlv data are in severe tension
with the heavy quark limit, that is alleviated by including
O(Aqcep/m.,)  corrections.  Similarly, O(Agcep/m.p)
terms can generate numerically dominant contributions
to NP matrix elements as well, and must be included.
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Understanding the B — D**¢D decays as precisely as
possible, both theoretically and experimentally, is impor-
tant for several reasons. First, as in B —» D*)¢£p decays,
certain form factor combinations are suppressed by the
light lepton mass, and thus cannot be constrained by
B — D**lv measurements, but enter unsuppressed in the
semitauonic rates. The use of heavy quark effective theory
(HQET) [15,16] allows more precise future measurements
of B — D**Iv to systematically improve the predictions for
B — D**zv [12], which will provide complementary sen-
sitivity to new physics compared to B — D*)zi. Second,
B — D**¢v decays also constitute a significant background
to the measurements of R(D*)), contributing significantly
to its uncertainty at present. As certain B — D**z0 modes
may exhibit high sensitivity to NP, good theoretical control
of these backgrounds is required in order to understand
which NP operators may best fit the data. Third, better
theoretical control of these modes will help to improve the
determinations of the CKM elements |V, | and |V |, both
from exclusive and inclusive B decays. The study of these
decay modes [17] and their contributions to the Bjorken
sum rule [18] will help understanding the composition of
the inclusive B — X.£7 decay in terms of exclusive modes.

In Sec. II, we establish notations and calculate all
B — D** form factors, including the complete set of
order O(Aqcp/m,,) and O(a;) effects. Section III con-
tains expressions for the differential decay rates for
arbitrary currents and charged lepton mass. In Sec. 1V,
we study observables that are particularly sensitive to the
O(Aqcep/m.») corrections and plot effects of a NP tensor
interaction which could not be evaluated previously with
comparable accuracy. Section V concludes.

II. HQET EXPANSION OF THE FORM FACTORS

We are interested in the B — D** matrix elements of
operators with all possible Dirac structures, for which we
choose the basis

OV = E'}/”b,
OS — E’b,

OA = Ey,u}/Sb9

OP = E'j/sb, OT = Z'Gm,b, (3)

with 6, = (i/2)[y,.7,]. Throughout this paper, we
assume isospin symmetry, and B denotes B° or B~. As in
Refs. [12-14], we use the conventions Tr[y*y*y°yy’] =
—4ije"r°, so that ¢y’ = +(i/2)e"°c,,. (This is the
opposite of the common convention in the B — D) ¢p
literature, which typically chooses Tr[y*yy°yy’] =
+4ietr, so that 6#y = —(i/2)e""°6,,,.)

A. Spectroscopy

The spectroscopy of the D** states is important, because
in addition to the impact on the kinematics, it also affects
the HQET expansion of the form factors [13,14]. The

TABLE 1. Isospin averaged masses and widths of the six
lightest charm mesons, rounded to 1 MeV [19].

Particle sy Jr m (MeV) I' MeV)
Dj§ %Jr 0" 2349 236
Dj %Jr 1" 2427 384
D, %+ 1" 2421 31
D3 %Jr 2+ 2461 47
D* %— 1~ 2009 0.
D %— 0~ 1866 0.

isospin averaged masses and widths for the six lightest
charm meson states are shown in Table I. (The level of
agreement between the measurements of the masses and
widths of the D** mesons, especially those of Dy in the top
row of Table I, is presently unsatisfactory [12].)

In the heavy quark limit, the spin-parity of the light
degrees of freedom (d.o.f.), s7', is a conserved quantum
number, yielding doublets of heavy quark symmetry, as the
spin s§; is combined with the heavy quark spin [11]. In the
quark model, the four D** states correspond to combining
the heavy quark and light quark spins with L = 1 orbital
angular momentum. The masses of each heavy quark
spin symmetry doublet of hadrons, H., with total spin
J, = s5;+1 can be expressed in HQET as
AL el

+
21’I1Q

tw (@)

I’}’lHi :mQ +/_\H— ZmQ

where n, = 2J, + 1 is the number of spin states of each
hadron, and the ellipses denote terms suppressed by more
powers of Agcp/mg. The parameter A is the energy of the
light degrees of freedom in the my — oo limit and plays an
important role, as it is related to the semileptonic form
factors [13,14]. The A and A% parameters are related to the
heavy quark kinetic energy and chromomagnetic energy in
the hadron H. We use the notation A, A’, and A* for the 1~,
%*, and %* doublets, respectively, and for the states in each
doublet:
D'?" e {Dy,D;},  D¥* €{D,,D;}. (5
The current data suggest that the m p; —Mp: Mass
splitting is substantially larger than m p; — Mp,. This
possibility was not considered in Refs. [13,14], since at
that time both of these mass splittings were about 40 MeV.
The smallness of mp, —mp, and mp. —mp. compared to
mp- —mp =~ 140 MeV was taken as an indication that the
chromomagnetic operator matrix elements are suppressed
for the four D** states, in agreement with quark model
predictions. We relax this constraint, as in Ref. [12].
While the measured masses of the broad Dj and Dj
states changed substantially over the last 20 years, their

075011-2



MODEL INDEPENDENT ANALYSIS OF SEMILEPTONIC ...

PHYS. REV. D 97, 075011 (2018)

TABLE II. The HQET parameter estimates used [12].

Parameter A N A* Ay Al A¥

Value [GeV] 040 080 076 049 090 0.77

2J 4+ 1 weighted average is essentially unchanged com-
pared to Ref. [14]. We use A’ —A =0.40 GeV and
A — A* ~0.04 GeV, and summarize the parameters used
in Table II. The uncertainty of A is substantially greater
than that of A’ — A and A’ — A*; as we see below, the form
factors are less sensitive to A than to these splittings.

B. Matrix elements to order Aycp/m,, and «

It is simplest to calculate the B — D** matrix elements in
HQET using the trace formalism [20-22]. It allows a
straightforward evaluation of the matrix elements of the
five operators in Eq. (3), as well as those of additional
operators generated by perturbative corrections (for a
review, see Ref. [23]). The O(a,) corrections are given
explicitly in Appendix A of Ref. [2], extracted from
Refs. [20,24,25]. The O(a,Aqcp/m. ) corrections are

(D'/*"|eI'b|B)
A /mD1/2+ mpg
(D3?"|er'b|B)
A /mD3/2+ mpg

where ¢.;, = 1/(2m,,,), T is an arbitrary Dirac matrix, and

- 1 A A A
K(v’) = [V1/}'5(¢M2 +e- UMS) +Pv’jwl}

N

+ [T (CGad yﬂnyG + ey ”yUN7 + ety UUNg) +

At leading order, in the heavy quark limit, all B — D'/

form factors are determined by one Isgur-Wise function,
¢(w), while all B — D*?" form factors are determined by
another, 7(w). (In the notation of Ref. [17], {(w) is twice
the function 7/, and z(w) is /3 times the function 75 /2)
All form factors are viewed as functions of the dimension-
less kinematic variable w, instead of ¢> = (pg — pp-)>,
with
/ m% =+ m%)** —q 2

wW=7v-0 :W' (9)

= ¢(w) {Tr[l_(v/FHy] +e iK' TH,] - ebiTr[ T

1+9¢

F(}’), = [Tv/(eﬂ”yﬂyyﬁll + e"v,7, Ny + ¢v,0,N3)

known for the SM currents and would be straight-
forward to calculate for any new physics, but are neglected
below.

The three heavy quark spin symmetry doublets relevant
for this paper can be represented by the (super)fields, which
have the correct transformation properties under Lorentz
and heavy quark symmetries [22],

1+
i, =L BB
K, =LV P
Fi = lzﬁ{Te% V\érs{ea—%ﬁ/(r“—v“)”-

(6)
In this paper, each representation occurs for only one heavy
quark flavor, so for simplicity we denote the components of
H, by B, and B:. The ¢*¥ denote a normalized traceless
symmetric spin-2 polarization tensor.
Similar to Ref. [26], including Agep/m. ), corrections,
the B — D** matrix elements can be written as

\U

;’5 SB H (7a)

_ A = 1-
= (w) {Tr[v,,F‘b’_,FH,,} + e Ti[F) TH,| + e, F,Tr [UUFg,FTﬁySBU] } (7b)

Vo (it + bt + Pt 2oL (8a)
Vo ity + e oitg)ys| L7
DL e o) |
\/—<¢N9+€ UN10) }1_2;&,. (8b)

Here v = pp/mp and v/ = pp-/mp- are the four-veloc-
ities of the initial and final states.

The coefficients M; and N, contain order Agep/mep
corrections. These are expressed in terms of subleading
Isgur-Wise functions, which arise either from corrections
to the HQET Lagrangian or from matching the current
operators onto HQET [27-29]. Specifically, (i) matrix
elements of the O(Aqcp/m, ;) current operators give rise
to the subleading (dimensionful) Isgur-Wise functions ¢,
and 7 ,; (ii) matrix elements involving the Agcp/m, ),
suppressed kinetic energy operator, /,(iD)*h,/(2m,), are
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TABLE III. Leading and subleading Isgur-Wise functions that
parametrize B — D** form factors at O(Aqcp/m, ;). The arrows
in the last column indicate the minimal set of functions needed for
the 1/m Lagrangian corrections, if the replacements in Eq. (10)
are made. Omitted upper indices mean ‘c’.

Doublet  Leading order  1/m current 1/m Lagrangian
D' ¢ q )(f;e", X575 =
D3 g 712 ”Ike’ ’7?33 —~Mp23

spin symmetry conserving and generate the functions
;(f(g’ and qke, (iii) matrix elements involving the
chromomagnetlc operator in the HQET Lagrangian,
(95/2)h,6,,G"h,/(2my), which violates spin symmetry,
generate the functions )(12 and 11?’2”3. The notations for
these subleading Isgur-Wise functions are summarized
in Table III.

As we consider only B (and not B*) decays, the
Agep/my, corrections from the chromomagnetic operator
in the Lagrangian—the terms involving % , (%, ;)—enter
in just one linear combination for all D'/2" (D32") form
factors, as do the heavy quark spin symmetry conserving
subleading Isgur-Wise functions, y, (77 "), These can,
therefore, be absorbed into the leadmg order Isgur-Wise
functions via the replacements,

{4 echie T enlute + 607 = 2w+ )25 = ¢,

T+ e + &g + 67 —2(w—1ns + 05l > . (10)
These replacements formally introduce O(Agep/m?,)
errors. Because the Agcp/m,., terms themselves can be
dominant near zero recoil, these (’)(AéCD /m?,) corrections

may in practice be sizable.

Hereafter it is understood that the replacements in
Eq. (10) are made, unless explicitly noted otherwise. As
in Table III, we omit the ¢ superscript from the remaining
(unabsorbed) subleading Isgur-Wise functions. We further

define 712 =x12/¢, &1 =01/8 Moz =mas/t
71, = 71,/7. With these conventions, the M; and N;
coefficient functions in Eq. (8) are

M, =67, = 2w+ 1), M, = =27,

. N ~ Aw—A
My =275, M, =2 1)=3—,
3 =20 4 Gw+1) Wl
. Aw—A A
M= ———— M, = =2
5 W+1 ) 6 4:17
A 14+ 2w)A* = (2 +w)A o
G, = LI REYR oo, ()
and

Ny =—=iz(w+1), Ny = i3 — 2y,

Ny = =2#,. Ny = =2y +303)(w+ 1),
Ns = 10, +4f,(w = 1) = 5ij3,

Ng = (B =) (w—1) = (A'w=A),
Ny=-(ti-1). Ny=-22,

Ny = 3(3 =) (w—1) —4(A'w=A),
N10 = 71(4W - 1) +5‘L’2,
Fy=A+AN—Qw+1)2 -, (12)

The Agcep/my, corrections not absorbed into the leading-
order Isgur-Wise functions occur exclusively in the ¥, and
G, linear combinations. (The sign difference between these
terms in Egs. (7a) and (7b) is simply due to defining their
known A% parts to be positive.)

C. B - DV?*" form factors

We define form factors in agreement with those in
Refs. [13,14] for the SM currents. For B — Dy,

(Djleb|B) = (Dglcy,b|B) = 0,
(Dg|eysb|B) = mp:mggp,
(Dyley,ysb|B) = | /mp.mglg, (v, + vy,) + g-(v, = v,)],
(Djleo,,b|B) = D MBITE ap? ay'b, (13)
and for B — Dj,
(Djleb|B) = mp-mpgs(e
(Djleysb|B) =
(Diley,b|B) = \/Mp:mg lgv, €

+ (v, v, + gy, v,) (¥ - )],
(D3[er,rsb|B) = i
(D3[c6,,b|B) = i\ /mipmiglar, (cv, — €;,)
+ gr, (v, — €)v),)
+gr,(€ - 0)(vv, —vywy)]. (14)
These form factors are dimensionless functions of w, and
hereafter we often suppress displaying the w variable. In

the heavy quark limit, each of these form factors either
vanishes or is determined by the Isgur-Wise function,

*, /
M B YA€ uafy € apby'?,

9+ = 9gv, = gr, = 0, gr =gy, = (w=1){,
9-=9r =9s = 9a = —9v, = —9r, = 9r, = ¢. (15)

Unlike the leading-order Isgur-Wise function in B — D)
decays, the function {(w) is not subject to any symmetry
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imposed normalization condition. Near zero recoil, only gp,
gy, and the linear combination g7, + gr, contribute to the
decay rates without a (w — 1) suppression [in addition to
the v'w? — 1 phase space factor; see Egs. (30) and (31)
below], so heavy quark symmetry implies that these form

At order AéCD / mg ,» and higher, the expansion is expected
to behave as suggested by the power counting.

To write the O(Aqcp/m. ) corrections in a compact
form, we define

factors in the heavy quark limit are suppressed near zero 9:(w) = gi(w)/C(w). (16)
recoil as (w — 1){. This is why the order Agcp/m,, terms
have enhanced significance for these decays [13,14]. Denoting &, = a,/x, we obtain
|

gp = (w=1)(14&,Cp) + e.{3(wA" = A) = 2(w? = 1){1 + (w = 1)[671 = 2(w + 1)ia]} — &, (w + 1)G,,

A A CA + CA W/_\* - [_\ A

e == ) T e 3R s 0 | -

Cy, —-C
bo=1+a, [CAI +(w= 1)%] +ecl6f1 = 20w+ 1)2a),
[_\* - /_\ A A,
.@T =1 + &SCT] + Ec |:3M}M/T — 2(W - 1)€l + 6}?[ - 2<W + 1))?2:| - Sth' (17)

The C;’s encode the a, corrections (and are given in Appendix A in Ref. [2]) and correspond to integrating out the b and ¢
quarks at a common scale, chosen as yu = /m_.mj,. For the order Agcp/m,;, and o  contributions to the B — D} form

factors, we obtain

wA* — A

e =14 &.Ce— _,
Js +a,Cy EC{W_FI (w
gy, = (w—=1)(1+a,Cy,) + e [wA*
.@Vz - _&SCVZ + 80(281 —_ 222)’

gy, = —1—=0a,(Cy, +Cy,) —€c<
wA*

§A21+&SCA1+€C< W—|—1

Ir,

G, = 1+ @,[Cr. — (w—1)Cy. +ec(

r, = —a,Cr, + €.(28) + 27,).

In Egs. (17) and (18), the expressions for the SM terms
(94> 9-5 9v,» 9v,> gv,, and g,) agree with Refs. [13,14].
Only four functions of w are needed to parametrize all
twelve B — D'/2" form factors in Eqs. (17) and (18) at this
order: ¢, £;, and 7,. Only the 67, —2(w + 1)§, = M,
linear combination of 7, and g, occurs for B — Dj in
Eq. (17), as expected from Eq. (8).

D. B —» D3?" form factors

We define the form factors for B — D3/2" such that they
agree with those in Refs. [13,14] for the SM terms,

wA* —
w41

1= [Cr, + (w=1)C)] +<

-1 +27 —2(w+ 1))?2} - &,G,,

—A=2(w=1p] - e(w+1)G,,

A . R
+20 =2} +2)?2) + €,Gy,

= .
—_2)(1> _Ebia

wA* — A N
—_ 1+ 27 Gy,
v + )(1>+€h b

WWL_F_IA - 2)?1) +£,Gy,
(18)
(D, [eb|B) = \/mp mpfs(e* - v),
(D|eysb|B) =0,
(Di|ey,b|B) = \/mp mglfy,e,
+ (fv,vu + fyv,v,) (€ - )],
(D1[Cy,ysb|B) = iy/mp Mg [ 1€ uap e v/v"7,
(Di|¢,,b|B) = i\/mp mp(fr, (€0, — €v,)
+ fr, (€, — €5vy)
+ fry(€ - v) (v, —vv)]. (19)
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while for B — D3,

(Dsleb|B) =
(D5|eysb|B) = | /mpsmpkpev°P,
(D3|ey,b|B) = mp;m By €4y € 0,0 VT
(D3[cy,ysb|B) = | /iip;mplka, €0

+ (ka,v, + kg, v;)ezﬂvav/’],
A/ mD;mBgyu(I/)’{[kT] (U + ,U/)a
+ kr, (v = v')“)]e*mvy

/
+ kr, 0P e 0,0, ).

<D§|Edyub|B> =

(20)

The form factors f; and k; are again dimensionless
functions of w. In the heavy quark limit, each of these
form factors either vanishes or is determined by the Isgur-
Wise function, z(w). (This Isgur-Wise function is different
from {(w), although model calculations can relate the two).
The simple parametrizations in Egs. (19) and (20) yield the
slightly complicated relations

ka, =kp, =kp, =0, fy, =(1-w?)t/V6,
fv.=Ww=2)t/v6,  —fy, = fr, =31/V6,

fa=fs/2=~fr, = fr,=ka /V6=—(w+
kp = —kv = kA3 = le = T.

1)1’/\/8,
(21)

At zero recoil where w = 1 and v = ¢/, only the f,, form
factor can contribute (as well as the linear combination
fr, + fr,), since €v;, and " v;, vanish. Heavy quark sym-
metry implies that f, (1) is either of order Agcp/m,. 5, OFits
dependence on the leading Isgur-Wise function, z(w), is
suppressed by (w — 1) [17]. This is why, as explained above,
the O(Aqcp/m, ) terms are so significant for semileptonic
decays to excited charmed mesons.

We define in analogy with Eq. (16),

Fiw) = fiw)/ew). Balw) = ki(w)/z(w). (22)
For the order Agcp/m.;, and a, contributions to the
B — D, form factors, we obtain

V6fs==2w+1)(1+a,Cs)—e,2(w—1)F,

— e {4(WN = A) =2(w = 1)[(2w + 1), +2,] +2(w+ 1)[67; +2(w — 1)1, — 3]}
V6fy, = (1=w?)(1+&,Cy,) — &y (w? = 1)Fy — e [4(w+ 1) (WA = A) — (w? = 1)(32 — 32, + 20y + 33)],
V6fy, ==3-a,3Cy, +2(1+w)Cy,] —,3F, —e.[(4w = 1)2, + 5%, + 107 +4(w —1)f12—5f73],
V6Fy, =w=2-a&]2-w)Cy, +2(1+w)Cy,] +&,(2+w)F,

+eJAWA = A) + (24w + (24 3w)t, —2(6 +w)ijy —4(w— 1), — (Bw —2)i],

V6fs=—(w+1)(1+a,Cy) —ey(w—1)F, — e [A(wA’
\/BfT] =(w+ D[l +a][Cr,
\/EJACT2 =—(w+ D[ +a[Cr, —(w=1)Cr,]] +&,(w—

\/gfn =3+a,3Cy,

—A)=3(w=1)(2, =) -
+(w=1)Cr,]] + e, (w = 1)F) = ec[4(wA' = A) —
)E, —e[4(wA = A)
— (2=w)Cr, +3Cr,| +&,3F, —e.[(4w = 1)3) + 58, — 107 —4(w — 1)i), + 573].

(w+1)(2#, + 3733)],
3(w—=1)(7) = 1,) + (w+ 1) (2, + 373)],
=3(w=1)(2) — %) — (w+ 1)(2, + 3733)],

For the order Agep/m,;, and a; contributions to the B — Dj form factors, we obtain

= a,Cy, — £.2(2) + 1),

~ w—1
=1+a,|Cr, +T(CT2 -Cr,)

n w—|—1

A

sz = O

kT3 = _asCT2 + & (Tl - ’72)'

kp=1+4a,Cp+ e,y +e[w+ 12 + 1,

——(Cr, + Cr,) + &, Fy — (2

ky = -1 —-a,Cy — epFy —e.(2) — %) — 20y +113),
—(w+ 1)(1+a,Cy) —&,(w=1F,

ka, = 1+ a,(Cy, + Cy,) + epFy —e.(2) + % + 20 — 20 — f13),

(23)
=2 = 2(w = D)iny + 113),
—el(w—1)(7 — %) — (w+ 1)(20 —03)],
(2 —1713),
—- 1),
(24)
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In Egs. (23) and (24), the relations for the SM terms (fy,
Svys fvis faskv,s ky,, ky,, and k) agree with Refs. [13,14].
In this case, six functions of w are needed to parametrize
all sixteen B — D*?" form factors in Eqgs. (23) and (24),
including all O(Aqcp/m. ;) corrections: 7, 5, and 7 5 3.

E. Equations of motion

As in Ref. [2], we can verify the relations stemming from
the QCD equations of motion between the (pseudo)scalar
and the (axial)vector matrix elements,

m(u)|(Dglcysb|B

— i (u)|(Di|cb|B
m(u)|(D3|eysb|B) =

—m.(u)|(D\[cb|B) =

= (Dledysb|B).
= (Djlegb|B).
D3|edysb|B).

D, |egb|B). (25)

\/\/\/\/
/\/\/\/\

Using m,=mp—A+ O(Agep/my) and  me=mp.. —
AN+ O(Agep/m,) imply that all first-order Agcp/me.,
and a; corrections agree in Eq. (25) as they must. Note that
the left-hand sides of Eq. (25) contain the running quark
masses at the common scale y. At order aj, the results are
sensitive to this, and the O(a;) terms from the expansion of

@(g-mt—jg) +} (26)

are required to be present for Eq. (25) to be satisfied. As
emphasized in Ref. [2], it is probably better to evaluate the
scalar and pseudoscalar matrix elements using Egs. (17),
(18), (23), and (24) instead of Eq. (25), because the natural
choice for p is below m,,. In the MS scheme, fermions do
not decouple for u < m, introducing artificially large
corrections in the running, compensated by corresponding
spurious terms in the f function computed without inte-
grating out heavy quarks [30].

mg = g (u) [1 +

III. B — D**¢v RATES FOR GENERIC NP

It is straightforward to calculate the B — D**/D rates
including lepton mass effects and all possible four-fermion
operators. The double differential distributions in the SM
were written down in Ref. [12], the integrals of which agree
with the expressions below. Here we give the single
differential distributions as the SM plus generic NP.
These expressions can be used with any form factor input
to study the SM predictions and possible patterns of NP in
R(D**). In Appendix A, we provide explicit results for the
B — D*¢D amplitudes, which may be used in combination
with D** and 7 decay amplitudes to derive fully differential
distributions of the visible decay products in B — D**£D,
including all interference effects [31].

We consider the following complete basis for the four-
Fermi operators mediating b — ¢£v decay:

SM: i2V2V ., Gg[ey"P b2y, PLV], (27a)
Vector: i2V/2V,.,Gplc(a)ly* Py + ayy* Pg)b]
X [?(BZV;;PL +BXJ’;4PR)U]1 (27b)
Scalar: i2v2V ., Gp[e(a Py, + @5 Pg)b]
x [£(BiPL + BrPr)Y, (27¢)
Tensor: i2V2V ., Gp|(¢dl " P b)(¢Pro,,PLv)
+ (EaRGMDPR )(l’ﬂﬁRGyUPRl/)}' (27d)

The NP couplings to the quark and lepton currents are
denoted by 5:5. and B}, respectively. The lower index of j
denotes the v helicity and the lower index of & is that of
the b quark. (This notation is a variation of the con-
ventions chosen in Ref. [31], whence the seemingly
superfluous tildes. See Appendix A for details.) The
NP couplings & and §j may be complex, and &
products are normalized with respect to the SM couplings,
such that setting &Z/B"L/ = 1 would amount to doubling the
coefficient of the (¢y,P,.b)(£y" P, v) operator compared to
its SM value. The CP conjugate operators for b — ¢ £ v
are obtained by Hermitian conjugation. The operators
involving right-handed neutrinos are included for com-
pleteness, but do not interfere with the SM (neglecting m,,
suppressed terms).
We define the dimensionless ratios,

r=mp-/mg, pf:mé/sz, (28)
as well as
2 2 2,5
=g T e 0 1927 (29)

In the rest of this section, for brevity, we suppress
indication of absolute value squared for the NP? terms,
so that all (@§))? terms mean |&fj>. Similarly, all
interference terms are understood as the appropriate real
parts: terms linear in NP couplings (coming from SM-NP
interference) of the form &4, mean Re(&f)), while
bilinear terms in NP couplings (from NP-NP interference)
of the form & f;,aff mean Re(a.f,,af "By *).

Considering only left-handed neutrinos, we obtain for
the B — D;/v rate,
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dF ~2 2
o — 4T %{gz(w ~ D1+ ) @w = 1) +2r(w = 2)] + (1 = r)2(w + 1))
+ W+ Dlpe[(1+72)2w +1) = 2r(w +2)] + (1 + r)*(w = 1)§°] = 2g_g, (1 = ) (W* = 1)(§* +2p,) }.
(30a)
dry,  drpy A (& =pe) .
=S v atpt - agpty 4 2oV 1P s - ap g
+6(ay — a3 )Bigp/pe(1 + @y By —app])lg-(1 +r)(w—1) =g, (1 = r)(w+1)]
+ 8ay B gr(w? — V)[2a] BLar(q* + 2p¢) + 3v/pe (1 + @/ B} — agh])lg.- (1 +r) —g-(1 - V)H}- (30b)
For the narrow D, state (s”/ = 2Jr), we find
drp,” (= p,)?
ro— 2L Vw? — 17516 S 2P (w = 1) + 28] + pelA(w — 1) = 7))
+ (W = D) (7, 2787 (w* = 1) + p 387 + 4 (W = D] + f7,28*(W* = 1) + p,[4(w = 1)* = §°]]
+ 21387207 +po) + 2f v, fv, 2P (W — 1) 4+ pp(3 = 2 = 2rw)] +4fy fv,(w— (G +2ps)
+2fv, [y, Rrg* (W = 1) + p[3wg* + 4r(w? = 1)]])}, (31a)

(SM)

dr dr - ~ o2
= Sl (uraty -t + 2V - 1L i) e - 0

+6(a; + ag)pi (1 + @)y + axhl)fs(w* = Vi /pelfv, +fvz(1 —w) + fy,(w=r)]

+16(a1PL) (@ + 2p,) (f7, [0 (2 + W) + 47 (w? = D] + f7,[4w = 1)* = @] + f7,8* (W = 1)?

+2f 7, f1,3wq* + 4r(w? = )] =2f7.(fr,w+ fr,)3*(w* — 1))

_2455{,32\//)_1/”@2((1 +a ﬂL - &KﬂL)ZfA(ler—i—sz)(wz )

- (1 +&Zﬁ‘L/ +aXﬁZ>[2fT,fvl(1 —rw)+ wfr, +3fr, _fT3(W = Dlfy,(w=r)

+ Wfr, + fr, = fr,w? = DI(fv,r + fv,)(w* = 1))

+dagpBr(1+alBr)(313,4° 247 + pe) + 2fv, [fv, +2fv,(w = n)](w?* = 1)(§* + 2p¢)

+ (w2 = D), R W = 1) + pr 387 + 42 (w? = D] + f7, 287 (W* = 1) + pe[d(w = r)? = 2]

+ 21y, v, 2r (W = 1) + pp(3 = P = 2rw)] + 2y, f, [2rg? (W* = 1) + p[3wG* + 4r(w? = D)]]))}.  (31b)

The result for the broad D7 state (s} :%ﬂ can be obtained from Egs. (31a) and (31b) via the replacements
fs = —=9s.fa = 9a-fv., = 9gv,. fr, = gr., where i = 1, 2, 3. For d['(B — D;¢D)/dw, the result is

dris™ 5
2= 20 = e LD = P 307 el = - 307)
202 = 1), RGP0 1)+ p, 36 + 42 (0w% = )] + 13, 2202 = 1) + p 4w = 12 = 7]
+ 3607 (@7 + pe/2) + 2k ka, [2rqP (W = 1) + pp (3 = 12 = 2rw)] + dky kg (w = 1)(3° + 2p¢)
2k (277 (07 = 1)+ (3G + 47w = DI}, (320)
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drp, dry”

dw dw

- - 4T g
(1 4+ aBY - By + R - 12

x {6agpL (1 + ay B )ky (w* = 1)3*(24% + ps) + 3@} — & )Bi P kp(w* = 1)

q

2 - pf)z

6

2]4

+6(a5 — @) kp(w? = 1P /pr (1 + @Y BY — G4 )ka, + kay (1= rw) + kg, (w = )]

+16(a1 1)@ + 2pe) (K7, (W + 1[G (4w + 1) + 6r(w? = 1)] + k7, (w = 1)[§*(4w = 1) + 6r(w? = 1)]
+ kp, (W = 1)@P[ky,(W? — 1) + 2kp (W + 1) + 2kg, (W = 1)] — 4k kp,(W? = 1)(1 4 rw — 217))

+ 1260 B /oo (w2 = 1) (2(ka,r + kg, ) (1 -+ &YBY — @Yk, (w+ 1) + (w = 1)k, + ky, (14 w))]
= 3ky (1 + agp] + aypy)lkr, (1 +r) = kg, (1 = 1)) + ka, (1 + &/ B} — axpy)

X [kp, (w4 1)(3 42w = 5r) = ky,(w = 1)(3 = 2w + 5r) + 2/’<T3(w2 -H(w=r)])}.

In the heavy quark limit, for the SM and the tensor
coupling contributions, using Eqs. (15) and (21), our results
in Egs. (30)—(32) agree with the results in Eqs. (B9)—
(B12) in Ref. [32] (see also Ref. [33]), which studied the
R(D**) predictions for a NP tensor interaction using QCD
sum rule predictions for the leading-order Isgur-Wise
functions. In Appendix B, for completeness, we include
the analogous expressions for the B — D) rates.

In the SM, the only form factors that enter these
rates without additional (w — 1) suppressions are g, for
Dy, gy, for Dj, and fy for D;. In the infinite mass
limit, these form factors must vanish at w =1 due to
heavy quark symmetry. The model-independent result
derived in the SM is that the O(Agcp/m, ;) leading
terms for these form factors at w = 1 are determined by
hadron mass splittings and the leading-order Isgur-Wise
functions [14],

(1) —%(stre,,)(/_\* A
gy, (1) = (e, = 3e,) (A" = A) + -+,

VB7y,(1) = ~8e (A = R) +- -, (33)
where the ellipses denote Ola,(w —1),&.,(w —1),€2,]
and higher-order terms. All terms in dI'p;/dw have an

overall (w?—1)%2 suppression, so there is no similar

constraint for that channel.

In the presence of new physics, the gp (for Dg), gr,, (for
DY), and fr, , (for D) form factors also have unsuppressed
contributions at w = 1. Of these, gp(1) vanishes in the
heavy quark limit, and is determined at order Agcp/m,, by
hadron mass splittings and the leading-order Isgur-Wise
function similar to Eq. (33) above

A

gp(1) = 3(ec — &) (A" = A) + - (34)

The f7,, and g7, form factors are proportional to the
respective Isgur-Wise functions, £ and 7, in the heavy quark

(32b)

limit, without any (w — 1) factors, and their contributions to
dI"/dw neither include a (w — 1) suppression. However, in
the heavy quark limit, g7, = —gr, and f7, = —fr,, so only
Sfr, + fr, and gr, + gr, terms appear in the rates. One sees
in Eq. (31b) that the sum of the terms proportional to f7 .

%2, and f7 fr, vanishes at w = 1 in the heavy quark limit,
as it must (and similarly for the g7, , g7., and g, gr, terms).
The contributions to the rate proportional to the linear
combinations (fr, — f7,) and (gr, — gr,) are suppressed
by (w — 1), while

V6[fr,(1) + fr,(1)] = —8e (A = A) + - -,

gT1(1)+gT2(1) = (£C+38b)(l_\*_[\)+’ (35)
are again determined at order Agcp/m,;, by hadron mass
splittings and the leading-order Isgur-Wise function, sim-
ilar to Egs. (33) and (34).

IV. SOME PREDICTIONS

The data which can be used to constrain the leading
and subleading Isgur-Wise functions are the four B —
D*Ip branching ratios, the B — D3lv and B — Djlv
spectra measured [34] in four and five bins of 42,
respectively, and the B — D3?" 7 rates which are related
to the semileptonic rates at ¢g°> = m2 using factorization.
The available data, used in our fits, is identical to that
collected in Tables V-VII in Ref [12] and are not
repeated here. In all fits we perform, we expand the
leading-order Isgur-Wise functions in (w—1) to linear
order,

t(w) = z(1)[1+ 7 (w=1)],
Cw) = (I +¢'(w—1)].

R

(36)

In our predictions for the B — D**zv rates and R(D**),
for simplicity we assume that the / = e, y rates are given
by the SM, and that NP may only enter the 7 mode.
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A. Fits in the heavy quark limit

To understand the importance of the O(Aqcp/m, )
corrections, it is instructive to attempt fitting the data
using the form factor parametrizations in the heavy quark
limit. Fitting the dI'/dw data for D5 and D{ and the
branching fractions of all four states in the heavy quark
limit, using Egs. (15) and (21), yields an unacceptably
poor fit (y?>/d.o.f. = 80./4). The fit is not improved with
the addition of quadratic terms to Egs. (36). Given the
branching ratios and some gain in efficiencies in Belle II
over Belle, one may expect sensitivity to such quadratic
terms with about (5-10)/ab of Belle II data.

To better quantify this tension, we instead fit z(1) and 7/
(¢(1) and ¢’) using the branching ratio and dI"/dw for the
D; (D}) alone, and the B — D’z rate. This yields good fits,
with the results shown in Table IV. From these fits, one can
predict the ratios,

Ry, = LB = D3] o000,
327 I'[B - D, 1]
I'[B - Dilv
Ry = (B = Dolt] 68+ 0,07, (37)
(B - D7)

to be compared to the current experimental values [12,34],
Ry, ~0.45+0.07and R, ~2.2 +0.7. (The R3 ), = 1.67
central value is very close to the ‘B’ result, 1.65, in
Table II in Ref. [14].) The severe tension for Rj3,,, about
100, is evidence for the presence of large deviations from
the heavy quark limit. Adding quadratic terms to Eqgs. (36)
does not resolve this tension. However, including the
O(Aqcep/m,,) corrections yields good fits [12], in align-
ment with the expectation that these corrections can be
large because of the zero recoil suppression of the heavy
quark limit terms. Therefore, hereafter, we consider only
fits including both Agcp/m,, and a, terms.

B. Fits including the subleading terms

To deal with the several unknown subleading Isgur-Wise
functions and the limited amount of experimental data,

TABLE IV. Fit results and correlations, fitting at leading order
in HQET the B — Djlv data (above) and Djlv (below).

y%/d.o.f. (1) 7

2.5/3 0.65 +0.08 -13+04

(1) 1 —0.90

7 -0.90 1
2/d.o.f (1) ¢

9.1/4 1.14 £0.32 -0.20+ 1.0

c(1) 1 -0.95

I ~0.95 1

some approximations need to be made. In what is called
“Approximation A” in Ref. [14], (w—1) is treated as a
small parameter of order Agcp/m, 4, up to second-order
terms are kept, and chromomagnetic terms are neglected.
This reduces the number of subleading Isgur-Wise func-
tions that enter and allows parametrization of the rates with
a few numbers (rather than functions). In “Approximation
B” one does not expand in (w— 1), but still neglects
chromomagnetic terms. Finally, Ref. [12] introduced an
“Approximation C”, which treats 7;, and ¢ | as constant
fit parameters. It also does not neglect the subleading
Isgur-Wise functions parametrizing matrix elements of the
chromomagnetic term in the Lagrangian, motivated by the
fact that the mp. —mp. mass splitting no longer appears

much smaller than mp- — my,.

We have updated the Approximation C fit to include the
a, corrections neglected in Ref. [12]. This changes the fit
parameters shown in Table V only slightly compared to
Ref. [12]. For R(D**) defined in Eq. (1), we obtain

R(D;) =0.08+0.03,  R(Dj) =0.24+0.05,
R(D¥) =0.05+002,  R(D})=0.18+0.02,
R(D))=0.10+0.02,  R(D;)=0.20+0.02,
R(D3) =0.07+001,  R(D;)=0.17+001, (38)

and the phase-space constrained ratio is defined as

f(ms—mx)z dl'(B—XtD) § 2

2 o m? dq? q
R(X) " p(mg—mx)? dT(B—XID) da? ’ (39)
fm% dq?

Our results in Eq. (38) are nearly identical with Eq. (38) in
Ref. [12]. The ratio for the sum of the four D** states is

> xep~I[B = X11]
> xepT[B — XI7]

R(D*) = =0.08+001. (40)

TABLE V. Fitresults and correlations for Approximation C, for
the narrow D¥2" (above) and broad D'/?" (below) states.

y*/d.of. (1) 7 ) 2,
24/4 070+0.07 -164+02 -05+03 29+14
7(1) 1 —0.85 0.53 —-0.49
7 —0.85 1 —0.17 0.086
7 0.53 -0.17 1 —0.89
7 —-0.49 0.086 —0.89 1
x*/d.o.f. ¢(1) ¢ ¢
9.1/4 0.70 £0.21 02+14 0.6+0.3
Z(1) 1 —0.95 —-0.44
¢ —0.95 1 0.61
&1 —-0.44 0.61 1
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FIG. 1.

We next consider new physics generating one of the
interactions in the basis defined by Eq. (3). The scalar (Oy)
and pseudoscalar (Op) matrix elements could be estimated
in the past using Eq. (25) [12]. A right-handed vector
current, Oy + Oy, does not help to fit the current data, and
Oy — O, is the SM operator. Hence, we study here in some
detail NP generating the tensor operator, Or, which has
best fit for the present data at &/ 5! ~0.35, assuming it is
real (corresponding to Cy ~0.48 in the conventions of
Ref. [35]). This is primarily for illustration: While exclu-
sively O7 cannot be generated by a dimension-six new
physics operator, it can arise from Fierzing interactions
generated in viable scenarios.

Figure 1 (left) shows our predictions for R(D**) as
functions of &{B{, and Fig. 1 (right) shows the predictions
for R(X)/R(X)gy for all six D***) states. In the vicinity
of al B ~0.35, where the current R(D) and R(D*) data
can be fit well, measurements of R(D**) will have a lot of

40 T T T T

(1/Tgy)dl’/dw

FIG. 2. Predicted dI'/dw distributions normalized to the SM
rates for each of the four D**) states, in the SM (dashed curves)
and for Ex{ﬁf = 0.35 (solid curves), as determined from the
Approximation C best-fit result, including Agcp/m., and a;
corrections.

_ 15} I
z ;
X /
g /
= I d
X
~
0.5 ]
-0.4 -0.2 0 0.2 0.4
&by

Predictions for R(D**) as functions of a NP tensor coupling (left), and for R(X)/R(X)gy for all six D) states (right).

discriminating power. We obtain for &} j? =0.35 the
central values for R(X)/R(X)gy = {0.46,4.3,4.3,0.47}
for {Dj, D3, Dy, D5}, respectively, whereas the corre-
sponding values for {D, D*} are {1.51,1.25}. The uncer-
tainty bands are dominated by the first principal
components of the fit covariance matrices, added in
quadrature with variations in {; and 7; (see Ref. [12] for
details). Figure 2 shows the predicted dI'/dw spectra both
for the SM and for &l 7 ~ 0.35.

Understanding B — D**[p is also important because
they give some of the largest experimental backgrounds
to the measurements of R(D™*)). For example, for Belle,
Table IV in Ref. [36] showed that the B — D**#¥ shapes
and composition are significant backgrounds to the R(D*))

0.3

0.2 |

5)

R(

0.1}

R(Dy)

FIG.3. Allowed ranges of R(D;) and R(Dj}) for the two narrow
states, in the presence of any one of the four non-SM currents
with arbitrary weak phases, as determined from the Approxima-
tion C best-fit result, including Agcp/m,;, and a, corrections.
The SM prediction is shown by the black dot.
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measurements. For BABAR, Table V in Ref. [37] lists
separately the uncertainties due to B — D**[ and
B — D**1b, which are both significant. The sensitive
dependence of the B — D**#i rates on a{ﬁ{ shown in
Figs. 1 and 2 illustrate the importance of treating these D**
backgrounds to B — D*)£D consistently, when fitting NP
to more precise future R(D™)) data.

Figure 3 shows the possible ranges of R(D;) and R(D3),
for the two narrow states, allowing any one of the four non-
SM interactions, with arbitrary relative phases compared
to the SM. The Approximation C best-fit result is used,
including Agcp/m,.;, and a, corrections.

Predictions for B, — D}*# can be made using the same
formalism with the appropriate hadron masses, the A(*)
parameters in Table II, and flavor SU(3) symmetry for the
form factors. Three of the D3* states have widths below a
few MeV, and may become the first B(s) — DZ:‘)TD decay

modes measured by LHCb. The R(D¥*) predictions are
numerically close to those for B — D**#i, but larger
uncertainties arise from SU(3) violation and questions
remain regarding the interpretation of D}* as simply
orbitally excited 5c states [12].

V. CONCLUSIONS

We derived the B — D**#i decay rates for arbitrary
beyond SM b — ¢ currents and finite charged lepton mass,
including all order Agcp/m,;, and a, terms in the heavy
quark effective theory expansion of the form factors.

To describe all b — ¢ current matrix elements, including
Agcep/m. , and a; corrections, only four functions of w (£,

¢, and 7, ,) are needed to determine all twelve B — D'/
form factors in Egs. (17) and (18) to this order, as well as
the mass parameters A* and A. For B — D*?" decays, six
functions of w (z, 7| 5, and 7, 5 3) describe the sixteen form
factors in Eqgs. (23) and (24) at this order, plus the mass
parameters A’ and A.

With the above results, we have now all ingredients in
place to consistently study semileptonic B decays to the six
lightest charm mesons, B - D) ¢p, for arbitrary new
physics and for arbitrary charged lepton masses. These
results are being implemented in the Hammer [38] analysis
software, which will allow reweighing fully simulated data
for fully differential decays to arbitrary new physics,
including arbitrary NP contributions for each of the three
lepton flavors. This will lead to better control of both
theoretical and experimental uncertainties in R(D***))
measurements, as well as in the determinations of |V,
and |V,,| from semileptonic B decays.

Unlike calculations using model-dependent inputs on the
form factors, our predictions are systematically improvable
with more data on the B — D**Iv decays to light lepton
final states and/or input from lattice QCD. The upcoming

much larger data sets at LHCb and Belle II will answer
many important questions.
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APPENDIX A: NP AMPLITUDES

In this appendix, we provide explicit results for
the B — D*#v amplitudes themselves. These B — D**
amplitudes correspond to those used in the HAMMER
code [38].

As in Ref. [31], we consider the b — ¢ amplitudes,
defining the basis of NP operators to be

SM: i2V/2V:,Gplby* Ppcloy,PLY), (Ala)
Vector: i2V2V*,Gplb(a)y* P, + ajy* Pg)c]
X [D(BYruPL + Bry,Pr)?), (Alb)
Scalar: — i2v2V*,Gplb(as P, + aSPg)c]
x [0(B] Pr + BRPL)]. (Alc)
Tensor: — i2V2V*,Gr[(bako" Pic)(0pLo,,Prt)
+ (balo" Ppc)(0Pho,,PLE)). (Ald)

The lower index of f denotes the v helicity and the lower
index of «a is that of the ¢ quark. The correspondence
between these coefficients and those defined in Eq. (27) is
(equivalent to)

a) =ay*, ay =ay*,

ay = —ay ay = —as ¥,

al = —ak*, ap =—aj*,

pi =P (A2)

Operators for the CP conjugate b — ¢ processes are
obtained by Hermitian conjugation.

The B — D**£v process features only a single physi-
cal polar helicity angle, 0,, defined in Fig. 4 below.
(Helicity angles and momenta are defined with respect
to the b — ¢ process. Definitions for the conjugate
process follow by replacing all particles with their
antiparticles.) With respect to the D** — DY decay
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pPB=4q

FIG. 4. Helicity angle definitions.

products, one may define ¢, and ¢p as twist angles of
the /—v and D-Y decay planes, in accordance with
Fig. 4: The combination ¢, — ¢, becomes a physical
phase in the presence of D** decays. Anticipating the
need to account for interference effects once D** and 7
decays are included, we therefore write results for the
helicity amplitudes including this physical phase com-
bination. We adopt conventions that match the spinor
conventions of Ref. [31] for the r decay amplitudes. For
left-handed neutrino amplitudes, this is achieved by
including an extra D** phase factor e“r*¢p for D**
spin Ap, and an additional spinor phase function,
hy, =1, e for s, =1, 2, respectively. (We label
the leptonic spin with 1 and 2, to distinguish it from the
D** spins as well as to match the conventions of
Ref. [31] for massive spinors.)

Under these conventions, the fully differential B —
D**£v rates may be written as

2

’

d’r _ Gamy2r’3vw? — 1(g° - r?;)2 o Z |A’ID**
dwdcosf,  64x° Fe ¥

Ap#=.S¢

(A3)

in which r, = m,/mg = \/p,.

In the following subsections, we write the Af? helicity
amplitudes for the b—¢ processes, for left-handed neu-
trinos only. As in Ref. [31], the amplitudes for right-handed
neutrinos are straightforward to include. The CP conjugate
b — ¢ processes are obtained via

i—»c (9’ ¢; a, ﬂ) = A:[E,_,E(ev _¢; ar, ,B*)7 (A4)
where s is the set of external state quantum numbers, and §
denotes their corresponding CP conjugates. For the D3
processes, the /ID; = +2 amplitudes are all zero and are not

included. We label the remaining amplitudes via 4 p; =+, 0.

1.B —> D(’;fv

1
AV = {59P<ai a8 + 200w — TapT cos 0,

_gere(L+ (af —ap)Br)((r= DA +w) + (1 4+ r)Vw? — Tcos§)

247

_g-re(l+ (@ —ag)) (L + 1) (w=1) + (r= DVw? = 1cos9f)}

247

. wi=1 . . 1
Ay /V2 =sin0,{ —2grr, TaRﬂL +

—aX)ﬁX)}-

9. (1+7) WQZ (1 + (a} —ah)py)
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2.B - l_)lfl/
) 1 2 _ 1 1 \'4 VypV
Aj = sin Gfe“(%—"’f){ifﬂf (1 + (el sy L z(aff elfs)
q

2(fr,(r—w+ vw? —1) + fr, (=1 + w4 rvw? — l)alzﬁ{}
: v

5 = co et 1 A0 + ol - e + 1,01+ af + o)
+4rf(sz(r—w—|- VW2 = 1) + fr, (=1 +rw+ rﬁ)aﬁﬁ{}

512
0 { fsVw = 1(a} +ap)py | fvre(1+ (af +ap)B)(Vw? =1+ (r—w)costy)
Al =< - + -
V2 V24
_”KVWZ—1(1+(GX+GX)ﬂX)(fV3(V—W)+fvz(”W—1)+(fv3+fvz’”)VW2—ICOS‘9f)
V29

+2V3(fr, + fr, + fr,w— frw?)ahE cos af}

40— sinaf{_fvl“‘ w)(L+ (af +ap)r) | (fvy + Fr,) 02 = {1+ (af +ak)p))
B 2\/§rz,’<fT2 +fr, +fr,w _fT3W2)a£ﬁ{}
3]2

ot [Le, = Fuyrelt + (af + )
AT = O, etilbpo=ds) ) — -1 VvV _ V\pV | L RIPL
| = SInGge {ZfArf 7 (=1+ (ag —a[)p) + ) /—?]2
2(fr,(w—=r+Vw = 1)+ fr,(1 —rw+rvw? - l)algﬂ{}

62

Ay = sinz%e”(% ¢¢) {fA\/w —1(1 + (af —ap)p]) + fv, (=1 = (af +ay)py)

+4r,g(frz(w— r+ M) + fr,(1—rw+ n/vﬁ)a%ﬁ{}
q* '

3.B > D;fl/

Al—:Smgb,e-«%_qsf){kvrf(wh1><1+<a{+az>ﬁz>+kA,rf¢w —1(1 +(af —a})py)

2V2\/ 3 V2V
N V2kr (L+w)(L+7r)(w=1) = (1 = r)Vw? — 1)akp?

612
. V2kg,(w=1)((r = 1)(1 +w) + (1 4+ r)Vn? = 1)a,§ﬁ{}

612
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A5 = cos? 22 =ilo-00) {kv(w2 — D0+ (of +ap)Bp) | kaVw* = 1(1 + (a1 — ap)fi)
V2 V2
N 2V2ky,re(1+w)((1+r)(w—=1) = (1 = r)Vw? — 1)akpl
312
+2\/§kT2rf(W_ D((r =11 +w) + (1 +r)vw’ - 1)“13%}
@2
A0 {kp(w2 —1)(a5 —ap)ps N kare(1 4 (af —ap)p])(w? =1+ (r—w)Vw? —1cosb,)
‘ V3 V3g’
(W = D)1+ (af = ag)py) (ka, (r = w) + ko, (rw = 1) + (ka, + ka,r)VW? — 1 cos ;)
ey
dkr, (1 +w)Vw? — Lakpl cos 0,  dkr,(w—1)Vw? — lakpl cos0, 4k, (w* — 1)>2akpl cos 95}
+ + 4
V3 V3 V3
0_ {kAl(W_ PVw? = 1(1+ (af —ag)py) | (ka, + ka,r)(w* = 1)*2(1 + (af — ag)B])
A5 =sinb, +
V3V V3V
_4kT1 re(1+w)\/§ 2(W2 - l)agﬂ{ 4kT2”f(W -1)vq (W - l)aRﬂL
V3§ V3g?
Ak re(w? = 1)3/20‘1Teﬂ£}
AVE

kyre(w* = 1)(1 + (af +ag)py) n ka,rev w2 —1(1 + (af —ag)py)
22/ 22/ 2

AT — sin 9f6+i(¢0_(/)f) {_

_\/szl(lJFW)(( r)w—=1)+ (1 = r)Vw? = 1)agf]
\/?
+ﬂkrz( —1)((1—r)(1+w)+(1+r)vW2—l)aﬁﬂf}
Vi
A;:smzez_fe%-@{ v(w? 1)(1205 +az¥>ﬂ¥>+kww2—1(—1/;<ax—az>ﬂz>
N 2V2ky (1 +w) (1 +7)(w = 1) + (1 = r)Vw? — 1)akpl
7
_Zﬁknrf(w— D((1=r)(1T4+w)+ (1 +r)vVw? - l)afeﬁi}
9 '

Finally, the B — Dj#v amplitudes are obtained from the B — D, v results, with the form factor mapping

fs = —gs. fA,Vi,Ti = gav,.T; (AS)

where i = 1, 2, 3, as follows from the definitions in Eqs. (14) and (19).

APPENDIX B: B » D¥¢p

For completeness, and to have all six B — D"**) rates together in the same notation, we list here dI"/dw for arbitrary
charged lepton mass and weak current for the B — D*)#0 modes as well. We use the form factors defined as in Ref. [2].
For B — D,
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(Dlcb|B) = /mgmphs(w + 1),
(Dleysb|B) = (Dley*y*b|B) =0,
(D|ey,b|B) = /mpmplh, (v + '), +h_(v=1"),],
(D¢, b|B) = ix/mgmplhr(v,v, — vjv,)], (B1)
while for the B —» D*,
(D*|eb|B) = 0,
(D*[¢ysb|B) = =g hple” - v).
(D1, b|B) = i Ty hyeyupe 0 0P,
(D*[ey,ysb|B) = \/mpmp:[ha (w+ D)€ = ha, (€% - v)v, — ha, (€7 - v)v]],
(D*|¢0,,b|B) = —\/mpimp-eaplhr, € (v + ') + hr,e;(v = 0') + hy (e - v)v*0"P]. (B2)
The common sign convention in B — D¢ papers is 6#*y> = —(i/2)e"**°5,,, such that Tr[y*y*y°y’y’] = +4ie***. This

corresponds to the heavy quark symmetry relations with signs h, = hy = hy, = hy, = hg = hp = hy = hy, = & (and
h_ = hy, = hy, = hy, = 0). This convention is only used in this appendix and is the opposite of that for B — D) ¢p used

in Refs. [12—-14] and the rest of this paper.
Then we find

(SM) ~2 2
dr -
dD = 4F0r3\/w2—17(q A6pf) {W? = 1)@[hy (1 +7r)—h_(1=7))?
w q

+ [ w+ DR2w=2r+r*w) + @’ + K2 (w—= 12w =2r+r*w) = §*| + 4h_h (r* = 1)(w? = 1)]}, (B3a)

dr, drg™ N ~ 2,02 (3 i
ap _dlp <1+azﬂz+a,¥ﬁx>2+4rorww2—1“’%{—[(&%&%)@%%1>2a4

dw dw g 2
+3vpe(a] + @) Pl (1 + &l By + agB)hs(1+w)@PTh-(1+ r)(1=w) + hy (1= r)(1+w)]
+4ap PLhe (W = D@ RagfLhr(q + 2ps) + 3v/pe(1 + &l B] + aghl)[h (1 + 1) = h_(1 = 7)] } (B3b)

The B — D* result is

(SM) ~2 2
dar'® -
2= 2PV - ] (QTW) 20w+ DR, (w+ 1) + i (w = 1)]

+ Wt Dlha, (w=r) = (rha, + ha,)(w = D) + pe(w + 1)([1F, (w + 1) + k3 (w = D][4(w = 1)> = §°]
+ 2hy, (W = 1) [, (P + 2rw = 3) + 4hy (r—w)] + (w— 1)[(2h} — hiz)?f + hi24(rw -1)?
+ 2k, by, [Bw + 37w = 2r(w? + 2)]]) }. (B4a)

drp.  dris™
dw dw
— 6(af — )P (1 + &Y — B e — 1)y Brlha, (1 +w) — oy (1= 1) — By, (= 1)
16(@FL@ + 200) (3, (w -+ D3 (5w + 1) + 8r(0? — 1)] + 1, (w = 1)[g%(5w — 1) + 8r(w? — 1)
+ h7.§*(w* = 1)* = 2hy hy,(W? = 1)(3 + 2rw = 5r7%) = 2hy, [hy, (W + 1) + g, (w = 1)]§*(w* = 1))
+24a; 1 \/peg*(w+ V)((1 + &) By + agp] ) 2hy[hy, (1 +r) = by, (1 = r)](w = 1) + (1 + &/ B] — axpy)
X g, [hr, (2 =w+3r)(w=1) = hy, (2 +w =3r)(w + 1) + by, (w = 1) (W? = 1)] + (ha,r + ha,) (g, (w + 1)
gy (= 1) = iy (02 = D) (w = 1)) + 8alBY (1 + a4 + pe) (0 = 1)}, (B4b)

2 2
. P -p S <57 X
(1+aypy —appy)? + 20or* vV w? — 1 (@ = pe)” e ¢) {3[(a; — ap)Bi)Phs(w? — 1)g*
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