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The BABAR measurements of the ratios R(D™) = BB=Dr7:) (eviate from the standard model

BB—DY uv,)

expectation, while new results on the purely leptonic B — 77, mode show a better consistency with the
standard model, within the uncertainties. In a new physics scenario, one possibility to accommodate these
two experimental facts consists in considering an additional tensor operator in the effective weak

Hamiltonian. We study the effects of such an operator in a set of observables, in semileptonic B —

D™ modes as well as in semileptonic B and B, decays to excited positive-parity charmed mesons.
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L. INTRODUCTION

The BABAR measurements of the rates of B~ and B°
semileptonic decays into D*) and a 7 lepton seem to
indicate a significant deviation from the standard model
(SM) expectation. The experimental results concern the
B — D" 7, decay widths normalized to the widths of
the corresponding modes having a light £ = e, u lepton
in the final state [1]:

BB~ — D7 1,)

R-(D) = — 0.429 + 0.082 *+ 0.052,
(D) BB~ — D ;)
. BB~ — D7)
R-(D*) = ) — 0,322 + 0.032 + 0.022,
%) BB~ — D 7y
BB°— D 7))
RYD) === T2 = 0.469 = 0.084 * 0.053,
(D) BB’ — DT ;)
BB — D
RO(D*) = ( T 71 _ 355 + 0,039 + 0.021.

BB — D € )
(1)

(The first and second errors are the statistic and systematic
uncertainties, respectively.) The measurements have been
estimated to deviate at the global level of 3.40 with respect
to SM predictions [1,2]. Therefore, there is the possibility
that semileptonic processes involving heavy quarks and the
7 lepton are unveiling the effects of particles with large
couplings to the heavier fermions, as it is natural for
charged scalars which could contribute to the tree-level
b — c¢{€v transitions [2-9].

Before the observation of these possible hints of new
physics (NP) in semileptonic b — ¢ decays, the first
experimental analyses of the purely leptonic B~ — 77 v,
mode also reported an excess of events. In the SM, the
B(B~ — 7~ ) branching fraction is given by

B B G2mgm? m2\2
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neglecting a tiny electromagnetic radiative correction.
Using the lattice QCD average for the B-decay constant
f5 = (190.6 = 4.7) MeV quoted in Ref. [10], and varying
the Cabibbo-Kobayashi-Maskawa (CKM) matrix element
|V, in the range determined from inclusive and exclusive
B decays, |V,;,| = 0.0035 = 0.0005, the prediction fol-
lows: B(B~ — 7~ 7.) = (0.79 = 0.23) X 1074, in agree-
ment with the outcome of CKM matrix fits [11,12]. This
value is smaller by about a factor of 2 than the experimen-
tal results reported in Refs. [13-16] and compiled in
Ref. [17]: BB — 7 p,) = (1.68 =0.31) X 107%.
However, new Belle [18] and BABAR [19] measurements
obtained using the hadronic tagging method,

(Belle)
(BABAR),

3)

are more consistent with SM, and draw the average
BB~ — 7 v,) to a smaller value: B(B~ — 7 1) =
(1.12 £ 0.22) X 10~4, after combination with the semilep-
tonic tagging method results (see Fig. 1).

The different trend of the measurements involving 7in B
Ieptonic and semileptonic decay modes poses two ques-
tions. The first one concerns the level of accuracy of the
SM predictions for the ratios in Eq. (1). The second one is
which kind of new physics effects, if any, could modify the
ratios in Eq. (1) without affecting the purely leptonic mode.
Indeed, several analyses devoted to trying to explain the
anomalies in B — D" r_ within new physics scenarios
have considered as possible candidate models, with new
scalars having couplings to leptons proportional to the
lepton mass, to guarantee the enhancement of the 7 modes.
This is the case of models with two Higgs doublets, the
best-known example being the minimal supersymmetric
standard model, in which two Higgs doublets are required
to give mass to down-type quarks and charged leptons in
one case, and to up-type quarks in the other. In this frame-
work, the ratios of Eq. (1) depend on the mass of the

BB~ — v p,) = (0723337 = 0.11) X 10~*
BB~ — 7 p,) = (1.831233 £ 0.24) x 10~*
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FIG. 1 (color online). Experimental results for B(B~ — 77 7,)
[14,16,18,19], together with the SM expectation corresponding
to |V,,| = 0.0035 = 0.0005 (vertical band).

charged Higgs H™ and the ratio 8 of the two Higgs doublet
vacuum expectation values, and no choice of such parame-
ters allows us to simultaneously reproduce the experimen-
tal data on R (D) and R (D*) [1]. Variants of the two Higgs
doublet model [4,7], together with other models providing
explicit flavor violation [3], might explain the measure-
ments in Eq. (1); however, an enhancement of the purely
leptonic B decay rate is generally implied.

In this paper, we reconsider both of the above mentioned
issues. We reanalyze the SM prediction for B — D*) {7,
specifying the main sources of uncertainties and possible
improvements. Our results confirm that the most signifi-
cant deviation is for R (D*). Then, we scrutinize the effects
of possible NP contributions in the effective weak
Hamiltonian having a structure that is able to affect the
ratios in Eq. (1) while leaving the pure B leptonic modes
unchanged. In particular, we focus on a NP operator con-
structed from tensor quark and lepton currents. Such op-
erators have been also investigated in Refs. [6,9], but we
devote our main attention to differential distributions,
namely the lepton forward-backward differential asymme-
tries, in which the sensitivity to the new Dirac structure is
maximal, as emphasized in Ref. [5] for different operators.
Although there are scenarios in which tensor operators are
generated, in our analysis we do not rely on explicit
models: our purpose is to identify physical observables
having a mild sensitivity to hadronic uncertainties, which
therefore can be used to unveil effects that are easier to
interpret. It is only worth mentioning that these operators
emerge, for example, in models with new colored bosons
carrying both lepton and baryon quantum numbers
(referred to as leptoquarks, LQ): SU(5)gyr [20], Pati-
Salam SU(4) [21], composite [22], superstrings [23] and
technicolor models [24]. In the most general formulation of
these models, scalar operators may also occur. Leptoquarks
couple to quarks and leptons and, due to limits on flavor-
changing neutral currents, preferably to those within the
same SM generation. Searches for leptoquarks decaying to
27 and 2b jets, performed by the CMS Collaboration at the
CERN LHC, bound (preliminarily) the mass of a possible
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scalar leptoquark to M(LQ) > 525 GeV, and a vector lep-
toquark to M(LQ) > 760 GeV [25]; other bounds can be
found in Ref. [26].

In our analysis of semileptonic B decays, we first con-
sider D and D* mesons in the final state, and then turn to
the interesting case of final states with excited positive-
parity charmed mesons.

II. EXCLUSIVE b — c¢{v, DECAYS

We consider the b — c¢{p, effective Hamiltonian com-
prising the SM term and an additional operator [6,9]:

— SM NP
Hey = Hgy + Hgp

Gp _ - _
= ﬁvcb[cyﬂ(l — ys)bly* (1 — ys5)v,

+ €bco,, (1 — ys)blar" (1 — ys)og) (4

G is the Fermi constant, and V., is the CKM matrix
element. efT is the relative complex coupling of the new
tensor term with respect to the SM one. It is assumed that
the main coupling is to the heaviest lepton; hence we set
€. =0 for € = e, u and €; = €} This coupling can be
bound experimentally, so that the effects of the new opera-
tor can be scrutinized in physical observables which, in
general, are expressed as a SM, a new physics, and an
interference contribution. For example, the differential
B(p) — M.(p")€(p;)v¢(p,) decay rate, with M, a charmed
meson, reads

dr
d_qz(B_) M. A7y)
dr dr
= C(qQ)I:—z(B = MAv)|lsm + 5 (B— M A7) np
dq dq

dl’
+F(B—’Mc€’7€)|INT], &)
q

with ¢ = p — p’ and C(g?) defined as

GH Ve PAV2(m3, m3, . ) (

2
mg\?
19273, 1__2)’ ©

q

Clg?) =

where A(x, y,z) = x> + y2 + 22 — 2(xy + xz + yz) is the
triangular function. To compute the three terms in Eq. (5),
we need the relevant hadronic matrix elements.

A. B — DU,

The hadronic matrix elements in B — D{v, can be
parametrized in a standard way:

(D(p)Iey,blB(p)) = Fi(¢*)(p + Py
m2 _ m2
%[Fo(qz) — Fi(g)]q,

(7)

+
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(D(pIea ., (1 = y5)bIB(p))
Fr(q®) o g Or(d?)
=_— 1M 7 a 447 /
mg ¥ mp E,ul/ozﬁp lmB +m (p,upl/ PvP,u),
(®)

(with Fr = Gy from the relation o,,ys = i€,,,30%),

so that the three terms in Eq. (5) read
dl _ s
d_qZ(B — DEwy)lsm = Almp, mp, ¢*)| 1 + [Fl( P

3
+ (1 - m—) 3 Ey T,

)
j—;(B — Do) |np
_ |f§|2 o zsz)Z Amd, m3, ¢ )(1 +2 qz)
X [Fr(q*) + Gr(g)]% (10)
jrz (B— DEoy)lr = 3Re[er]#umﬁ, . ¢)

X F\(g))Fr(q®) + Gr(g)] (1)

In the infinite heavy-quark mass limit, formalized by the
heavy-quark effective theory, the form factors in Eqgs. (7)
and (8) can all be related to the Isgur-Wise function & [27].
The result is known [28,29]; expressing F;(g?) and F,(g?)
in terms of two other form factors A, (w) and h_(w),

g —mp)h-(w)],

Fi(g®) = [(mg +mp)h(w) = (m

1
2 figing
(12)

m2 — m2
%[Fo(qz) - Fl(qz)]
q

= ;[(mB + mp)h_(w) — (mg — mp)h(w)],

2 Jmgis
(13)

and defining the meson momenta in terms of four-
velocities, p = mgv and p’ = mpv', with w = v - v/ and
q* = m% + m3 — 2mgmpw, at the leading order in the
heavy-quark and «, expansion, one has

hi(w) = &w),

with £(w) being the Isgur-Wise function. Also, the form
factors in Eq. (8) are related to £(w) at the same-order
expansion:

h_(w) =0, (14)
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mpg + mp
\/Mphp

At the next-to-leading order, corrections must be taken
into account, which at first are needed for the study of the
decay in the SM. We elaborate a determination of the
functions 4., h_ and £ based on a combination of experi-
mental and theoretical information. The experimental in-
put comes from the BABAR analysis of B — Duv,, [30],
the differential rate of which, neglecting the lepton mass,
reads

dr G2V, |?
o, B DEtve) = —2'8 ‘f' myr3 (1 + r)P(w? — 1)3?
w

X [Fp(w)P, (16)

Fr(¢®) = Gr(q*) = Ew). (15)

with

Fow) = [ how) - | o

and r = Z_ﬁ Using the parametrization [31]

Fp(w)=Fp(1){1—8plz+(51p>—10)z> — (252p} — 84)7°}
(18)
in terms of the variable
WFI—3
Sy e BT 19)
from the fit of the product GPABAR(w) = Fp(w)|V,,l,

the BABAR Collaboration provides the parameters
GBABAR(1) = Fp(1)|V,,| and p?. The outcome of the fit
is slightly different for B~ or B° modes; we consider for
definiteness the B° case [30],'

GBABAR(1) = (449 £ 3.2 = 1.6)1073,

(20)
p? = 1.29 £ 0.14 = 0.05.

This result can be translated into a determination of &(w),
expressing the form factors A (w) in terms of the Isgur-
Wise function and including the a; and 1/m, . corrections
worked out by M. Neubert in Ref. [28] and by I. Caprini
et al. in Ref. [31]:

+1
h+(w)=[C, + 22

+Cy) + (e + €L ]g(w>

= hi(w)éw), 1)
h_(w) = [W - —C;) + (e, — fb)L4:|§(W)
= h_(w)é(w), (22)

'"The average between the charged and neutral B decay modes
is quoted as GPAPAR(1) = (42.3 £ 1.9 = 1.4)1073, p? = 1.20 =
0.09 = 0.04.
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with €, = ﬁ, €. = ﬁ The coefficients C , 3 and L; are
collected in Appendix A. The C; terms account for the
perturbative corrections, and the L; terms for the heavy-
quark mass corrections; they depend on the hadronic
parameter A, the difference between the heavy-meson
(B, D) and heavy-quark (b, c) masses in the heavy-quark
limit. We use m; = 4.8 GeV and m, = 1.4 GeV, and a
conservative value A = 0.5 = 0.2 GeV [28], so that the
uncertainty in A encompasses the error on A/mj, and
A/m,. The Isgur-Wise function &(w) resulting from

GBABAR (W)

[Vepl&(w) = (7 (w) — =2h(w)]

(23)

is depicted in Fig. 2 (left panel).
The form factors needed for analysis of the mode with 7
can be separately derived, using Eqgs. (21) and (22) again:

1

|Vcb|h+(W) = I_T,A(W)GBABAR(W)y (24)
1+r
A

[Veplh—(w) = l_%%GBABAR(W), (25)
1+r

with A = i_/h.. For the matrix elements of the tensor
operator, we use &(w) also in Eq. (15). In the standard
model, the results for the semileptonic B° — D™ branch-
ing fractions can be quoted as

B(B* — Dt )|y = (2.15 £ 0.45) X 1072, (26)

BB° — D 7 7,)|lsy = (070 £ 0.12) X 1072, (27)

and, taking the correlation between the predictions for €
and 7 into account,

BB’ — D' p,)
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The SM prediction for R°(D) deviates from the measure-
ment in Eq. (1) (with statistic and systematic uncertainties
combined in quadrature) by about 1.5¢. The deviation is
smaller in the charged R~ (D) case.

The stability of Eq. (28) against changes of the input
information on form factors is noticeable: sensitivity to
1/mg corrections can be estimated by varying A, and this
modifies the central value at the level of a few per mil.
Sensitivity to the radiative corrections can be assessed by
changing the scale in «; as indicated in Appendix A, and
these corrections are not effective either. Since the value at
zero recoil, GB4BAR(1), cancels out in the ratio, the main
uncertainty in Eq. (28) comes from the error on the
parameter p? experimentally determined. The value of
RO(D) coincides with the one obtained using the form
factors F; and F, from lattice QCD with finite quark
masses [6].

B. B — D"ty

While the results for R°(D) and R ~ (D) do not display a
statistically significant deviation from the SM expectation,
the case of R%(D*), R~ (D*) is quite different. The stan-
dard parameterization of the B — D* matrix element in
terms of form factors is

(D*(p', )ley, (1 — y5)b|B(p))
2V(q?)

=———1° je eV pep'P
mg +mD* unvaf pp
(e - q)

~{omy + mp) €5 - =

(€" - q)
mpg + mp«

2mp-
+ (e" - Q)q—fqqu(qz)}

du ]Al(qz)

2 2

m3 — m2,.
[(P +p)y— %qﬂ]Az(qz)

(29)

ROD)lsm = = = 0.324 + 0.022.
0 — TP~ 3 . .. m * — My
BB = D7) Lsu [with the condition Ay(0) = “27"0" A, (0) — "5_"0" A,(0)],
0 2mD* 2”‘0*
(28) and

5 5
S 4l- & 4f
X % T
3 3
=5 =3
) —~
N 5
2 2t i
s? %

11T 12 13 17 15 1s o 1 12 13 14 5

FIG. 2 (color online).

w

The Isgur-Wise function £(w) (times |V,,| X 10?) obtained using the BABAR data on B* — D" €™, (left) and

the Belle data on B® — D*' £~ 7, (right). The width of the curves is due to the errors in the parameters fitted in the two cases and to the

uncertainty on A and «, in the determination of the form factor.
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(D*(p', 6)|EU,W(1 — ¥5)b|B(p))

- TO(CIZ) (m + mp, )2 ep.vozﬁpaplﬂ

+ Tl (CI )e,u,vaﬁp E*B + T2(q2)€p.1/oz,8pm6*ﬁ

+ i[Ts(qz)(eZpV —eyp,) + Tu(g>) (€, p, — €;p))

+ Ts(q?) (30)

m (Pp,Pv PVP;;,):I

with € the D* polarization vector. We choose the helicity
basis for D*:

1
(1p', 0,0, E), e =—=(0,1,%i0), (31)
D"

V2

where E' and p’ are the D* energy and 3-momentum in

the B rest frame [E'=m}. +|p/|*, and |p/| =

A(m3, m3., g*)/2mg]. The conditions €4 - p’ =0 and
€ "€, =—04 with a, b =1L, * are fulfilled. The
differential decay rates for the longitudinal and the trans-
verse D* polarization in terms of form factors are obtained
from

dF
= (B — D*Cpy)|sm

1 m?
i (O i Py LA

2
(104 225 a4 o) = — i)

/\(mz,m2 , )
A Mo 9 4 (g 2)] } 52)
mpg + mp-
dr “po
d—qé(B_)D €7¢) e
2 2 2 )l(mz mz* 2) 7
_ 24 m‘])l: & Mp g ?
= le,PL (1 + 5t !
ler] g ( 2 JUmpe(mg + mp)? o(g”)
2 + 2* — g2 ~ 7 :
# 2" S () Tt | 6
mp«
dr
L(B—»D €vo)lint
~Reler) s [y + mp )2y — . — )
4( B+ D) ’ 7

X Ai(g?) — Amy, m3., ¢*)Ay(q?)]

[ A(my, m3., g*) Fo(?) + 2(m3 +m3. — ¢*)
m%)* (mB + I’l’lD*)2 0 q sz\
XTy(q) +4T() | (34)
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dF+

2
(B—’D Cro)lsm=¢q <1+2m—c]€2){(m3+m0*)2[141(¢]2)]2

)l(m%) mQD*) qz)
(mp +mp:)?

[qu)]z}, (35)

"F; (B— D*(5))lxp
|eT|2(1 + 2q )me, ., AU () + TP
T 22 Im[FL (A + m, [Ta()P
+ (m} + m2, — g)T (DT (gH)]} (36)
dF+

(B — D™v)linT
- —Re(er)3me{2q2(m3 T mp )AL (T ()

" [<m3 T+ mpe ) — . — )AL (@)

_ Amp, m,., ¢%)
(mp + mp-)

to be multiplied by the factor C(g?) in Eq. (6). We have
used the combinations

To(q*) = Ty(q*) — Ts(4?),
T1(¢*) = Ti(¢*) + Ts5(q?),
T2(q%) = Ta(q?) + Tu(g?).
At the leading order in the heavy-quark expansion, the
form factors in Egs. (29) and (30) are related to the
Isgur-Wise function, while other contributions appear
at the next-to-leading order. Analogously to the decay to

D, one expresses V and A; in terms of the form factors &y,
and hy

V(q2>][f1(q2> + Tz(cﬁ)]}, (37)

(38)

mpg + mp«

V(g?) = NS v(w),

M) = i~y (),

Aale?) = 5 o) + 0 | )
Aolg?) = Mﬁ;ﬁ;m(w Dy, ()

— (mg — mp W)hA2 (w) — (mgw — mD*)hAg(W)]x

with ¢*> = m} + m%. — 2mgmp-w. Including o, and mL;,

and % corrections, the relations have been worked out
[28,31]:

hy(w) = [Cy + €.(Ly — Ls) + €,(L; — Ly)]é(w),  (40)
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w—1
w+1L5)

e 00) = [ € + 22

et -2 ) e @y
ha,(w) = [C5 + €.(Ly + Lg)1é(w), 42)

ha,(w) =[C} + C3 + €.(Ly — Ly — Ls + Lg)
+ €,(Ly — Ly)]é(w). (43)

The expressions of C;, which incorporate the radiative
corrections, and L; are collected in Appendix A: the L;
terms account for the O(1/mg) corrections in the heavy-
quark expansion, and are determined from QCD sum rule
analyses of the subleading form factors [28]. On the other
hand, the relations of the form factors T; in Eq. (30) to £(w)
in the heavy-quark limit are

To(g®) = Ts(@>) =0,  Ti(q?) = Ts5(g?) = W/’”D*aw)

T2(g?) = Tu(g?) = [ ) (44)

we use these expressions in the analysis of the tensor
operator.

Let us focus on the SM. Due to the heavy-quark spin
symmetry, a unique form factor describes both B — D and
B — D transitions, so that we could use the Isgur-Wise
function found in the previous section. To partially take
into account the different experimental systematics, we
choose to use the determination of ¢ obtained by the
Belle Collaboration from the analysis of B® — D** up,
[32], for which the differential decay rate, neglecting the
lepton mass, is

L D) = GVt o G0 P20,
(45)

with

GO F ()

x [1 + RI(W)ZZ—:] + [1 e —Rz(w))r}_—_ri:lz}.
(46)

In Eq. (46), r* = 22

,and G, R, and R, are given by
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w1 —=2wr*+ r?
g(w)=\/w2—1(w+1)2[1+4w+1 . ]

w+1 V(w)
R,(w) = (R*)?
() = (R w
w+1A,(w)
R R*)? 2
2w = (RS2,
with R* = ZmefZ”*. The three unknown functions in

Egs. (46) and (47) have been determined by Belle adopting
the parametrization [31]

ha, (W) = hy (D[1 = 8p%z + (53p% — 15)22
—(231p> = 91)2%], (48)
Ri(w) =R,(1) = 0.12(w — 1) + 0.05(w — 1), (49)

Ry(w) = R, (1) + 0.11(w — 1) — 0.06(w — 1)2,  (50)

[with z defined in Eq. (19)]. The fit of the parameters in
Egs. (48)-(50) is quoted as [32]

FDIVl = (34.6 = 0.2 = 1.0) X 1073,
p? = 1.214 + 0.034 = 0.009,
R, (1) = 1.401 = 0.034 + 0.018,
R,(1) = 0.864 = 0.024 + 0.008.

61y

From these expressions one can reconstruct E(w),
ha, (W) = Ry (w)E(w), (52)

with 71, , defined through Eq. (41). The fit provides us with
the determination depicted in Fig. 2 (right panel). Through
Egs. (40), (42), and (43), the form factors hy, hy, and hy,
can be reconstructed, including the NLO 1/m, and a;
corrections, and B(B° — D** 77~ #,) can be computed. The
results are

B(B° — D** € by)lsy = (4.62 + 0.33) X 1072,
BB — D17, )lsmy = (1.16 = 0.08) X 1072,

(53)

and, taking the correlation between the predictions for the
€ and 7 modes into account,

BB’ — D**r7,)
B(B® — D*" €~ )

RO(D)sm = = 0.250 = 0.003.

(54)

The result in Eq. (54) deviates from the measurement in
Eq. (1) (with statistic and systematic errors combined
in quadrature) by 2.3 0. It coincides with the measurement
in Refs. [2,7,9], due to the stability of the ratio R°(D*)
against changes of the input parameters: varying the
central value of A and of the quark masses by 30% pro-
duces less than 1% variation in the result. The radiative
corrections, changing the scale in «; as mentioned in
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Appendix A, do not produce an appreciable variation of the
result. On the other hand, in the individual branching
fractions there is a mild sensitivity to A: by setting this
parameter to zero (i.e., ignoring 1/m, corrections), the
branching fractions in Eq. (53) are reduced by about 5%. In
the charged case, there is a deviation of 1.8 between the
SM prediction for R(D*) and the measurement in Eq. (1).

III. EFFECTS OF THE TENSOR OPERATOR
ON R(D"™) AND OTHER OBSERVABLES

If the tensions in R (D) and R(D*) are due to NP
effects, it is interesting to investigate the new operator in
the effective Hamiltonian [Eq. (4)] which affects the
observables in B — D™ ry_ transitions, focusing on the
signatures with minimal dependence on hadronic quanti-
ties. As in Refs. [2-7,9], R(D) and R (D*) data allow us to
constrain the values of the new effective dimensionless
coupling. In our case, € is bounded as shown in Fig. 3.
Using the parameterization

er = larle® + er, (55)
the tightest bound to €7 and |ay| is obtained from the
measurement of R(D*), while the combination of R (D)
and R(D*) data fixes the range of the phase 6. We select
the overlap of the two regions determined by R (D) and
R (D*) both at 1o. In this overlap region, the function

X(er) = (R“{A’;{g‘;ei?)”")Z + R ;;{(jﬁ‘)iﬁ*)“")z has values

running between 1.51 and 1.75. This permitted range of e,
is represented as

Re[erg] = 0.17, Im[ez ] = 0,
lar| € [0.24,0.27], 0 €[2.6,3.7] rad

(56)

1.0F

0.5+

0.0f-

Imler]

0.5

1.0, h n n i
1.0 0.5 0.0 0.5 1.0

FIG. 3 (color online).
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and is also depicted in Fig. 3. By varying the effective
coupling in this region, we can analyze the impact of the
new operator on various differential distributions.

We start with the longitudinal and transverse D* polar-
ization distributions in B — D*7_. We consider the decay
to a D* with definite helicity, with differential decay width
dll;;f for the three cases L, *. We define j—gg = ‘g{; ‘ZFT;
and show in Fig. 4 the differential branching fractions. The
uncertainty in the distributions reflects the uncertainty on
the parameters of the Belle Isgur-Wise function, on A,
and—in the case of NP—on e7. While the shapes of the
distributions are slightly modified from SM to NP,
the maxima increase, a consequence of the increase of
the branching fractions.

The differential decay width distributions for D and D*
(summed over the D* polarizations) have been measured
by BABAR [33] and can be compared to the SM and NP
scenario predictions. Once normalized to the total number
of events, not only are the SM distributions compatible
with data, as is remarked in Ref. [33], but also the distri-
butions in the considered NP scenario agree with measure-
ments, as one can argue considering Fig. 5. This confirms
that the shape of such distributions does not allow us at
present to select between these possibilities, and other
observables should be analyzed for a more efficient
discrimination.

Other observables are the longitudinal and transverse D*
polarization distributions in B — D*7v, normalized to
B — D*{p,. They are defined as

er,T(B b D*'TI_/T)/dq2
dUy (B — D*€vy)/dg*

RY (g% = (57)

The SM predictions are shown in Fig. 6, together
with the modifications induced by the tensor operator.

0.2F

0.1

0.0k oo

Imler]

0.1+

0.2t . i .
0.2 0.1 0. 0.1

Reler]

Left: Regions in the [Re(er), Im(e7)] plane determined from the experimental data (to 1o and 20) on R (D)

(large rings) and R (D*) (small rings). Right: Region corresponding to values of y? between the minimum (indicated by the star) and

1.55 (yellow, light), 1.65 (orange, gray), and 1.75 (brown, dark).
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0.16f 0.25F

T T o2l

> 0.12}+ >

LQ'D 8 0.15

© 008} PN

; ‘;‘< 0.1+
|~ ~|
% RSy 0.04+ Pé < 0.05}

0. 0- 4 6 8 10
7’ [GeV?] 7’ [GeV?]

FIG. 4 (color online). Differential branching ratios with polarized D*: ‘13(33% (left) and % (right). The lower (blue)
bands are the SM prediction; the upper (orange) bands include NP effects. In the SM, the uncertainties on the parameters of the Isgur-
Wise function in Eq. (51), together with the errors on A and «, are included. In the case of the NP curves, the uncertainty on €y is also
considered.

o
(=)
0
S

x2:19.4/14 x*:8.6/12

N
(=]
(=)
S

[
o

Events/ (0.5 GeVz)
S
o
Events/(0.5 GeV?)
B
[e]

[5]
(=)

4 6 8 10 12 4 6 8 10 12
g’ [GeV?] g’ [GeV?]

FIG. 5 (color online). % (left) and w (right) distributions in the NP scenario (for the central value of er,
shaded histograms) compared to BABAR data (points) [33]; the distributions are normalized to the total number of events.

¢’ [GeV?] ¢’ [GeV?]

FIG. 6 (color online). D* polarization ratios RY (¢?) (left) and R? (¢?) (right), defined in Eq. (57). Notations are the same as in
Fig. 4.

At large g2, the observables are enhanced by 30%-50%, and the transverse R, and R; distributions are
a noticeable effect. Furthermore, at odds with scenarios modified.
in which only R; is affected by new physics [7], in The longitudinal and transverse polarization fractions of

the case of the tensor operator, both the longitudinal the D* meson,
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er,T(B d

FL,T(qz) = dq2

D7) (dF(B — D*ﬂ?T))—l
>< ’
dq*
(58)

are shown in Fig. 7. Both the SM and NP predictions are
affected by a small error, since in the heavy-quark limit the
observables in Eq. (58) are free of hadronic uncertainties, due
to the cancellation of the form factor £(w) in the ratio.
The residual uncertainty reflects that on [_\, which controls
the 1/m,, corrections. The uncertainty on A also enters in the
curves obtained in the NP scenario in combination with €7. In
the SM, F; (¢?) ranges between 0.75 at low ¢* and about 0.35
at a high squared-momentum transfer; in NP in the allowed
region of €7, F;(g?%) is between 0.35 and about 0.65 at low
g%, while this observable converges to the SM value at high
g*. The SM predicts a dominant longitudinal polarization at
small g?; in NP the longitudinal and transverse polarizations
have similar fractions up to g> = 6 GeV>.

An important observable is the forward-backward
Awg(g?) asymmetry in B— D7y, and B— D*7v_,

PHYSICAL REVIEW D 87, 074010 (2013)

where 6, is the angle between the direction of the charged
lepton and the D™ meson in the lepton-pair rest frame.
We use the notation

Amlq 2>—i3c(q )

dq?

{AN () + AR (¢ + AR (D)},
(60)

with C(g?) defined in Eq. (6) and the three terms in the
parentheses given for D:

A (@) = 8F(q*)F1(q*)(m} — m3)

mz m2
qZ q2 B
Ars(g*) =0,

App' (¢%) = —8Re(er)Fo(qH)[Fr(g?) + Grlg?)]

defined
e 0 < mam (s =B,
Arg(q?) = deCOS o qudCOSB[ de | deos O qudcosag’ (61)
dq*
(39) and for D*:
|
SM/ 2y _ 4 m%1/222222 2 22 — 2 2
rB (q7) = Y Popp—— 1 - 7 A2 (my, my., ¢ mAg(@*)[A (%) (mg + mp:)*(my — mp,. — q°)
= Am3, m3., ¢)Ay(g*)] — 4mp-(mp + mp)g* A (g*)V(g?)}, (62)
m2 m2 . .
Ars(q?) = 16|ET|2q—f<1 - q—f)A‘/Q(M%;, mb., )T (q%) + T»(q%)
X [(m3 — m2)(T1(q%) + Tr(q?) + ¢*(T1(q*) — T2(g*)] (63)
2
AR (@) = —4Relerme(1 - q)W(mB iy )4l + 1)1 (T (@) + Tolg?)
A, m2., %) . 2 4 m2 — 2 ~
+Ao<q2>[ O 2 47) g2y + 2™ M T () 4mD*T2<q2>]
mp-(mg + mp-) D
= YD) 1 () - Talgd) + (i — mB)(Fr(g) + Tl 64
m[q (T1(q*) — T2(q?) + (mp — mp )(T1(q%) + Tr(g*)]}- (64)

In Fig. 8, we plot Agg(q?) for B— Drv, and B —
D*7p,.. The SM prediction is affected by almost no theo-
retical uncertainty, because of a nearly complete cancella-
tion of the hadronic parameters in the ratio. In the case of
NP, we have also taken into account the uncertainty on 6
and |ay|. The SM curve lies in both cases below the NP
distribution for all values of g>. The most interesting
deviation concerns the D* mode: the SM predicts a zero

[

for Agg at g> = 6.15 GeV?, while in the NP case the zero
is shifted towards larger values, g*> € [8.1,9.3] GeV?2.
Even though the experimental determination of the zeros
of the forward-backward asymmetry is challenging, this
observable effectively discriminates the SM from the NP
model. The integrated asymmetries, obtained by integrat-
ing separately the numerator and the denominator in
Eq. (59), are collected in Table I: for D*, in the NP

074010-9
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FIG. 7 (color online).
same as in Fig. 4.

4 6 g 10
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_0 _
B -D** 1y,

0.6}
0.5F
~
04
0.3+
4 6 8 10
7’ [GeV?]

Polarization fractions Fy(g?) (left) and F7(g?) (right) for B — D*19_, defined in Eq. (58). Notations are the

B'oD* 1 Ve
0.4 : T

Arp(q?)

-0.2

¢’ [GeV?]

FIG. 8 (color online). Forward-backward asymmetry A gg(g?) for B — D7 (left) and B — D*7p, (right). The lower (blue) curves
are the SM predictions; the upper (orange) bands are the NP expectations. Uncertainty on A has been included and, in the case of NP,

also uncertainties on the parameters |ay| and 6.

scenario, the integrated asymmetry has the opposite sign
with respect to the SM.

IV. TENSOR OPERATOR IN B — D**{v, DECAYS

The new operator in the effective Hamiltonian [Eq. (4)]
affects other exclusive decay modes that are worth inves-
tigating. Of peculiar interest are the semileptonic B and B,
transitions into excited charmed mesons. The lightest mul-
tiplet of such hadrons, corresponding to the quark-model
p-wave (€ = 1) mesons and generically denoted DZ‘S*),

comprises four positive parity states which, in the heavy-
quark limit, fill two doublets labeled by the (conserved)

TABLE 1.
second row, the effect of the tensor operator is included.

angular momentum 5§, = §, + 7 (5, is spin of the light
antiquark), hence s, = 1/2 or s, = 3/2. The two mesons
belonging to the first doublet, [Dfs)o, Dfx)l], have spin
parity J* = (0%, 17); the mesons in the second doublet
have J¥ = (1*,2%) and are named [Dy,),, DZ?)Z]. All the
members of the doublets, with and without strangeness,
have been observed, and the two sf = 1/27 states without
strangeness are found to be broad, as expected [34].

In the heavy-quark limit also, the semileptonic B tran-
sitions to mesons belonging to the same charmed doublet
can be described in terms of a single form factor. B decays
to (D, D}) are governed by a universal function denoted as

Integrated forward-backward asymmetry for the considered decay modes. The first row reports the SM results; in the

B’ — D 7o, B’ — D** 1,

B — Ditri,

B — Di*rp, B — Df i, B — D51,

SM
AN
ﬂFB

0.357 = 0.002
0.40 = 0.005

—0.040 = 0.003
0.048 = 0.013

0.315
0.30 = 0.005

0.026
0.08 = 0.01

0.24 0.07
0.21 = 0.003 0.14 = 0.01
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712(w); B decays to (D}, D3) by the 75/,(w) form factor
(the matrix elements are collected in Appendix B). There
are several determinations of 7;(w), parametrized in terms
of the zero-recoil value 7,(1) [contrary to the Isgur-Wise
function, 7;(w) are not normalized to unity at w = 1], of
the slope p? and of the curvature c;. In the ratios of
branching fractions and asymmetries, the zero-recoil value
does not play any role, and this reduces the main depen-
dence of the observables on the hadronic parameters. The
present experimental situation needs to be settled, since the
semileptonic B-decay rates into (Df, D}) exceed the pre-
dictions obtained using computed 7,(1); the origin of the
discrepancy is still unknown, and could be related to the
broad widths of the final charmed mesons, which deter-
mine a difficulty in the exclusive reconstruction, or to
possible pollution from other (e.g., radial) excited states.
Semileptonic B, decays to s; = 1/2% ¢5 mesons could
clarify the issue, due to the narrow width of the strange
charmed resonances [35]. On the other hand, the tensor
operator produces precise correlations among various ob-
servables; therefore, its effects could be distinguished from
others.

For definiteness, we use a QCD sum rule determination
of 73/,(w) at leading order in a [36,37], and of 7, ,(w) at
O(ay) [38]:

732(W) = 73,,(1[1 — Pg/z(W - 1], (65)

T12(w) = 7y (D[1 — P%/Z(W = 1)+ ¢ plw — 1)2] (66)

with
132(1) =028 pl, =09, (67)
0.18 |
0.16 |
~, 0.14
s
5
012}
A
01} @
0.08 . ! . . .
0.08 0.1 0.12 0.14 0.16
R( DZF)O)

PHYSICAL REVIEW D 87, 074010 (2013)
7'1/2(1) = 035 * 008,
C1/2 =3+£3.

-
pip =25%10, 68)

The differential decay rates for B — D**€v, can be written
as in Eq. (5); see Appendix B. The ratios

B(B— DyTv,)

ROD = 35—~ Dyen,)

(69)

and the analogous R(D}), R(D;) and R(Dj) depend
on the effective coupling €. This also happens in B; —
D;*€v, transitions, in the SU(3) symmetry limit for the
form factors.

In Fig. 9, for each meson doublet we show the
correlation between the ratios of Eq. (69) for B and
By, together with the SM predictions [R(Dj), R(D})] =
(0.077, 0.100), [R(DY,), R(DL)] = (0.107, 0.112),
[R(D;), R(D3)]=(0.065,0.059) and [R(Dy;), R(D},)]=
(0.060,0.055). The tensor operator produces a sizeable
increase in the ratios R, which is correlated for the two
members in each doublet. The hadronic uncertainty is
mild: using the 7; functions in Ref. [39], the results remain
almost unchanged in the case of the s, = 3/2 doublet,
while for s, = 1/2 they are smaller by about 25% in the
SM and in the NP case. The same effect is found using the
form factors obtained by lattice QCD [40].

The differential forward-backward asymmetries in the
case of the four positive-parity charmed mesons are col-
lected in Fig. 10, and the integrated ones are given in
Table I. While in B — (D, D)7, the forward-backward
asymmetry does not discriminate between SN and NP, in
the modes with D/ and Dj it is a sensitive observable: The
inclusion of the tensor operator produces an enhancement
of Apg with respect to SM for all values of g>. Moreover,
in SM there is a zero which, in the case of B — D/ITI_/T,

0.11

0.09

R(Dy,,)

0.07 |

0.05

0.06 0.07 0.08 0.09
R 1)

FIG. 9 (color online). Left: Correlations between the ratios ’R(DZ‘S)O) and .’R(Dfx)l) for mesons belonging to the [D'(*S)O, D(S)l] doublet,
without (orange, dark) and with strangeness (green, light). Right: Correlations between R (D)) and R(DZ‘S)Z) for mesons in the

(D1 D(*s)z] doublet. The dots (triangles) correspond to the SM results for mesons without (with) strangeness.
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FIG. 10 (color online).
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Forward-backward asymmetry Apg for the decays B — Dj7v, (top left), B— D)o, (top right), B —

D, 79, (bottom left) and B — D37 (bottom right) as functions of g>. The solid (blue) curves are the SM predictions; the dotted

(orange) bands are the NP expectations.

moves towards larger values of g2, and disappears in
B — D377, once NP is included.

We close this section by remarking that, while the tensor
operator in Eq. (4) does not affect the purely leptonic
B.— 7~ v, mode, it can have an impact on the transitions
B.— (n.,J/¥)r v, and A, — A.77 p,; therefore, sets
of other observables can be identified and investigated,
with precise correlated deviations from the SM predictions.

V. CONCLUSIONS

The detailed experimental information provided to us on
flavor physics shows an astonishing consistency with the
SM predictions. The very few tensions identify possible

paths to new physics searches. The BABAR anomalous
B(B=D'17,)
B(B—DW up,)

spect to SM is one of these few cases. The analyses of
R(D™) in specific models also evidentiate the enhance-
ment of the purely leptonic B — 7, rate, for which data
are better compatible with the SM. A mechanism enhanc-
ing the semileptonic modes B — D™ 77, with respect to
B— DY up u» leaving B — 7v_ unaffected, can be based
on a tensor operator in the effective Hamiltonian. We have
bound the relative weight e of this operator and studied
the impact on several observables, the most sensitive one

enhancement of the ratios R(D™)) = with re-

being the forward-backward asymmetry in B — D7,
with a shift in the position of its zero. If the anomaly in
B — D™ 7p_is due to this NP effect, analogous deviations
should be found in B to excited D transitions. The ratios R
for these mesons are enhanced with respect to the SM,
and the forward-backward asymmetry is a sensitive ob-
servable in the channels involving D} and Dj. These
signatures in exclusive semileptonic b — c¢7v, modes
make the understanding of the role of the new contribution
to the effective weak Hamiltonian feasible, a step towards
possibly disclosing new interactions through flavor physics
measurements.
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APPENDIX A: COEFFICIENTS

With the aim of providing information useful for recon-
structing the various B — D) matrix elements, we collect
here the expressions of the «; and 1/m corrections in
Egs. (21), (22), and (40)—(43) worked out by M. Neubert
and by L. Caprini et al. in Refs. [28,31]. The functions
L;(w) read as
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L; =~0.72(w — DA, Ly~ —0.16(w — 1)A,

Ly=~—024A,  L;=~024A, (A1)
- 3.24 -
Ls=—A, Lg=~— A.
3 6 w+1
The coefficients C; are expressed in terms of Cj:
C . da Y. .
C—] - ’”f(W), C—] = _3_77’H(5)(W, a>,
Y _2a, (A2)
=+ H sy Lm)s
Cl - 377 (5)(W . )
with z,, = Z—b and
1
re(w) = ———=log[w + Vw? — 1], (A3)
! Vw? =1 ¢

Zw(l —logz, ¥ z,) Zm
1 — 2wz, + 22 (1 —2wz, + 22)?

X [2(w * Dz,,(1 * z,,) log z,,
—[w=1)=2wlw = 1)z,
+ (5w = 2w? F 122, — 223 Irs(w)].

H(S)(W’ Zm) =

(A4)

In Egs. (A2) and (A4), the lower signs refer to the index 5
(corresponding to the axial current). C; reads

S CLE SR PR AP

ay(u) T
X (1 + @[log <’:l—f> + Z,,(w)
+ 20700 + ) + g0 (A9
with
(W) = 55 Twryow) = 1], (A6
Zin) =g (5 = 7)o = D= 3= (5~ 7 Jow =12
+ O((w—1)3), (A7)
fw) =wrpw) —2 — \/%[Lz(l —wl)
+ (w2 = DR (A8)
800 = [l = 20) = Lo(1 = 2w,)]
an _
a (1 — 2wz, + 22) [ = Dry(w)
+ (W - Zm) log (Zm)]: (A9)

PHYSICAL REVIEW D 87, 074010 (2013)

and w. = w * v/w? — 1. In the numerical analysis, we set
the scale u = /m.my, and investigate the sensitivity to

higher-order corrections while varying this scale between
/2 and 2.

APPENDIX B: B — D** MATRIX ELEMENTS AND
DIFFERENTIAL SEMILEPTONIC DECAY RATES

In the infinite heavy-quark mass limit, the B — D**
matrix elements can be defined in terms of two universal
71/2(w) and 73,(w) form factors:

(Di(p)ey (1 = ¥5)bIB(p))
= =2 fmpmp.T (W) (v — V'), (BI)

(Dy(p")lea ., (1 = y5)bIB(p))
=2 /mBszrl/z(w)[—E#,,aﬁv“v’ﬂ +i(v,v, —v,v,)]
(B2)

(D{(p', e)|éy (1 — ys5)b|B(p))
= =2, [mpmpy 71 oW —i€ ap0€ VPV
—(w—De, + (6" - v)v),] (B3)

(Dy(p, )lea,,,(1 — ys)b|B(p))
= _2,/’”37”0’,7'1/2(W){_€Wa/35*a(v - U/)B
+ile,(v =), — €(v —0),]}, (B4)

(Di(p', )ley (1= y5)b|B(p))

JMpMp,

=¥ = WHi(1 4+ w)e o5, € VPV
7B i )€pap

+w? =€, + (e v)[Bv, —(w=2v, T,  (BS)

<D1 (Pl’ e)léo-;u/(l - 75)b|B(P)>
JMphp,

=Y s wW{—(w—1)€, 056 (v + V)P
NG 32w —( )€ uvap€( )
+ (€ V)€,,0pv* VP +2€,,,56 vV
X [g:;vv - gltv,u,] + l[(l + W)(ET/(U - v/),u,
—€,(v—1),) = 3(e" - v)(v,v, —v,v),)],  (B6)

(D5(p', €)|cy, (1 — ys5)b|B(p))
= ,/mBmD;\/gTa/z(W){_ifuﬁm(f*aﬂva)vrv'”

+ (P Jvgv, — (1 + w)(€v,)} (B7)

(D5(p', €)lea,,,(1 — ys)b|B(p))
= ‘,mBmD;\/ng)/z(W){_E#VﬁT(E*QBUQ)(U + U/)T

i€ v, )gnlv +v), — gilv + V), 11 (BY)
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In the previous formulas, we have set p = mgv, p’ = between the squared momentum transfer ¢g> and w is ¢> =

mp=v', and w = v - v/; € is the polarization vector (tensor) m% + m% — 2mgmp=w, with mp~ being the mass of the

of the spin-1 (spin-2) D** meson. charmed meson produced in the decay. The lepton mass
The results for the SM, NP, and interference contribu- has been taken into account, hence the formulas also hold

tions to the differential distributions in Eq. (5) are given  for 7.

below for each of the four excited mesons. The relation For B — Dytvy:

dr m2 2m?

S B = Denlsy = dmpmpy L 0P~ D1 = 25) + (1 + 2500 + iy — 2mpny ),
dl’
dq?
dl’

d—qZ(B — Do)y = —48Re(er)mpmp[71 (W) F(w? = Dime(mg — mpy;).

2

“ps 2m
(B— Ditw)lne = 32|ET|2mBmD;[71/2(W)]2(W2 - 1)<1 + q—;)(m% + mf)(,; - szmD;W), (BY)

For B — D {p,:

U B D5l =4 20— D1 =" 1)+ (14 2D+ 2, 3w —2 22+ 1
d_qz( —Ditvy)lsm= mBmD’][Tl/Z(W)] (w—1){q ?(W ) ?[(mg lel) w mBmD’l(W )t

dl 2m3}

d—qz(B—>D’l€17€)|NP =32lerlPmgmp[71 /(W) P(w— 1)(1 + qz(){(mlz; + m%),l JSw—1) =2mpmp [4+w(w— D]}

dl e >

dTIZ(B—’D1€V€)|INT =48Re(er)mpmpy [71/,(W)P(w = Dmy[mp(w = 5) + mp (Sw—=1)] (B10)

For B— D {v,:

df‘ 2
G B D7l =mamp [r2 0 Gw= 1)1 + w>2{q2(1 —%)w —2)
2 2
+ (1 + %)[(m% +mg, )3w = 2mpmp, (W? + 2)]},

dr 2m>
S B PPl =16ler g, [ry () Plow = (1 + w)2<1 +q—j){[(m23 iy )@w—1) = 2mpmp, (w2 —w+ D]}

dr
d—qz(B_’Dleﬂe)llNT =24Re(er)mpmp [73,(W)F(w— (1 +w)?me[mp(w —2) + mp 2w —1)]. (B11)

For B — D3{v,:

dr m2
S B D3t 0lsw = mam s o) Pl D1+ w22 (128 )G +2
2mj 2 2 2
+ (1 +—2>[(m3 + my,)5w —2mpmp:(3w* + 2)]},
q 2 ?
dl 2m?

d—qz(B—>D§€17€)|Np = 16|6T|2mBmD§[T3/2(w)]2(w -1+ w)2<1 + 7 ){[(sz + m%z)(l +4w) —ZmBmD§(3 +w+wd)]},

dl
d—qz(B—>D§€17(g)|INT = —24Re(er)mpmp:[13/, (W) (w— 1)1 +w)>m[mp(4+w) = mp: (1 +4w)] (B12)

The differential decay rates are obtained by multiplying the above functions by the coefficient C(g?) in Eq. (6).
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