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We present a new calculation of the semileptonic tree-level and flavor-changing neutral current form
factors describing B-meson transitions to tensor mesons T' = D3, K3, a, f> JP=2%). We employ the
QCD light-cone sum rules approach with B-meson distribution amplitudes. We go beyond the leading-twist
accuracy and provide analytically, for the first time, higher-twist corrections for the two-particle
contributions up to twist-four terms. We observe that the impact of higher-twist terms to the sum rules
is noticeable. We study the phenomenological implications of our results on the radiative B — K3y and

semileptonic B — D}¢0,, B — K5£¢~ decays.
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I. INTRODUCTION

B-meson decays represent a promising area for checking
the gauge structure of the standard model (SM), looking
for physics beyond it, as well as precise determination of the
elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

Interest to the B-meson decays increases considerably
after a number of measurements that deviate from the
respective standard model predictions. These results are
observed in two types of decays.

(1) Decays due to the flavor-changing neutral currents:
b— sutu~. Discrepancies with the SM predictions
are obtained in several observables in B— K*u™pu~
[1-7] and B;—>¢utu~ [8-12], as well as in the
measurements of Ry - =B(B—K"u*u")/B(B—
K®ete™) [13-15].

(2) The charged current b — clv transitions that take
place at tree level in SM. Tension between theory
predictions and experimental data has been observed
in the ratios R ,) =B(B—D"1p,)/B(B— D" ¢D,)
(f=e, ) [16-19], as well as R;,,=B(B.—
J/wtb.)/B(B.—J /wup,) [20,21].
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If these results are confirmed by the forthcoming experi-
ments, it will be an unambiguous discovery of existence of
new physics (NP).

With respect to these experimental observations one
expects that if NP exists at the quark-level b — ¢ transition,
then such discrepancies should also be seen in B-meson
transitions to tensor mesons in addition to B decays to
pseudoscalar or vector mesons."

In regard to seeking NP effects, the B-meson decays to
tensor mesons have the following advantage: tensor mesons
have additional polarizations compared to the vector
mesons and therefore this could provide additional kin-
ematical quantities that are sensitive to the existence of NP.
As a result, B-meson decays to tensor mesons could
provide a complementary platform to search for new
helicity structures that deviate from the SM ones.

The main ingredients of B — T transitions are the relevant
form factors. In this work, the form factors of B -» T
transitions are calculated within the light-cone QCD sum
rules (LCSRs) [23,24] (for reviews see, e.g., [25]) using
B-meson light-cone distribution amplitudes (LCDAs). Note
that the light-cone sum rules have successfully been applied
to a wide range of problems of hadron physics. The recent
applications of LCSRs with heavy meson and heavy baryon
distribution amplitudes are discussed in detail in many
works (see, for example, [26—34] and references therein).

It should be noted that the B — T(J¥ = 2) form factors
have previously been calculated by several groups using

'Tests of lepton flavor universality (LFU) regarding the
quark-level b — ¢ transition are not restricted to mesonic decays.
For a very recent analysis of the baryonic counterpart decay
A, = A (—=An)¢D, we refer the reader to see [22].
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various methods [35-50]. For example, the B — f,(1270)
form factors have recently been calculated in [38] within the
LCSRs framework using the f,(1270) meson DAs. Also, for
the light tensor meson final states B — f5, a,, K5, f’2 the
form factor calculation has been carried out previously by [39]
within LCSRs employing tensor-meson DAs, and in [40]
using the perturbative QCD approach. Within the three-point
QCD sum-rule approach, a subset of the relevant form factors
under consideration was estimated in Ref. [35] for B —
f2.a,, K5 transitions, and in Ref. [37] for B — Dj. The
LCSRs analysis carried out in Ref. [41] computes the relevant
form factors for B — f», a,, K transitions considering only
the ¢, ¢ B-LCDAs with vanishing virtual quark masses
regarding the f,, a, final states. Our analysis here extends
previous works by providing new results for the full set of
B —- T(D3,Kj, ay, f>) transition form factors up to and
including twist-four accuracy of B-LCSRs, as well as takes
into account the finite virtual quark mass effects in the results
of the form factors. Moreover, we provided results for the
tensor form factors in B — Dj transitions for the first time.

We should further mention that the tensor isosinglet final
state f,(1270) considered in this study, in principle,
possesses a mixing pattern with the other isosinglet tensor
meson of the same quantum numbers f%(1525) in the form

1 -
= —=(uit + dd) cos 6 + s5sin 6,
f2 \/z( )
1 _
f5 = —s5cosd +—=(uit + dd) sin 6, (1)

V2

where the mixing angle 6 has been found to be small
indicating that f, could be considered nearly as a pure
\/%(ub’t + dd) state (~98.2%) while f% is nearly a pure 55
state (for details, see Refs. [51,52]). We therefore assume
no mixing between f, with f} when studying the B — f,
form factors in this paper (see, e.g., [35,38] for similar
assumptions in regard to analyses of B — f, form factors).

The outline of our paper is as follows. In Sec. II, the LCSRs
for the relevant form factors are derived. Section IIT is
devoted to the numerical analysis of the sum rules obtained
in Sec. II. In Sec. IV, we study the phenomenological
implications of our form factor results on the radiative B —
K%y and semileptonic B — D3¢v,, B — K;¢*¢~ decays
within the context of SM. Section V contains a summary
of our findings. Last, in Appendix A we collect the two-
particle DAs of the B meson and in Appendix B we present
analytical expressions for the coefficient functions needed
for the determination of the relevant form factors.

II. THEORETICAL FRAMEWORK
AND ANALYTICAL RESULTS FOR
THE FORM FACTORS

In general, the B—T transitions, where T=D3 K3,

a>.f5, can be described by seven form factors A5,

AB=T AB=TyB=T  TB=T TE=T and T5-7, which are
defined in analogy to the B — V case,’

VB—)T
T(k,€)|g,y"b|B = 2ePoet psk, ———, (2
(T )la7b1B() ke ()
(T(k.€)|q:7rsb|B(p))
.k 1B— (p+k)pqﬂ~—>
= igy [gpﬂ(ms +mp) AT —WAg !
2my , « ~
- q/)qﬁTJ(A3 —Ao)}» (3)

(T(k.€)|g10™q,b|B(p)) = =2ie?e;psk, 57, (4)
(T (k,€)|q16""q,7sb|B(p))

= (0 = ) = -+ ke TET

2

q
+ g g ——L
I (q my — mj

o+ )TT| )

where € represents the polarization of the final-state tensor
meson with shorthand notation e; = £4,9%/mp, and we use
€123 = +1. The polarization tensor g, is symmetric in its
indices and satisfies eg,(k)k* = 0. Throughout, k and p
represent the final-state tensor meson’s and B-meson’s
momentum, respectively, with ¢> = (p — k)* being the
momentum transfer squared.

AB=T is superfluous, because it is correlated with A5~
and A%~ form factors as

mp + my
2mT

AB-T — As—r _ "B M7 3p1 6
: T AT (6)
The unphysical singularities of the matrix elements

defined in Eq. (3) at g> = 0 are removed by
AT (g =0)=AF"T(4* = 0). (7)

Besides, one has the following identity using algebraic
relations between ¢** and ¢/ys:

T87(q = 0) = T2-7(¢? = 0). (8)

Our starting point is the correlation function

P (. k) =i / @ e (O[T {4 (0), o (0)}HBy (g4 K))

©)

of two quark currents ji = g, (x)[5"q,(x) and j, ., (0) =
g1(0)Ih,(0), where h, denotes the heavy quark effective

Note that for the case of semileptonic tree-level transitions
~B—D} ~B—Dj ~B—Dj}

B — D3¢v,, T, *T, *andT; * form factors would only

be induced by possible NP tensor-type operators, which are

absent in the SM.
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TABLE 1. In this table, 6”4} = 6”*¢,, and the position-space covariant derivative D* is defined in Eq. (10).

Transition i Foeak Form factor

B0 o+ S EyP {7B—D}

B —)Dz éd[Y”DD+,u<—>D]C cy h@ | V _ |
&r’ysh, AgTP APP AP
corldtp, Tzle—mQ

co’'Dysh, (N v

B0 %0 - S0 B—K;

o LD+ s he v
51°ysh, Ay AR AR
sorlah, 7ok

56° B ysh, Tg_’Kz Tf*Ki

RO + .- <~ P B—a,

B’ = aj LAl DY + p < vu uy’h, Vv
iyysh, B, jim jB
ao’l4th, Tf—“’z

ac”\tysh, Tgﬁaz’ T?—»az
0 . < = (] \/B—f

B 1, sRUD +p o vutuod ald)yh, ps YB ; Bt

a(d)y’ysh, Al 381 3BT
i(d)o" et h, ek
i(d)o"19ysh, Tg—n"z, Tf—’fz

theory field instead of a b quark. The spin structures of I'; , . (g, k oy d*p’ i(k=p') x|pw T P/ +m q, F”

together with various choices of quark flavors ¢; and ¢, for OPERT m b

the form factors extracted in this paper are given in Table 1.
The interpolating current for tensor mesons (with
valence quark content g;g,) is, in general, given by

Ja =SB D gy () D=0~ 7],
(10)

ighAY(x) and D' = & + igh A% (x)
. When regard to two-particle contributions,

where D* = 5”
with & = a

which we are interested in this work, it suffices to take the
first terms in the covariant derivatives, because the second
terms involving the fields A”(x) only contribute to three-
particle effects.’

The higher Fock state contributions to the correlation
function arise when expanding the position-space virtual-
quark g, propagator in x> near the light cone x> ~ 0. In the
present work, we focus on the two-particle contributions,
while higher Fock state contributions are beyond our
current scope. We summarize the two-particle operator-
product-expansion (OPE) contributions as

*In a recent comprehensive work with B-LCDAs [31] for B —
P,V transitions it has been shown that compared to two-particle
contributions, the relative impact of the three-particle contribu-
tions to the form-factors is only at percent level or less (for details
see [31]). The same conclusion was also drawn, e.g., in Ref. [41]
for B — T transitions. We therefore feel safe to neglect such
effects in the present analysis.

X <0|51‘2’(X)hv(0)|3q2(v)>, (11)

where p’ = k— 1, and [ describes the momentum of the
spectator quark inside the B meson with a,f being spinor
indices. In Eq. (11), the B-meson to vacuum matrix
elements are nonperturbative objects that are expressed
in terms of B-meson LCDAs, whose explicit definitions are
relegated to Appendix A.

The hadronic correlator TT#*” reads

T (g, k) — (01 ()T (k) (T (k) | e (0) B, (g + k)

m% .y
JHvp
© o Phaa()
+Kh dss_kz. (12)
thr
The decay constant f; is defined via®
(01| T (k. €)) = e my.fr. (13)
The spin sum for the tensor mesons is given by
. 1 1 1 )
s,w(k)eaﬁ(k) = EKW,K,,/; + EKM;KW - gkﬂykaﬂ,
k.k
= =G+ 5. (14)
u m

*Note that this definition implies f7 to be dimensionless.
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The form factors are extracted by matching independent Lorentz structures appearing in both correlators 1152 (g, k)

and I1"7 (g, k).

For the particular choice of the weak currents as in Table I, the correlator TI5J; (g, k) can be split as

i, ) v7(1L.BT
S (g k) = 4" Tgsy.

(3.BT)
+ €upapq qﬂkaHOPE

M (4.6) = aa"¢ Tigpe, (% k) + kg g Tigse. (g7, k%) +

Tensor

where the ellipsis stand for terms involving other Lorentz
structures. The extraction of the B — T form factors is then
achieved as follows:
(i) V: we considered terms with Lorentz structure
eﬂpaﬁq"qﬂk" in Eq. (15).
(ii) A;: we considered terms with Lorentz structure
q*¢"” in Eq. (15).
(iii) AQ: we considered terms with Lorentz structure
kK q"q* in Eq. (15).
(iv) (A3 — Ap): in this case, the form factors Ay, A,, and A,
possess some common Lorentz structures. Hence,

we define a combined term as Agp;= +

2my(A;3—Ag)
3

mB+2mT
, and then extract Agyy; by considering
terms with Lorentz structure ¢”¢*¢" in Eq. (15).

fBMB -
B—->T __ —
= k® Z{(

l)n /”0 do.e(—s(a,qz)+m%)/M2
0

(%K) + kg g Tsp (47, k)

(@*. k) + ¢* ¢ T (P %) + ..., (15)

vy (1.BT
F €papd" PR (G2 k) + ., (16)

(v) T,: we considered terms with Lorentz structure
e,,[,aﬂq”q[’)k” in Eq. (16).

(vi) T, and T5: in this case, the form factors 7',
and T5 possess some common Lorentz structures.
We, therefore, define the combination terms
T34» Toap as in Egs. (22) and (23), from which

we then extract T,34(T,35) by considering
terms with Lorentz structure k°q*q¢*(q¢”q"q")
in Eq. (16).

The choice of these structures is dictated by the fact that
they contain contributions coming purely from tensor
mesons.

Following the formulation introduced in Ref. [31], we
write down the sum rule for all the B — T form factors in a
form of a master formula’ as

1 1P
(n—1)1(M2)=1"

(_l)n_l (=s(0,q*)+m2)/M? - 1 1 d 1/~ (F)
‘[<n_1>ze TS aepry\aey) o (17)
j= 0=0()

where

2 2
m? —oq
s(6,q?) = om + —L1—- P

In Eq. (17), y = v/2(y = 1) for the light unflavored states
19, a5 (for other states), and the differential operator is
understood to act as

@)):

d 1\» dl/dl
Zo) il e
(da s’ ) (0) > <d6 s’ <d6 s’

>Our results in this work provide additional ingredients to the
master formula introduced in Ref. [31] to also include the B - T
form factors at the same twist accuracy of the B-LCDAs. For
details on the derivation of this formula we refer the reader to see
Ref. [31].

s'(0.q%) =

ds(o, ¢%)

, ith
io wi

5=1-o0. (18)

Using the first relation in Eq. (18) one obtains

o1y = g2 =\ J4(3, = so)my + (m} -+ 59— ¢
Oop = 2 ) B
mp

(19)

where s, is an effective threshold parameter to be deter-
mined and supplied as an input.

The two- partlcle LCDAs appear in the definitions of
the functions In [31],
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1 F,
W (0.0) = 25 G (0 Py loms).
WZp

Yop = o, fﬁ 9+, 9. (20)

with 6 = w/my in Eq. (20). The analytical expressions for
the normalization factors K(*) together with the matching
coefficients C(F¥») for the considered B — T transition
form factors are relegated to Appendix B.

We provide results for F = VE=T, AB=T AB=T AB-T
T8=T TE-T, and T5;;T. The remainder of the form factors
AB=T TB-T and TZ~T are then simply obtained using

AG™T = ARTT - AR, (21)

T}é}—ﬁ _ 2612 . FB=T 4 (m%; - sz - 412) FB=T (22)

3 23B 3 3 234 »
mp — my Mg — My
7B—T __ 7°B—>T TB—-T
370 =Ty — 2Ty . (23)

Further, we give our results for generic final-state tensor
meson 7(q,g,), where ¢, =c¢, s, u (q; = u(d)) for
Dt K30, af (f9). respectively.’

The analytical results presented in this work for

(FB_’T»lllz) . . .
Ch " coefficients of Eq. (20) constitute the first

complete results up to twist-four accuracy of B-LCDAs
for the two-particle Fock state contributions to the corre-
lation function. As a result, our present B — T form factor
results improve upon previous results in the literature.

At this stage, a remark on our form factor results is in
order. We compared our analytical results related to the
two-particle contributions at the leading-twist limit to those
of Ref. [41]. We observe the followings: first, we see that
the surface-term contributions’ given in Eq. (17) of our
paper have not been taken into account in the work of [41].
Nonetheless, when we still compare our analytical results
to [41], after also dropping the mentioned surface-term
effects in our results, we then reproduce the analytical
results for their form factors called V,A,, TI,A3 and T3.
Next, for A, of Ref. [41] we reproduce their results for ¢
terms, while for the ¢ terms we have a disagreement. Last,
for the T, form factor of Ref. [41] we have a complete
disagreement. The disagreement in the 7, form factor of
Ref. [41] is particularly interesting because while in our
case the condition 75=7(0) = T5-7(0) is exactly fulfilled
(as required by equation-of-motion conditions), the

®The theoretical approach presented in this work, together with
our form factor results, is generic and can also be readily applied
to other tensor mesons with J” =2% by making obvious
replacements.

Surface terms arise after performing continuum subtraction.
We observed and stress that the numerical impact of the surface
terms on the form factor results could be sizable.

analytical results given in Egs. (20) and (21) of
Ref. [41] for these two form factors seem not to satisfy
this condition.

III. NUMERICAL ILLUSTRATIONS
A. Input

In this section we collect the input parameters used in our
numerical estimates. We use up-to-date input parameters.
The meson masses entering our numerics are quoted
from the latest PDG averages [53],
mg, =1275.5+0.8 MeV,
mg; =1425.6 £ 1.5 MeV,

mp =5279.55+0.26 MeV.

m,, =1318.3102 MeV,
mp; =2465.4+13MeV,

Moreover, the quark masses m, (q; = c, s, u(d)) appearing

in the CEF'WZ") coefficients of Appendix B together with

b-quark mass are defined in the MS scheme, for which we
use [53]

mb(mb) =418 GCV,
m,(1 GeV) =0.128 GeV,

m(m.)=1275GeV,
My (1 GeV) =0.005 GeV.

B-meson decay constant is taken from the currently most
precise lattice-QCD analysis fz = 189.4 4+ 1.4 MeV [54];
on the other side the tensor mesons’ decay constants used in
our numerical results are quoted in Table II.

For the nonperturbative parameters entering the explicit
expressions of B-LCDAs we use [59,60]

Ag=460£110MeV, 12 =0.03+£0.02 GeV2,
22,=0.06+0.03 GeV?. (24)

B. LCSRs results

We obtained results for the full set of B — T form factors
within LCSRs up to ¢> = 0 GeV2. Our LCSRs results
involve, besides other input, free parameters introduced by
the method; the continuum threshold s, and Borel mass
parameter M?, which we determine by fulfilling some
physical criteria. First, the working interval of the Borel
parameter M? is determined following a standard criteria,
i.e., demanding that both the power corrections and the
continuum contributions in the sum rules should be sup-
pressed. Next, the working region of the continuum thresh-
old is determined by defining so-called first moments for
each form factor and respective final state by differentiating
the OPE correlator with respect to —1/M? and normalizing
it to itself. These first moments are then expected to give the
mass squares m3 of the respective final-state mesons.
Imposing +5% uncertainty on the mass of each final-state

094005-5
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TABLE II. Tensor mesons’ decay constants used in our numerical results.
Tensor meson n a, K; D;
fr 0.040 [55] 0.0406 +£ 0.0023 [56] 0.050 + 0.002 [57] 0.0185 £ 0.0020 [58]

tensor meson, we were then able to find a validity window
for s, too.

Based on these discussions, we determined the following
working regions for s, and M? for the considered tran-
sitions:

7.2 GeV? < sp* < 8.3 GeV2,
5.0 GeV? < M%); < 7.0 GeV2,

2.7 GeV? < sp* < 3.3 GeV2,
1.5 GeV? < M}, < 2.5 GeV?,

2.3 GeV? < 5@ < 2.7 GeV?,

1.5 GeV? < M%< 2.0 GeV?,

2.15 GeV? < sl < 2.45 GeV?,

1.5 GeV? < M3, < 1.7 GeV2. (25)

With these working regions for M? and s,’s, the small-
ness of the subleading twist-four contributions compared to
the leading twist-two ones as well as the suppression of
higher state contributions are satisfied simultaneously.

In Fig. 1, we illustrate the Borel parameter dependence
of all form factors for B — Dj transition at g*> = 0 based on
our LCSRs results including higher twist contributions.
Within the chosen interval for M2, it is seen that the form
factors posses a very mild dependence on M?. Similar
behavior holds at other negative ¢> values and for the other
final states (K3, a,, f>) too in their respective M? ranges.

B-D; form factors o

— V
F(0)
1.8 — A
16 — A
1.4, -
— A
1.2F )
— T
1.0 -
— T
0.8 2
: : : - M? (GeV?) __ ¢
5.0 5.5 6.0 6.5 7.0 3
FIG. 1. Borel parameter dependence of the B — Dj form

factors at g> = 0 based on our LCSRs results. The rest of the
parameters are fixed to their central input values. Similar stability
behavior also holds at other negative ¢> values and for the other
final states (K3, a,, f,) too in their respective M? ranges; we
therefore skip giving them here for brevity.

C. Parametrization of the form factors

After determining the best fit intervals of the threshold
and the Borel parameters from Sec. III B, we are now in a
position to extrapolate our LCSRs results to the physical
region where the phenomenology of the considered

TABLE III. Results for the fit parameters af by fitting our
LCSRs results for B — T form factors to Eq. (26).

Form factor ag ay
B — Dj
{7803 1457031 ~8.0311%¢

ABPs 113701 ~6.25107]
AP 1.101021 ~4.57+073
AP 1035038 —6.161317
Fi-0; 115402 —6.672433
" LIS 386103
o 044 33 21803
B - K;

8-k 0.22:4011 ~0.90%03
A 0301006 ~1.231023
AP 0.19+00 ~0.46101?
A 011088 ~0.40253
7ok 0.19709 ~0.751028
7k 0.19700% —0.17%57
ik 0091008 ~0.27:03
B > ay

Vi 0.181047 -0.70103)
i 030/85¢ -2
i 01604 03303
ib-a 00738 ~0.15057
i 015188 ~059:45
e 015738 010737
o 007:859 -019/33
B—f

yB-12 0.11:0%7 —0.42193)
Agh 0.202)9; ~0.802513
AB=h 0.10199¢ —0.20%910
AL 00408 00719
Thr 0.10%09 —0.361012
7o 010708 0067989
Y ek 0.04700% —0.11+99%
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B-D;

«
B-Dj

.
B-Dj

y y . - 0.04 y - - 0.04 y - -
-15 -10 -5 0 5 -15 -10 -5 0 5 -15 -10 -5 0 5
& (GeV?) & (GeV?) @ (GeV?)
B-D; B-D; B-D;
2.5n - 2.5n - 2.5n -

-5

-10 -5

-15 0 -15 0 -15 0
q* (GeV?) ¢ (GeV?) ¢ (GeV?)
B-Dj
2.0 .
1.5

q* (GeV?)

FIG.2. q* dependence of the B — Dj form factors from fits to our LCSR results. The dotted curves (blue) represent the central values
of the form factors as functions of ¢ and the shaded areas (yellow) describe the respective error budget on each form factor including the
calculated higher-twist terms. For comparison purposes, we also show in the same plots the central values of the leading-twist results as

empty circles (red).

B — T transitions take place. As mentioned in Sec. III B
we truncate our LCSRs results at g = 0 GeV? for all the
tensor meson final states. The extrapolation from
the calculated LCSRs input points (¢ < 0 GeV?) to larger
q* values® is then achieved by parametrizing each of
the form factors in a simple pole form with z expansion’
as [61]

1 1

1 - q2/m12?,F n=0

F
ay,

FET () (g - 20", (26

¥For instance, the upper ¢? limit in the case of semileptonic
decays is g2 = (mg —my)>.

We observed that the B — T transition form factors under
consideration are well fitted by the fit function of Eq. (26) to first
order in z.

Z(S) — ViIL—S—\/t1 -1y
T EmsH /1y

to=t,(1=+/1—1t_/t;). In Eq. (26), af, are the fit
parameters that are constrained and presented in Table III
for each form factor and final-state transition separately.
Beside, mp p quantities describe the mass of the reso-
nances associated with the quantum numbers of the
respective form factor F, whose values can be found in
Ref. [31] (for details see Table 5 of [31] and references
therein). Note that the kinematical conditions given in
Egs. (7) and (8) impose the following relations among the
fit parameters,

where t, = (mp£my)>  and

A, Mp +mTaA1 _Img=mr A,
0 2mT 0 ZmT 0>

(27)
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B-Kj;

B-K; B-K;

9’ (GeV?)
B-Kj;

¢? (GeV?)

FIG. 3.

which are respected in our numerical results presented in
Table III.

The uncertainties in the values of the form factors of
Table III are due to the variation of various input parameters
involved in the LCSR calculation. In particular, the non-
perturbative parameters Ag, 1%, 4% of B-LCDAs together
with the continuum threshold s, are mostly responsible for
these errors.

In order to estimate the uncertainties of the results
presented in this work, such as the form factors, decay
rates, etc., we followed a Monte Carlo-based analysis as
performed, e.g., in Refs. [62,63]. For this analysis, ran-
domly selected data sets of thousands of data points are
generated for any input parameter and its given uncertainty.
This led us to determine the mean and corresponding
standard deviations of our results.

D. Illustrations

The ¢ dependence of the complete set of B — T form
factors is depicted in Figs. 2-5. In these plots, comparing
the leading-twist central results (empty red circles) with
the corresponding new results including twist-four terms

-10 -5

o 5 10 15

g* dependence of the B — K form factors from fits to our LCSR results. For details see Fig. 2.

(dotted-blue curves) we see that the relative impact of the
calculated higher twist terms for the two-particle contri-
butions could be sizable'® (in particular, for light tensor
meson transitions) and therefore should be included in the
estimations of the form factors. The magnitude of the
central values of the form factors based on the leading-twist
terms is observed to decrease due to the calculated higher-
twist terms.

In Table IV, we have also compared our present results
for the B — T form factors at g> = 0 with existing results
in the literature. Regarding the comparison of B — D3 form
factors with Ref. [37], we normalized their results to obtain
dimensionless form factors (as in our case), and extracted

their value for Ag_’D; (0) using Egs. (6) and (7). We observe

. ~ « ~B—-D! ~B-D! ~B-D:
that our numerical results for VB=P2 A 772 A7 Ay 2

For the B — T form factors under consideration, in the
charmed case the relative impact of the calculated higher-twist
terms is observed to be relatively less significant when compared
to light final-state transitions. In our opinion, this could mainly be
related to the presence of the heavy mass scale m,. in the problem.
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B-a,

B-a,

B-a,
0.6~

0.5
0.4
< 0.3

0.6 T T T T - 1.0~

q? (GeV?)

q? (GeV?)

B-a, B-a,

0.5
0.4
<03
0.2
0.1
0.0k

0.4

0.3

= 0.2

0.1

0.0

FIG. 4. ¢* dependence of the B — a; form factors from fits to our LCSR results. For details see Fig. 2.

at ¢> = 0, given in the top-left pane of Table IV severely
differ'' from the corresponding values quoted in Ref. [37],
which use three-point sum rules. On the other side,
concerning the light tensor transition form factors, our
numerical results are in agreement with some of the
existing results in the literature, which use various calcu-
lation methods.

IV. PHENOMENOLOGICAL ANALYSES

In this section, using our new results for the relevant
form factors we give SM predictions for some selected
observables. We considered the decay channels B — D3£0,
B — Ky and B — K50~

YA remark on this point is in order. Our definition for the
A; — A form factor is related to the form factor b_ of Ref. [37] in
the following way: (2my/q?)(A; — Ay)/mg = —b_. At ¢* =0,
Ay — A, should exactly be 0 according to the equation-of-motion
condition given in Eq. (7) of our paper. However, the b_(g*> = 0)
form factor of Ref. [37] is seen to differ from O (see Table 2 of the
mentioned reference), in explicit violation of this condition.

A. SM prediction for B — D;¢v

For the D}(2460) mode, currently experimental data
only on the decay chain B(B — D3¢v)B(D5 — Dr) is
available [64—66],

B(B - D3¢0,)B(D; —» Dr) =224+03+04 Belle,
B(B — D3¢b,)B(D5 — D) = 14+024+02 BABAR,
(28)

where £ = e or u. Despite the current progress in collider
physics, there are no data available on B — D3£v decays
yet. On the other side, regarding the vector D* and the
pseudoscalar D modes, although the most recent measure-
ments for the ratios B(B — D%zi,)/B(B — D¥¢i,)
from the Belle collaboration [67] alone are compatible
with the corresponding SM predictions, when combined
with previous experiments the tension between theory and
experiment stays around 3.1¢ [19], which indicates a
violation of lepton flavor universality.

The size of LFU violation in B(B — Djtv,)/B(B —
D3¢v,) can therefore be further tested for the charmed
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B-f, B-f, B-f,
0.8~ - - - - - 1.2 - - - - - 0.6~ - :
1.0 0.5
0.8
< 0.6
0.4
0.2
0.0~ ; . . . .
-15 -10 -5 0 5 10 15
q* (GeV?) q* (GeV?) q* (GeV?)
B-f, B-f, B-f,
0.4
0.3
< 0.2 o°

q? (GeV?) q? (GeV?) q? (GeV?)
B—)fz

9 (GeV?)

FIG. 5. ¢* dependence of the B — f, form factors from fits to our LCSR results. For details see Fig. 2.

tensor meson D}(2460) case. Since the matrix elements given in Eqgs. (2) and (3) are the only ones relevant to B — D3¢0
decays in SM, the differential decay widths of these channels are obtained in terms of yB=D; Ag _)DZ, Af_)DZ and Af_)Dz

form factors as [37,68]

Mo,
q D}

2q2

2 0 222
ar l(m%,m%);,qz) ¢ — m2\? Amy. mp . q*)GEVe, 3m§2( 2 VAP
q° 384m3yn? mb " Mpy 47100

QU

/I(m%,m%)? 512) ~

)

+ (m3 +2¢°)

N 2
 2mpmy {(m% B m%E = q*)(mp + mp;)A; () + ]

mg + nmp;
2 f/ 2 mp -+ m xA qz 2
+ = (m2 + 2¢*)A(m%, m3., ¢*) H (4°) - (i Dz) 1)
3 2 mg(mg + mD;) my JA(m%. m. . %)
2

V(g?) N (mg +mp;)A(q*)

+'m3(m3+m03) mBmz]} (29)

where A(a, b, ¢) = a* + b* + ¢* — 2ab — 2ac — 2bc is the Killén function. We presented the g dependence of B — D3£0
form factors up to and including twist-four accuracy in Table III. Using these results together with the input parameters
Gp = 1.167 x 107 GeV~2 and V, = 0.0405 [52], we obtain the following predictions [37]:
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TABLE IV. Comparison of our form factor results at ¢g°> = 0

with existing results in the literature.

Form factor This work Literature
VB=D3(0) 1451031 —0.41 £0.12 [37]
ABP3 ) 1.13401 -0.12 £0.33 [37]
A?—»Di 0) 1.10502 0.37£0.10 [37]
Ag_’Dz (0) 1.03793% 1.23 £ 0.41 [37]
77"20) 1155533
Tf*’)i (0) 115502
757" (0) 044107
Form factor This work Literature
VE=K3(0) 0.22:0 0.16 £ 0.02 [39]
0.21100% [40]
0.717930 [41]
Ag—*KE (0) 0.30100¢ 0.25 4+ 0.04 [39]
0.1870:% [40]
0.407037 [41]
APKs (o) 0.19+099 0.14 £ 0.02 [39]
0.13%005 [40]
0.4370-1 [41]
i5-K 0.11+0:05 0.05 £ 0.02 [39]
A2 (O) —0.06
0.0870:95 [40]
0.457078 [41]
75K o) 0.19+009 0.14 £ 0.02 [39]
0.17799% [40]
0.54702 [41]
755 o) 0.19+099 0.14 +0.02 [39]
0.1775:93 [40]
0.5410% [41]
777%(0) 0.0910¢ 001298 [39]
0.147933 [40]
0.457073 [41]
Form factor This work Literature
VB=12(0) 0.115507 0.12 4 0.04 [35]
0.30 £ 0.03 [38]
0.18 +0.02 [39]
0.121003 [40]
0.577528 [41]
AB="(0) 0.201904 0.24 £+ 0.06 [35]

0.22 £+ 0.02 [38]
0.20 £ 0.04 [39]
0.1375:93 [40]
0.327037 [41]

(Table continued)

TABLE IV. (Continued)

Form factor

This work

Literature

AT72(0)

AS"(0)

71" (0)

757(0)

7577(0)

0.10%504

0.04700%

0102503

0.05
0.10%50

0.04-30

0.10 + 0.02 [35]
0.17 £0.01 [38]
0.14 + 0.02 [39]

0.0870:9% [40]
0.357017 [41]
0.09 £ 0.02 [35]
0.11 4 0.02 [38]
0.10 4+ 0.02 [39]
0.047591 [40]
0.3759% [41]
0.11 4 0.02 [38]
0.15 £ 0.02 [39]
0.1070:93 [40]
0.4470%9 [41]
0.12 £ 0.01 [38]
0.14 4+ 0.02 [39]
0.1079:9 [40]
0.447020 [41]

—0.02 4 0.04 [38]
0.06 £ 0.02 [39]

0.0970:% [40]
0.387029 [41]

Form factor

This work

Literature

VB—m; (0)

~B—>a;r

~B—al
Ay 2 (0)

~ +
B—a;

~B—a}

T2 (0)

0.12
0.18+912

0.06
0-30:).05

0.09
0. 161’0‘05

0.08
0.07:)'03

0.09
0. 15:)_05

0.13 +0.03 [35]
0.18 & 0.02 [39]
0.1879:93 [40]
0.607028 [41]
0.26 + 0.07 [35]
0.21 £ 0.04 [39]
0.1870:9¢ [40]
0.357935 [41]
0.11 +0.04 [35]
0.14 £ 0.02 [39]
0.117093 [40]
0.377916 [41]
0.09 + 0.02 [35]
0.09 £ 0.02 [39]
0.067092 [40]
0.38702¢ [41]
0.15 +0.02 [39]
0.1570:94 [40]
—0.03
0.467021 [41]
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TABLE 1V. (Continued)

Form factor This work Literature

75 (o) 0.15005 0.15 4 0.02 [39]
0.1575:0% [40]
0.467071 [41]

7% (o) 0.07:00¢ 0.04 £ 0.02 [39]

0.1370:04 [40]
0.3970% [41]

i (3.8040.74) x 1072,
B(B — D;(2460)er,) = (30)
(1.0140.30) x 1073,
B(B - D3(2460)5,) { (3.7040.72) x 1072, a1)
- v.)=
2 (1.004£0.29) x 1072,
. (1.5040.28) x 1073,
B(B — D;(2460)70,) = (32)
(0.16+0.03) x 1073,
and
o _ B(B = D3(460)75,) _ { 0.041 + 0.002,
Dl” = B(B — D3(2460)¢0,) | 0.16 = 0.04.
(33)

The variance of our predictions from those of Ref. [37] is
due to aforementioned discrepancy in the estimation of the
form factors (see Table IV).

B. SM predicition for B — K3y

We continue with a phenomenological analysis on
exclusive rare radiative decay of the B meson to radially
excited tensor meson K3 (1430). The branching ratio of this
radiative mode has been measured by several experiments
[69-71],

B(B — K3y) = (1.66703 £0.13) x 107° CLEO,

B(B— K}y) = (13+0.5+0.1) x 107 Belle,

B(B = Kjy) = (122 +£0.25+0.10) x 107> BABAR,
(34)

which gives the PDG average of (1.24 4 0.24) x 107 [53].
In the SM, B — K3y decay is governed by the electro-
magnetic dipole operator (J;, and its matrix elements
between initial B and final K states are given in
Egs. (4) and (5). The exclusive decay rate of emission
of a real photon (¢*> = 0) depends only on the form factor

T1 > and is given by [72]

[(B = K3y) = GEmp |V Vi | Co (my,) PTE(0)

2567*
2 m=.\ 5 m.
x B (1- ’;) ( ’;) (35)
mi: mp mp

where V;; are the CKM matrix elements, « is the fine-

structure constant, and C;(m;) is the Wilson coefficient
associated with ;. Since the inclusive radiative decay
B — X,y is accurately measured by several experiments
[73,74], it is more convenient'> to consider the ratio of
exclusive to inclusive branching ratios [72]

B(B — K3(1430)y)

Ry, =

B(B — Xy)
B 2 (1 —m%./m3)> (1 + m%. /m?
S 10 R e S e
8 (1 _ms/mh) (1 +ms/mb)

where the world average of the inclusive decay is given by the
Heavy Flavour Averaging Group [19] as B(B - X,y) =
(3.32+£0.16) x 10~*, which is compatible with the theo-
retical estimate [75].

We determine the experimental ratio R‘”‘p by normalizing
the experimental world averages of the corresponding
decays. Similarly, using the value of the form factor
Tf_”(z from Table III we obtain our SM prediction for
R%‘ZA They read

RSP = 0.037 4 0.007,
R%\; = 0.055 + 0.023, (37)

which are in agreement within the quoted error budget.

C. SM prediction for B — K;¢* ¢~

In the standard model, the effective Hamiltonian gov-
erning B — K5¢7¢~ decay is

4G
Hetp = ——~ NALL Zc (38)

with O;(u) being the effective operators and C;(u) the
respective  Wilson coefficients at the renormalization
scale u. Among the ten operators in Eq. (38), O;, O,
and Oy,

12 . . . . . .
Considering this ratio, one avoids most of the parametric
uncertainties.
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e? are the only ones contributing to B — K4 ¢~. The related
= — _m, (56, Ppb)F* 2 .
O 167° my(S0 Prb)F™, Wilson coefficients are discussed thoroughly in the liter-
o2 S ature (for details, see, e.g., [76—78] and references therein).
Oy = 1672 (57,PLb) (7€), In terms of the Wilson coefficients and the form factors
o2 _ defined in Egs. (2)—(5), the general expression of the
Oy = 1622 (WMP Lb)(r'yst), differential decay width for B — K3 *£~ can be written
79
P =(1%75)/2 @9) * 1P
|
dr Gra 5 am2\ (| F | (2m2 + ¢*)2?
72 T 5l 5.3 P % |thV;Fs| 1-— 2,2
dqg= 2 q 6mzm k;

Tl @y & )10 mi + DA (P @+ )F | FaP (4 = )
Im%.q* Imimy. > Ommy
x4 Bk, 4 BT

|FsPmy(2(2 = 20mg.q*)m7 + ¢* (106> my, + )4 2| F, Pmq? 22
+ -

9m‘}(*q2 3m%m‘}q
| Fel*(2((mg — ml( ) —2¢" 4 4(mp + mk )g*)m% + ¢*2)2*
9mBmK;¢1
| 2RE(FAFL) 2+ )+ i+ I ARE(FGF = i)
9m‘}qq2 3m%m‘}<§
. 2Re(F5F5) (g (=mi + mi; + ¢%) = 2m(mf — mi, +26°)2"  4Re(F5F5)m22? (40)
9m‘}(;q2 3. '
where A = A(m3, mf{z ¢%), and the individual quantities F; read
2 dmy ~

F, = _Ceff V Ceff —hT 2

= O ) V) = ) T T )

mpg —+ mg+ ~ m M g+
]fzzw{ceff( )A (q2)+C$ff(,u) b( 32 KZ)T (qz)]
mp q

Fy = ) ——— Zo(q?) + 80 22 [ o) 4 — L To(?)

’ mp + my; ’ ! 2 my—mi. >

2 - (mg +mg:) -

Fo=- V@) Fs=cC LAY Fe=C 2

4 10 mg + My (g°) 5 10 m% 1(g%) 6 10 Tm 2(9°)

2mgs (mp + mg:) - (mp — mg:)

Fq= C10|: 5 *Ao(q P2 s 1(612) - 7 2(42)] (41)

The new input parameters entering the decay rate prediction here are taken as V,, = 0.77f8.'zlf [52], V,, = 0.0406 +
0.0027 [52], C%ff(mb) = —0.306 [80], Cgff(mb) =4.344[76,81], and Cy( = —4.669 [76,81]. Using the calculated LCSR
results for the form factors we obtain [79,82]

B(B — Kjete™) = (7.72£4.28) x 1077, (42)

(6.05+3.81) x 1077,
B(B — Kiutp™) =< (24319%) x 1077, (43)
(2.5H7) x 1077,
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(1.12£0.59) x 107,
(2.74109) x 10710, (44)
(9.6781) x 10710,

B(B - K3t17) =

Our predictions are compatible with the references given
within the error budget. Furthermore, in analogy to Eq. (33)
we also give our prediction for the LFU ratio,

_ BB - Kjrtr)
Rise/u = BB = Kyrp~) 0.0020 + 0.0004. (45)
As a final remark before summary, we stress that the
results presented in this work include only factorizable
contributions and nonfactorizable (nonlocal cc-loop)
effects are not taken into account in this work. Analysis
of such nonfactorizable contributions lies beyond the scope
of this paper and we plan to come back to discuss this point
separately in the future.

V. CONCLUSION

The study of semileptonic B-meson decays involving
tensor mesons can provide additional information on
physics beyond the standard model due to the rich
polarization structure of the tensor mesons. In connection
to that we calculated the B — D3}, K3, a,y, f, (JP =2T)
transition form factors within light-cone sum rules using
B-meson distribution amplitudes, including the twist-four
terms. We find that the calculated higher-twist terms have a
noticeable impact on the sum rules. Using the obtained
results for the form factors we estimate the decay rates of
B — D3¢0, B — K3y, and B — K5£7¢~ in the SM. Our
results indicate that these decays can be within reach for
LHCb and Belle experiments in the near future.
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APPENDIX A: DISTRIBUTION AMPLITUDES
OF THE B MESON

The two-particle momentum-space projector can be
expressed in terms of B-LCDAs (up to twist four) as

(01g5(x).(0)|B,, (v))
0

imeB do e_i“’”'x{ (1+7) {fih(a’) —9+(@)0,0°

+ (M-@@(ﬂ yﬂaﬂ] ys}ﬁa, (A1)

where v, is the four-velocity of the B-meson, and
0, = 0/0I" with I* = wv* in the two-particle case. The
above momentum-space derivatives are understood to act
on the hard-scattering kernel of Eq. (11). Moreover, we
abbreviate

Flw) = / " 4E( (&) — h-(&)).

§(w) = / " 4€(g. (&) — g_(8)). (A2)

In our numerical estimates for the form factors we follow
the local duality model"? proposed in Ref. [83] for the two-
particle B-LCDAs ¢, ¢_, and g, . The explicit expressions
for ¢, ¢_, and ¢, in this model are given in Egs. (5.22)
and (5.23) of Ref. [83].

For g_ no model expression is available yet; we therefore
use the Wandzura-Wilczek (WW) approximation

() =3 ["an, [" ml. o) - 9 )

1 @ _
_EA dny (1, —A)fﬂvw(’h),

W) = [ ¢ (m)
) = [

(A3)

In the local duality model considered in this work, Eq. (A3)
explicitly yields

(3l — w)’

9 () =T 0B —0). (A

where 0(x) is the heavy-side step function.

The parameters A%, 1%, and Az appearing in the
explicit expressions of B-LCDAs are provided as input in
Sec. IITA.

PThe model we employ in this work corresponds to model II
A of Ref. [83].
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APPENDIX B: B - T COEFFICIENTS OF EQ. (17)
FROM TWO-PARTICLE CONTRIBUTIONS

1. K'F) factors of Eq. (17)
The prefactors appearing in Eq. (17) read

oy __ frmp
mg(mg + my)’
KAT) _ _me3T(mB + mr)
ZmB ’
g _ 2mr
mg(mg +my)’
KA = _meAZ‘"/mB»
KT = _me%"/mB’

TB—>T TB—»T

KI5 = g1 — —2me%/mB. (Bl)

2. CF¥») coefficients of Eq. (20)
We collect here the (nonvanishing) coefficients appearing
in Eq. (20).
For V2=T we obtain

2’ 2 2
CgVBHT 91) = 4o, C:(;VBHT-!H) — _4m510’
(VE=1.9) (V5=T.5) 3
Gy =4m, o, C, =—12my 6. (B2)
For A8=T we obtain
C(A?qrﬂh) _ _G(qz - (mBa- + mgy, )2)
1 45 9
(AF-T.g) _ OMyg,
Cci! = ,
! 45
) __omy (q” = (my + my5))
2 45 ’
cATg) _ 20
1 5’
cA e _ 20(q” — mp5(my, + mys))
2 5 ,
G _ 20w (0 = (g -+ my5))
3 P ,
C(Af#’g) _ 20(m,, + 2mg6)
2 5 )
Lt 2mo(nd + ¢ = mhe?)
3 5 )
C(A/]B—»Ta) _ 6m3| G(qz (mKIl + mBU)Z) (B3)
4 = -
o

For A>T we obtain

) — 6(1-23),

D = _o(m,, — 2mps + 2mpe?),

) =8o(1-25). T = —gmi2 o(1 - 25),
C(;}g#,g) = —8c(m,, —4mgos),
9 — 24m? o(m,, —2mpos). (B4)
For A%>T we obtain
CiAg‘TT'(M _ w ,
4
) _ oq°(20(1 +:)’"B —™y)
59— _aq(1 +20),
Cg;‘?f'g*) _ 2q2m‘2110(1 + 20),
Cgﬂg;ﬁg) _ 26q2(4m36(1 +o0)— mql),
/" = 6nz, P(m,, —2mpo(1 +0)). (BS)
For T5-T we obtain
C(IT?J'(/”) = o(mp5 +m,,)/2,
D g (g, )2
CET?J’”*) =20(2mp5 + m,,),
Céigu,gﬂ = —4om2, (mp& + m,,).
Y = —120m] (my + m,,). (B6)

For 75T we obtain

TB—T
CET”" 9+) o(mps +my,),
(T353" ) - 2
G = o(m, (mp6 +m, ) —20q°),

(ngaT-ng) _ 4 2 —
C, =4o6(m, +2mps),
(T‘{;}T-m) _ 2 —
Cy = —8my 6(m, + mg5),
7T 75" .9)

C<2 23A 'g) — 80-, Cg

(T3539) _
C, =

= 8c(6mpm,, —40q?),

—24om2 (6mgm, + m2 —20q*). (B7)
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For T5;; we obtain

CET%T'(I&” = —o(omp —m,, ), CET%T’ ) = _6T7
&
- 15 8o(l 36
Cg ) = 8omg, (omp —my,), Cg R ( = )

15.7.4) 00

) — dg(=20my +m,),

s

(o2
I 2 I 2 A
C(T§3B’ g9 8076, C(Tg“’l 9 _24mqlaal
3 =75 4 - T 5

(B8)

where shorthand notations &, = m2 (1 — 26) — mpm, 66 + 6(m}5* + ¢*(26 — 1)) and 6, = 26*m3 — Gmpm,, — 2q* +
464> + m3, are introduced for simplicity. The 7%;;" and T2;;" form factors are defined via Eqs. (22) and (23).
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