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ABSTRACT: With updated experimental data and improved theoretical calculations, several
significant deviations are being observed between the Standard Model predictions and the
experimental measurements of the branching ratios of B?s) — Dé:)) YL decays, where L is
a light meson from the set {7, p, K (*)}. Especially for the two channels B — DT K~ and
BY — Dfn~, both of which are free of the weak annihilation contribution, the deviations
observed can even reach 4-50. Here we exploit possible new-physics effects in these class-
I non-leptonic B-meson decays within the framework of QCD factorization. Firstly, we
perform a model-independent analysis of the effects from twenty linearly independent four-
quark operators that can contribute, either directly or through operator mixing, to the
quark-level b — cud(s) transitions. It is found that, under the combined constraints from
the current experimental data, the deviations observed could be well explained at the 1o
level by the new-physics four-quark operators with v*(1 — v5) ® v,(1 — 75) structure, and
also at the 20 level by the operators with (1 + v5) ® (1 —75) and (1 + 75) ® (1 + 7s5)
structures. However, the new-physics four-quark operators with other Dirac structures fail
to provide a consistent interpretation, even at the 20 level. Then, as two specific examples
of model-dependent considerations, we discuss the case where the new-physics four-quark
operators are generated by either a colorless charged gauge boson or a colorless charged
scalar, with their masses fixed both at the 1 TeV. Constraints on the effective coefficients
describing the couplings of these mediators to the relevant quarks are obtained by fitting

to the current experimental data.
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1 Introduction

Flavor physics plays always an important role in testing the Standard Model (SM) of
particle physics and probing new physics (NP) beyond it [1, 2]. Here, the non-leptonic
weak decays of B mesons are of particular interest, since they provide direct access to
the fundamental parameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [3, 4] and
further insight into the strong-interaction dynamics involved in these decays. Aiming at
such a goal, the BaBar and Belle collaborations [5], as well as the LHCb experiment [6]
have already performed many high-precision measurements of these kinds of decays [7, 8].
In addition, new frontiers of precision are expected in the era of Belle II [9] and upgraded
LHCb [10].

Confronted with the plethora of high precision measurements made by these dedicated
experiments, we are forced to improve as much as possible the accuracy of theoretical
predictions about these non-leptonic weak decays. Here the main challenge we are now
facing is how to calculate reliably the hadronic matrix elements of four-quark operators in



the effective weak Hamiltonian (see subsection 2.1). For a long time, the naive factoriza-
tion (NF) assumption [11] and modifications thereof (see, e.g., refs. [12-15] and references
therein) were used to estimate the non-leptonic B-decay amplitudes. Several more promis-
ing strategies built upon either the SU(3) flavor symmetry of strong interactions [16—18]
or the factorization theorem, such as the QCD factorization (QCDF) [19-21] and its field
theoretical formulation, the soft-collinear effective theory [22-26], as well as the pertur-
bative QCD [27-29] approach, have been developed to study the same problem. Certain
combinations of these approaches have also been adopted in, e.g., refs. [30-32].
.

Le{np K (*)}, within the QCDF framework. For these class-I non-leptonic decays, the
spectator antiquark and other light degrees of freedom of the initial B?S) mesons need to

rearrange themselves only slightly to form the heavy DE:; * mesons together with the charm

In this paper, we shall consider the exclusive two-body B?S) — DE )) Lo decays, where

quark created in the weak b — cud(s) transitions, while the light quark-antiquark pair @d(s)
must be highly energetic and collinear to form the light meson L~ but with energy of O(my),
where my denotes the bottom-quark mass. For such a configuration, a factorization formula,
valid in the heavy-quark limit up to power corrections of O(Aqcp/my),! can be established
for the hadronic matrix elements governing the decays; explicitly, we have [20, 33]

R _ B(y—D") 1
(DL BY) =S F T (md) /0 duTy(u) ®(u) + O(Aqep/my),  (L1)
J

B<s)—>DE:)) . ..
F; * . and the light-cone distribu-

tion amplitude (LCDA), ®(u), of the light meson encode all the long-distance strong-

where the B, — DE:)) transition form factors,

interaction effects, both of which can be extracted from experimental data or calculated
by using non-perturbative methods like QCD sum rules and/or lattice QCD. The hard
kernels T;;(u) receive, on the other hand, contributions only from scales of O(my) in the
heavy-quark limit and are therefore calculable perturbatively. At leading order (LO) in the
strong coupling ay, eq. (1.1) reproduces the NF result, and both the next-to-leading-order
(NLO) [20, 34] and next-to-next-to-leading-order (NNLO) [35, 36] corrections to Tj;(u) are
now known.

As all the four quark flavors in b — cud(s) transitions are different from each other,
these tree-level decays receive contributions from neither the penguin operators nor the
penguin topology. There is also no color-suppressed tree topology in these class-1 decays. At
leading power in Aqcp/my, these decays are dominated by the color-allowed tree topology
that receives only vertex corrections, while interactions with the spectator antiquark and
the weak annihilation topology are both power-suppressed [20]. In fact, noting that the
weak annihilation topology contributes only to B — D®* 7~ and By — Dg*)JrK —, but
not to BY — D™+ K~ and BS — Dg*Hﬂ_, one can use the ratios between the branching
fractions of these two kinds of decays to probe the topology. Remarkably, the current
experimental data shows already that the impact due to such a topology is negligible [37].

'Here we treat the bottom and charm quarks as massive while the light quarks as massless. The heavy-
quark limit is defined as my, me > Aqcp but with me/m; fixed, where Aqcp is the QCD intrinsic scale.



Other sources of power corrections, such as the higher-twist corrections to the light-meson
LCDAs and the exchange of a single soft gluon between the By — D((:)) transitions and
the light meson, are also estimated to be quite small [20, 38]. Therefore, these class-I
non-leptonic decays are theoretically clean and the QCDF approach is expected to work
well for them. However, with the updated input parameters, the SM predictions [36, 38,
39] are found to be generically higher than the current experimental measurements [7,
8] of the branching ratios of B?S) — Dg:))Jr
BY = DTK~ and B? — Dfn~, which are free of the weak annihilation contribution, the

deviations observed can even reach 4-50, once the updated input parameters as well as the

L~ decays. Especially for the two channels

higher-order power and perturbative corrections to the decay amplitudes are taken into
account [38]. As emphasized already in refs. [36, 38|, it is quite difficult to accommodate
such a clear and significant discrepancy in the SM. In this paper, as an alternative, we
shall examine possible NP interpretations of the deviations observed; for recent discussions
along this line, see refs. [40-45].

In the SM, these class-1 decays only receive contributions from the four-quark oper-
ators with the Dirac structure v*(1 — 5) ® v, (1 — 75),2 which originate in the tree-level
W= exchanges. Beyond the SM, however, new four-quark operators with different Dirac
structures can be generated and contribute potentially to the decays considered, either
directly or through operator mixing under renormalization [46, 47]. The full set of lin-
early independent four-quark operators with four different quark flavors in all possible
extensions of the SM, together with their one- and two-loop QCD anomalous dimension
matrices (ADMs), can be found in refs. [48-50]. The calculation of O(a;) corrections to the
matching conditions for the short-distance Wilson coefficients of these operators have also
been completed [51]. Currently, the only missing ingredient aimed at a full NLO analysis
of the class-I decays in any extension of the SM is the evaluation of the hadronic matrix
elements of these four-quark operators, also at the NLO in a. Thus, in this paper, we shall
firstly calculate the NLO vertex corrections to the hadronic matrix elements of these four-
quark operators within the QCDF framework, and then discuss in a model-independent
way possible effects of these NP operators on the class-I decays. As emphasized already
in ref. [51], such an NLO analysis in the NP sector is crucial for reducing certain unphys-
ical scale and renormalization scheme dependences present in the absence of these O(as)
corrections [40-45]. It is numerically found that, under the combined constraints from the
current experimental data, the deviations observed could be well explained at the 1o level
by the NP four-quark operators with v#(1 —5) ® 7,(1 — 75) structure, and also at the 2o
level by the operators with (1+5) ® (1 —5) and (1 +v5) ® (1 + 75) structures. However,
the NP operators with other Dirac structures fail to provide a consistent interpretation,
even at the 20 level. As two specific examples of model-dependent considerations, we shall
also discuss the case where the NP four-quark operators are generated by either a colorless
charged gauge boson or a colorless charged scalar. Constraints on the effective coefficients
describing the couplings of these mediators to the relevant quarks are then obtained by
fitting to the data.

2Throughout this paper, we adopt the convention where the Dirac structures before and after the symbol

“®” should be inserted into the quark-bilinear currents (¢---b) and (d(3) - - - u), respectively.



Our paper is organized as follows. In section 2 the theoretical framework is presented.
This includes the effective weak Hamiltonian describing the quark-level b — cud(s) tran-
sitions, the calculation of O(a;) vertex corrections to the hadronic matrix elements of the
twenty linearly independent four-quark operators, and the estimate of the weak annihila-
tion contribution, within the QCDF framework. In section 3, we firstly present the updated
SM predictions for the branching ratios of these class-1 decays and their ratios with respect
to the semi-leptonic B?s) — DE:)) - vy decay rates evaluated at ¢ = m%, RE:)) 1> and then
discuss the NP effects both in a model-independent setup and in the case where the NP
operators are generated by either a colorless charged gauge boson or a colorless charged
scalar. Our conclusions are finally made in section 4. For convenience, the ranges for the
NP Wilson coefficients C;(m;) allowed by the ratios RE:)) , are given in the appendix.

2 Theoretical framework

2.1 Effective weak Hamiltonian

The class-I B(OS) — DE:)) L decays are mediated by the quark-level b — cud(s) transitions.
Once the top quark, the gauge bosons W+ and Z°, the Higgs boson, as well as other heavy
degrees of freedom present in any extension of the SM are integrated out, the corresponding
QCD amplitudes of the decays are computed most conveniently in the framework of effective
weak Hamiltonian [46, 47], which for the problem at hand reads?

Hort = ?/f {Z Cilm) Qi) + 3 [V G0 @ (1) + CY R () QM ()

7
+OFE () Q5 () + CFMR (1) QP () + (L  R)) } Fhe., (21)

where G is the Fermi constant, and ViV, (¢ = d, s) the product of the CKM matrix
elements. Q; (i = 1,2) are the two SM four-quark current-current operators given in the
Buchalla-Buras-Lautenbacher (BBL) basis [46], while the remaining ones in eq. (2.1) denote
the full set of twenty linearly independent four-quark operators that can contribute, either
directly or through operator mixing, to the quark-level b — cud(s) transitions [48-50].

The NP four-quark operators can be further split into eight separate sectors, among
which there is no mixing [50, 51]. Firstly, the operators belonging to the two sectors V LL
and VLR, which are relevant for tree-level contributions mediated by heavy charged gauge
bosons in any extension of the SM, can be written, respectively, as [50, 51]

OV EE = Tay™(1 — 75)bs Ga7u(1 — ¥5)ttar
QY I = 2oy (1 = 75)ba Qg vu(l — 75)ug, (2.2)
QY =Tan™(1 = 75)b Ty (1 + 5)ta
Oy MR = 2oy (1 — ¥5)ba g yu(1 + 75)ug (2.3)

3Here we assume that the NP scale wo satisfies the condition po > msp, ensuring therefore that all the
NP effects can be accounted for by such a local effective weak Hamiltonian.
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Figure 1. Feynman rules for the couplings of a colorless charged gauge boson AT (upper) and a
colorless charged scalar H™ (lower) to an up- (i) and a down-type (jg) quark, with the strengths
normalized to that of the SM tree-level W exchange, where gs is the SU(2), gauge coupling and
Pr(ry = 5(1F 75) denote the left- and right-handed chirality projectors.

where «, 3 are the color indices, and QY ** are identical to the SM operators Q; given in

the BBL basis [46]. Secondly, the operators belonging to the two sectors SLL and SLR,
which are relevant for tree-level contributions generated by new heavy charged scalars, are
given, respectively, by [50, 51]

QP =2, (1 — v5)bs Gs(1 — ¥5)ta

Q5 =Ca(1 = 75)ba a1 — V5)uz

Q5 =20 (1 — 45)bg G0 (1 — ¥5)ta

QM =200 (1 = 75)ba G0 (1 ’75)u67 (2.4)
QPR =20 (1 — 5)b Gp(1 + 75)ua

Q5 = o (1 — 45)ba Gg(1 + v5)ug (2.5)

where o* = %[’y“,fy” |. Finally, the operators belonging to the four remaining chirality-
flipped sectors VRR, VRL, SRR and SRL are obtained, respectively, from eqgs. (2.2)—
(2.5) by making the interchanges (1 F 7v5) <+ (1 £ v5). It should be noted that, due to
parity invariance of strong interactions, the QCD ADM:s of the chirality-flipped sectors are
identical to that of the original sectors, simplifying therefore the renormalization group
(RG) analysis of these operators [50].

The short-distance Wilson coefficients C;(u) and C;(p) in eq. (2.1) can be reliably
calculated by using the RG-improved perturbation theory [46, 47]. Explicit expressions
up to the NNLO in «ay for the SM part can be found, e.g., in ref. [52], and will be used
throughout this paper. For the NP part, on the other hand, one can easily obtain the NLO
results of C;(up) evaluated at the typical scale p, ~ m; that is appropriate for the non-
leptonic B-meson decays, by solving the RG equations satisfied by these short-distance
Wilson coefficients, based on the one- and two-loop QCD ADMSs of the NP four-quark
operators [48-50], as well as the O(a;) corrections to the matching conditions for C;j(uo)
evaluated at the NP scale po [51]. Here, for later convenience, we show in figure 1 the
Feynman rules describing the couplings of both a colorless charged gauge boson AT and



a colorless charged scalar H' to an up- (i) and a down-type (jz) quark, the strengths
of which have been normalized to that of the tree-level W exchange in the SM. For
further details about the matching and evolution procedures in the case of these tree-
level mediators, the readers are referred to ref. [51] and references therein. Throughout
this paper, we shall assume that the NP Wilson coefficients C; (1) as well as the effective
couplings AiLj’R(A) and AiLj’R(H ) are all real, and take the same values for both the b — cud
and b — cus transitions.

2.2 Calculation of one-loop vertex corrections

To obtain the non-leptonic B-decay amplitudes, we must also calculate the hadronic matrix
elements of the local four-quark operators present in eq. (2.1). To this end, we shall adopt
the QCDF approach [19-21], within the framework of which the hadronic matrix element
of a four-quark operator satisfies the factorization formula given by eq. (1.1). For the SM
contribution, the hard kernels Tj;(u) have been calculated up to the NNLO in «; [35, 36],
and will be used throughout this paper. For the NP contribution, on the other hand,
we shall calculate the one-loop vertex corrections to the hard kernels Tj;(u), completing

therefore a full NLO analysis of the class-I non-leptonic B?s) — Dg:)) +

L~ decays in the case
where the short-distance Wilson coefficients of the four-quark operators are also known at
the same order [51]. Such an NLO analysis in the NP sector is helpful for reducing the
dependence of the final decay amplitudes on certain unphysical scale and renormalization
scheme [51], as will be detailed in subsection 3.5.

As mentioned already in the last section, at leading power in Aqcp/my, these class-1
non-leptonic decays are dominated by the color-allowed tree topology with the lowest-order
Feynman diagram shown in figure 2, and the hard kernels Tj;(u) receive only the “non-
factorizable” vertex corrections [20], with the corresponding one-loop Feynman diagrams
shown in figure 3. It should be noted that, as the light quark-antiquark pair (ug) has to be in
a color-singlet configuration to produce an energetic light meson L in the leading Fock-state
approximation, the hard kernels Tj;(u) only receive non-vanishing contributions from the
color-singlet operators starting at the zeroth order in a5 and from the color-octet operators
starting at the first order in ay, respectively. This implies that Tjj(u) o< 1 4+ O(a2) + - -
for the color-singlet and Tj;(u) < O(ay)+- - - for the color-octet operators, respectively. It
is also observed that, although there exist both collinear and infrared divergences in each
of the four vertex diagrams shown in figure 3, these divergences cancel when one sums
over all the four diagrams, yielding therefore a finite and perturbatively calculable O(as)
correction to the hard kernels Tj;(u) [20, 21]. Explicit evaluations of these one-loop vertex
diagrams with insertions of the SM current-current operators in the Chetyrkin-Misiak-
Miinz (CMM) basis [53, 54] can be found, e.g., in refs. [20, 36, 55]. Our results for the
one-loop vertex corrections to the hard kernels Tj;(u), which arise from insertions of the
NP four-quark operators present in eq. (2.1) into the Feynman diagrams shown in figure 3,
will be presented below. This, together with the NLO results of the NP Wilson coefficients
C;(up) [48-51], completes our analysis at the NLO in a.
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Figure 2. Leading-order Feynman diagram contributing to the hard kernels T;;(u), where the local
four-quark operators are represented by the black square.

—<

Figure 3. “Non-factorizable” vertex corrections to the hard kernels T;; (u) at the NLO in o, where
the other captions are the same as in figure 2.

e For operators with v*(1 — v5) ® v,(1 — 75) structure, we have
B 1
(D) 0L @[ (L= 15)b3 D71 = 35}l By () = £ ifs. [ duou(u)
< (D el BY) - TV HE(u, 2) — (D sl BY) - TV H(u,—2)] (2.6)

where ¢ = p—p’,* and the upper (lower) sign applies when L is a pseudoscalar (vector)
meson. fr, and ®; denote respectively the decay constant and the leading-twist

LCDA of the light meson L, while the reduced matrix elements <DE:))+|E- . b|B?s)>
()

can be further parameterized in terms of the B — D(:) transition form factors.

The one-loop hard kernel TV (u, 2) is given by
TVEL(y ) = 2 ST | g1y 2 sy FVEL(y, )| | (2.7)
47 N, m%

where Cr = (N2 — 1)/(2N,), with N, = 3 being the number of colors, and

FVEL(y, 2) = (3 +21n Z) 2?4 V() + V1)), (2.8)
with
VLL __u(l—zZ) [B(1 —u(l —22)) + 2] (] — 22 — z
P (u, z) = 1 u(l_ 2 Infu(1 )] 1—u(l— 22

+2 {w —In?[u(1 — 2%)] — Lis[1 — u(1 — 2%)] — {u — a}} .

(2.9)

4Although taking the same symbol, the light-meson momentum ¢ can be clearly distinguished in the
context from the quark field ¢ present in the four-quark operator.



Here z = m¢./my, u = 1 — u, and the dilogarithm is defined by

Lis(z) = — /x =0, (2.10)
0 t
In the limit z — 0, our results coincide with that for the charmless B-meson
decays presented in refs. [21, 56], where the four-quark operators are also defined
in the BBL basis. In addition, we have also checked explicitly that, by using the
relations among the short-distance Wilson coefficients [52, 54, 57]

CBBL _ CCMM po [ —OPMM _ 20§MM} + 0(a?),
Gyt = _ECfMM + O+ [ 1800MM - gchM] +ol), @1

corresponding to the four-quark operators defined in the BBL and CMM bases respec-
tively, our results for the hadronic matrix elements (Dé:))+L‘| D im12 cyrL QYLL|B?S)>,
with the operators Q}/LL given in the BBL basis, agree up to the NLO in « with that
presented in refs. [36, 55, 58], where the calculations are however performed with the
four-quark operators defined in the CMM basis. To reproduce the results presented
in ref. [20], on the other hand, one should keep in mind that the LO relations among
the short-distance Wilson coefficients are used when transforming from one operator

basis to another.

For operators with v#(1 —75) ® 7,(1 + 5) structure, we obtain
_ 1
(DL ()L (@)[ear™ (1 = 15)b3 Tavu(1 + 75)ual Bl (p)) = —ifi /O du®(u)
X {<D?;)‘E¢b|‘§?s)> ’ TVLR(“? Z) - <D>(k:)_‘6g75b|‘§?s)> ' TVLR(ua _Z)} ) (212)

where the one-loop hard kernel TV % (u, z) is now given by

VLR as O p? VLR
T (u,z) = o [61 m? +6+ F" " (u, z)} , (2.13)
with
FVER(y, 2) = — (3 +2In u) Inz? — Y (a, 2) — fVE(u,1/2). (2.14)
u

It has been checked that, in the limit z — 0, the above results are also reduced to
that for the charmless B-meson decays given in refs. [21, 56].

For operators with (1 — v5) ® (1 — 5) structure, we have

(D{ )L (@)[Ea(l = 75)bs T5(1 = 15)ual By (P)) = if1 im /0 ' du B (u)

< (D 6] BY)) - TS (u,2) — (D lersbl BY)) - TS (u, —2)] . (2.15)



where the parameters y,,, are defined, respectively, as u,(1) = m? /[Ty, (1) + Mg (p)]
for a pseudoscalar and pu, (1) = mp fi(1)/ fr for a vector meson, with 7, 4(u) being
the running quark masses in the MS scheme and f f (1) the scale-dependent transverse
decay constant of a vector meson. When all three-particle contributions are neglected,
the twist-3 two-particle LCDA ®,(u) is determined completely by the equations of
motion, with its asymptotic form given exactly by ®,(u) =1 [56, 59], while ®,(u) is
related to the twist-2 LCDA @ (u) of a transversely polarized vector meson by [56, 60]

/d 1_v /d 3Za Poy1(2u—1), (2.16)

where the second equation is obtained by inserting the Gegenbauer expansion of
@, (u), with ail(u) being the Gegenbauer moments with onLA_ =1, and P,(x) the
Legendre polynomials. For further details about these hadronic parameters, the
readers are referred to ref. [56] and references therein.

The reduced matrix elements of the scalar and pseudoscalar currents are related,
respectively, to that of the vector and axial-vector currents by

1

Dre|B%\)y = —
(D6 BB = e

(D, legb| BY,) (2.17)

_ 1 _
*+| 0\ _ *+| = 0
(D) levsblBrgy) = EAES A (D) legsblBey) - (2.18)
The one-loop hard kernel 757 (u, 2) reads
asCrp | 4(u—u)(1—2), p?
T (4, z) = N [_ s o+ FSLE(y, )| (2.19)
c b

where

FSLL(U,Z)ZQ[M“_Z)HD ]lnz + L (0, 2) + fOLE (@, 1/2),  (2.20)

1+2
with
£, 2) = —2{ M S - 2 *fu(1 - )
+ Lig[1 — u(1 — 22)]} —{u—a}. (2.21)

e For operators with 6" (1 — 75) ® o, (1 — 75) structure, we get

_ 1
(DI ()L™ (@)]2ac™ (1= 15)bs 0w (1 — 5)ual By (p)) = i fL tim /0 du Py (u)

x (D 6| BY)) - T (u, 2) — (DFS @bl BYy) - T7 (u, —2)] . (2.22)



TTLL(

where the one-loop hard kernel u, z) is given by

s C §
TTEE (y, 2) = Z%TFF l—48 ln% + FTLE(y, )| (2.23)
c b

with

FTEL(y,2) =8 |3 + w=wl=2), Z] In 2% + fTEE(u, 2) + TP (a,1/2), (2.24)

z+1
and
U —2) [u[(u—2)2% -2z —u] —
FH w,2) = _8(? +J;3) 8(11+ z ) { : 21) — u(f —222) — tnfu(t = =%

+ (1 — 2u) [an[u(l — 2%)] + Lig[1 — u(1 — z2)]] +{u — a} } . (2.25)
e For operators with (1 — v5) ® (1 + ~5) structure, we have

_ 1
(D ()L™ (@)[eall = 75)bs Ga(1 + 75)ual Bl (0)) = FifL fim /0 du Dy (u)
X [(Dé)|5b’B?s)> ’ TSLR(U7 Z) - <D2(:)_‘E’Y5b‘é?s)> ’ TSLR(u7 _Z)} ) (226)

where the upper (lower) sign applies when L is a pseudoscalar (vector) meson, and

the one-loop hard kernel T9M%(u, 2) reads
TRy, 2) = %@FSLR(u z) (2.27)
) A Nc ) )
with
FSLR(y, 2) = 21n = In 22 — 6 + LR, 2) + R, 1/2), (2.28)
u
and
2 2(2,2 2
SLE u?(z—1)%(32"+42+2) -2 9 z
u,2) = Infu(l —27)| +
) { oaaop T S

niu —22
4o lw —n2[u(1 — 22)] - Lis[1 — u(1 —ZQ)]] } fu—a).

(2.29)

It is noted that, in the limit z — 0, our results are consistent with that for the
charmless B-meson decays presented in refs. [21, 56, 61].

The one-loop vertex corrections to the hard kernels Tjj(u) with insertions of the

chirality-flipped four-quark operators can be easily obtained from the results given above

by changing, if necessary, the overall signs of the reduced matrix elements <DE;) le--- b[B?S)>

~10 -



Figure 4. Annihilation diagrams contributing to the class-I B?s) — DE:H—L* decays at O(as).
The other captions are the same as in figure 2.

and (D{g]& e b[B?S)>. It should be noted that our calculations of the hadronic matrix ele-
ments of these four-quark operators are performed in the naive dimensional regularization
scheme with anti-commuting 5 in D = 4 — 2¢ dimensions, which matches exactly the one
used for evaluations of the short-distance Wilson coefficients C;(x) [50, 51]. This ensures,
therefore, the renormalization scheme and scale independence of the non-leptonic decay
amplitudes up to the NLO in as.

2.3 Estimate of weak annihilation contribution

We now proceed to discuss the power-suppressed weak annihilation contribution to the
class-1 B?S) — D((:)) L decays, with the corresponding Feynman diagrams shown in fig-
ure 4. It must be emphasized that, due to the presence of endpoint singularities, the
weak annihilation topology cannot be computed self-consistently within the QCDF frame-
work [20, 21]. Nevertheless, we shall still follow the conventions used in refs. [21, 56, 62]
to make an estimate of the weak annihilation effect in these class-I decays. Instead of
considering all the four-quark operators present in eq. (2.1), we shall focus only on the SM
current-current operators. Our purpose is to demonstrate that, even with the weak anni-
hilation contribution taken into account, the deviations observed in the branching ratios
of these class-I decays could not be explained in the SM, as will be shown numerically in
subsection 3.2.

Following the same conventions as used in refs. [21, 56, 62], one can write the weak
annihilation contribution to the decay amplitude of a class-I non-leptonic decay as

5 * — CF 7
Aun(Bly = D()TL7) = 7 Calhn) A1 (un) By (2.30)
where
B —+i Sy 2.31
D((:)H—L_ = \/i cbVuq fB?S) fDE:))-‘r fL > ( 3 )

with the upper sign applied when both final-state mesons are pseudoscalar or longitudinally
polarized vector mesons, and the lower when one of them is a vector meson. The Wilson
coefficient Co(j15,) and the building blocks A% (1) should be evaluated at an intermediate
scale pp, = v/mp Ay, with A, = 0.5GeV [56]. Since the treatment of weak annihilation
topology within the QCDF framework is model-dependent anyway, we shall assume that the
building blocks Af(uy,) take the same expressions as for the charmless B-meson decays [21,
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56, 62], although the asymptotic forms of the DE:)) LCDASs are quite different from that of
a light charged charmless meson [20]. Explicitly, we have [21, 56, 62]

i m°
Ai(pn) = 2mas(pin) l9 (XA 4+ o)t e () " () XA | (2.32)
when both final-state mesons are pseudoscalar,
A’L' ~ . 12 My Mo 2
1(pn) =~ 6mas(py) |3 | Xa—4+ 3 + o (n) 2 () (X3 —2Xa) | (2.33)

when one of them is a pseudoscalar and the other a vector meson, whereas
i m M M: 2
Af(pp) ~ 18mas(up) || Xa — 4+ 3 + ot (n) 2 () (Xa = 2)7 | (2.34)

when both of them are longitudinally polarized vector mesons. Here the model parameter
X 4 is parameterized by the prescription [21, 56, 62]

1 du ; mBo
_ YA (s)
/0 — X4 = (1+0ac )lnTh , (2.35)

with o4 < 2 and ¢4 € [0,27], which means that we have assigned a 200% uncertainty to

the default value obtained with p4 = 0. The ratios rfé/[ are defined as
Py 2m}p _ 2 vy 2my fr(e) _ 2m(e) g,
Tx(lu’)_— — J— T ) TX I Rp— ) ( )
my(w) [ () +m2(p)]  mp(p) my(p)  fv (1)

for a pseudoscalar (P) and a vector (V') meson respectively, where 7, o are the current
quark masses of the two valence constituents of the meson considered. In view of the
large uncertainties brought by the phenomenological parameters p4 and ¢4, it is generally
expected that such a model-dependent treatment should give the correct order of magnitude
of the weak annihilation effect in B-meson decays into both the charmless [21, 56, 62] and
the heavy-light final states [20, 43].

In order to separate the weak annihilation contribution from that of the dominant

color-allowed tree topology, we introduce the effective coefficients bl(DE:)) +L‘) defined by

B )+ 5 _
. C , DL
bi(D() L) = <5 Colyn) Aj () ——— (2.37)
NC AD(*)+L_
(s)
with
Ape o =i CEVLVE s FPOPO 2 Y (2 2 ) (2.38)
DigP= = g P a0 P/ 8w D, '
. GF * B(S)_>D*s *
AD?SP* =~i7 VeV fo- Ag “(m3_) 2m e (- p), (2.39)
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. GF B E _>D S *
AD+ yv- = "l— 7= Vcbvu*q fV* F+< : ( >(m%/—) 2my - (77 'p) ) (240)
() V2
Gr 1
Aperye =i —= VgVl fr- o | (m%, —m2 . —mi_ .
pgv- ! V2 v 2mD{+) [(mB(s) Moy T )(ma +mD<$)
2 2
B(sy—D7 dmp |4 B(oy—D*
A0y - BT B Pla g ] (a)
mB(s) + mD*+
(s)
where
2
7] = 1 \/<m2B —m2,. — m%/) — 4m? Hm%, (2.42)
2mB(s) (s) Dy D)

is the momentum of the two final-state mesons in the parent rest frame. Then, including

also the LO contributions from the four-quark operators present in eq. (2.1), we can write
the total decay amplitude of a given channel as [20, 36]:°

20 () +7r—y _ ()+ 7 — ()+7—

A(Bly = DL = Apge lax (D) L) +0u(DE) L) (2.43)

D!
Note that, due to angular momentum conservation, the polarization vectors e of DZ‘;
and n* of V in the final states take only the longitudinal part in egs. (2.39) and (2.40).
The decay amplitudes of B?s) — DE:gV* modes are more complicated and, to leading
power in Aqcp/my, dominated also by the longitudinal polarization, with the transverse
parts being suppressed by O(my/ mB(S)); their explicit expressions could be found, e.g.,
in ref. [20]. The effective coefficients al(DZk:)L_) can be expressed in terms of the short-
distance Wilson coefficients C;(u) as well as the perturbatively calculable hard kernels
T;j(u) convoluted with the light-meson LCDAs @7, ,,(u). For the SM contributions, both
the NLO [20, 34] and the NNLO [35, 36] corrections to a; (DZ‘SL_) are known. Combining
our calculations of the one-loop vertex corrections to Tj;(u) as well as the O(as) corrections
to the matching conditions for the short-distance Wilson coefficients [51], the effective
coeflicients a; (DE‘SL*) associated with the complete set of NP four-quark operators present

in eq. (2.1) are now known up to the NLO in as.

3 Numerical results and discussions

3.1 Input parameters

To update the SM predictions of B?S) — D((:)) tL- decays presented in ref. [36], we should
firstly update the theoretical input parameters, which include the strong coupling constant
as, the quark masses, the CKM matrix elements, the lifetimes of B?S) mesons, as well as the

)

hadronic parameters like the By — Dg) transition form factors and the decay constants

and Gegenbauer moments of light mesons. We use the two-loop relation between pole

°Tt should be noted that the effective weak annihilation coefficients by (DE:; +If) are relevant only for
the six decay modes shown in table 4.
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and MS mass [74], to convert the top-quark pole mass mfde to the scale-invariant mass

my (). The three-loop running for «y is used throughout this paper. For convenience,
we collect in table 1 all the input parameters used throughout this paper. To obtain the
theoretical uncertainty of an observable, we vary each input parameter within its 1o range
and then add each individual uncertainty in quadrature. In addition, we have included the
uncertainty due to the variation of the renormalization scale py € [my/2, 2my).

For the B — D™ transition form factors, we take the “Ly>1 + SR fit results obtained
in ref. [75], in which both O(Aqgcp/me) and O(as) contributions as well as the uncertain-
ties in the predictions of the form-factor ratios at O(Aqcp/me,) are consistently included
within the framework of heavy quark effective theory (HQET).® For the By — D tran-
sition form factors, on the other hand, we use the improved lattice QCD determinations
presented in refs. [83, 84], while the experimental values of the differential semi-leptonic
BY — DT - vy decay rates are taken from the LHCb collaboration [85, 86].7 As a com-

parison, we list in table 2 our results for some of these transition form factors evaluated
2

%
that our results for these transition form factors are all consistent within errors with that

at ¢> = m2_ or ¢ = mfr,, together with the ones used in refs. [36, 38]. It can be seen
presented in ref. [38], while being much more precise than the ones used in ref. [36]. This
justifies our choices of the form factors given in refs. [75, 83, 84], rather than adopting
the more complete analysis performed in the heavy-quark-expansion framework, where the
form-factor uncertainties including O(AéCD /m?2) corrections, the strong unitarity bounds,
and a consistent treatment of the flavor symmetry (breaking) are all taken into account in
the global fit [76, 77].

3.2 Updated predictions for branching ratios

Our updated SM predictions for the branching ratios of B?S) — DE:)) tL- decays at different
orders in «y are given in table 3, together with the results obtained in refs. [36, 38] as a
comparison. The experimental data is taken from the Particle Data Group [7] and/or the
Heavy Flavor Averaging Group [8]. For the decay modes B? — D}fn~ and BY — DJ K,
we have also replaced the previous LHCb results by the latest updates [88] when performing
the averages given in ref. [8]. It can be seen that our updated results are generally higher
than the current experimental data, even at the LO, and the higher-order perturbative
corrections always add constructively to the LO results.® Especially for the decay modes
B?s) — Dg:)) tr— and B?S) — Dg:)) K ~, the difference in central values is at 30-70% level
and, after taking into account the theoretical and experimental uncertainties, the deviation
can even reach about 4-50. It must be pointed out that such a large deviation has been
observed for the first time in ref. [38], where the values of By — DE:)) transition form
factors were taken from ref. [76]. Compared with the results presented in ref. [36], our

SFor other similar analyses including the missing higher-order pieces in the relations among the HQET
form factors, the readers are referred to refs. [76-82] and references therein.

Tt should be noted that the unitarity bounds applied in the lattice [83, 84] and experimental [85, 86]
determinations of the Bs — D£*> transition form factors are much looser than imposed in refs. [75-77].

8Due to the sizable decay width difference, ys = 215: = 0.062 £ 0.004 [8], the measured branching ratios
of BY decays should be multiplied by a factor 1 — y2, when compared with the theoretical predictions [89].
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QCD and electroweak parameters [7]
Gr[107°GeV 2] as(myz) mz[GeV] my [GeV]
1.1663787 0.1179 £ 0.0010 91.1876 80.379

Quark masses [GeV]| [7, 63]

mpeke ™ () Me(e) ms(2 GeV) O | (T + )

172.76 + 0.30 4181508 1.27 £ 0.02 0.09370 005 27.3197

CKM matrix elements [64, 65]

|Vaud| Vs |Vep|[1077]
0.9744129710-000009¢ 0.22479113- 500470 42411920
Lifetimes and masses of B?S) and Dg:)) * mesons [7, 8]
TRo[ps] m o [MeV] mp+[MeV] mp«+ [MeV]
1.519 £+ 0.004 5279.65 £ 0.12 1869.66 £ 0.05 2010.26 £0.05
7o [ps] mpo[MeV] mp+[MeV] mp+[MeV]
1.516 £ 0.006 5366.88 £ 0.14 1968.35 £ 0.07 21122+ 04

Decay constants of B?S) and Dg)) * mesons [MeV] [66—69]

fpo fp+ fpe+ fiet
190.9 + 4.1 211.9+ 1.1 223.5 + 8.4 202 + 16
227.2 + 3.4 249.0 + 1.2 268.8 + 6.6 256112

Masses, decay constants, and Gegenbauer moments of light mesons

T K~ p- K*
mp[MeV] 139.57 493.68 775.26 891.67 7]
foMeV] | 130.241.7  155.6+0.4 216 + 6 21147
fE[MeV] — — 160 + 11 163+8 | [66, 70, 71]
ok — —0.052570:9033 — 0.06 + 0.04
of 0.11670930  0.10675:018  0.174£0.07  0.16 £ 0.09 [70-73]

Table 1. Summary of the theoretical input parameters used throughout this paper. The values
of the CKM matrix elements are taken from the CKMfitter tree-only fit results as of Summer
18 [64, 65]. The transverse decay constants fj;(*w and fi are given at the scales 1.27 GeV [68]
and 1 GeV [71], respectively. The Gegenbauer moments of light pseudoscalar and vector mesons are
evaluated at 4 = 2GeV and u = 1 GeV, respectively.
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Form factor This work Ref. [38] Ref. [36]

FP7P(m2 ) 0.671 4 0.011 0.672 £ 0.011 0.670 £ 0.031
AB=D (m2 ) 0.664 + 0.018 0.708 4 0.038 0.654 & 0.068
FPemP(m2.) 0.666 4 0.012 0.673 4 0.011 0.700 4 0.100
AT TP (m2 ) 0.630 + 0.069 0.689 + 0.064 0.520 4 0.060

Table 2. Numerical results for some of the By — DE:))

2
K-

transition form factors evaluated at

@?=m?_orq¢®= mfr_, together with the ones used in refs. [36, 38].

Decay mode  LO NLO NNLO NNLO# Ref. [36] Ref. [38] Exp. [7, §]
B — Dfr~ 420 4457030 4.587032 474708 3.937075 2.65+0.15
BY — D*fr~ 377 4.00793 4.13%920 4267075 3.4570:33 2.584+0.13
B° = Dtp~  10.98 11647088 11.967082 19.08+140 10.40+124 7.6+1.2
B® — D*tp~ 10.32 10957122 11.28%1-30 11.61758 9.247072 6.0+ 0.8
B —» DtK— 318 3.37101 3.48t01 3.0119-32 326 +0.15 2.19 +0.13
BY - D*tK~ 2.82 3.007020 3.10%013 2.5970:39 3271039 2.04 +0.47
B? - DTK*™ 548 580704 5.9470¢¢ 5.2570:83 4.6+0.8

BY - Dim~ 423 4.497027 461102

4.39713% 4424021 3.234+0.18

BY — Drtn— 351 3.73708% 3.84+0-% 2.247036  4.3070%0 24707
BY — DfK~ 321 3417918 3527005 3697080 3.34750¢ 2.4140.16
BY — DK~ 2.62 279708 288T068 3027009 1.671042 1.63 £ 0.50

Table 3. Updated SM predictions for the branching ratios (in units of 1073 for b — cuid and 10~* for
b — cus transitions) of B?S) — DE:)HL_ decays at different orders in «, together with the results
obtained in refs. [36, 38] as a comparison. The column marked by NNLO# represents our results
obtained with the weak annihilation contribution included. For the channel B® — D**p~, only the
longitudinal polarization amplitude is considered. The experimental data is taken from refs. [7, 8],
with the longitudinal polarization fraction of BY — D**p~ decay taken from ref. [87]. For the
decay modes B? — Dfn~ and BY — D} K~ the previous LHCb results have been superseded
by the latest updates [88] when performing the averages given in ref. [8]. The measured branching
ratios of Bg decays should also be multiplied by a factor 1 — y2, with y, = 0.062 & 0.004 [8], when

compared with the corresponding theoretical predictions [89).
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updated central values of the branching ratios of BY decays are increased by about 16%
for D' and 20% for D** final states, respectively. This is mainly due to the following two
reasons: firstly, our input of the CKM matrix element |V| is about 7.4% larger than the
one used in ref. [36], where the value of |V;| extracted from exclusive semi-leptonic B-meson
decays as of 2016 was used instead. Secondly, our inputs for the B — D and B — D*
transition form factors, whose theoretical information available since the analysis of ref. [36]
has been systematically taken into account [75], are now about 4.7% and 6.5% larger than
the corresponding ones used in ref. [36], when evaluated at ¢ = 0. It is also observed that
the theoretical uncertainties of the branching ratios of B? — DS = and BY — DR
decays are significantly reduced with respect to that obtained in ref. [36]. This is mainly
due to the improved lattice determinations of the By — D{" transition form factors (83, 84].
Especially for the two channels BY — D*Tn~ and B? — D**K~, our updated results are
about 70% larger than that given in ref. [36], due mainly to the increase of the transition
form factor Aég D5 by about ~ 21% (see also table 2). On the other hand, our central
values of the branching ratios are slightly larger for the B?S) — Dé)L_ but smaller for the
B?S) — DE‘;;L* decays than the corresponding ones presented in ref. [38], while being in
perfect agreement within errors. This is also attributed mainly to the different inputs of
the CKM matrix element V| and the B,y — DE:)) transition form factors.

As can be seen from table 3, our estimate of the weak annihilation contribution, al-
though being plagued by large uncertainties due to the model parameters p4 and @4,
always contributes constructively to the dominant color-allowed tree amplitude, with its
effect being less than 5% on the final branching ratios. Thus, the weak annihilation effect
does not help to reconcile the deviations observed in the class-I non-leptonic decays [36, 38].
To see the relative size of the weak annihilation contribution in these decays, we show in
table 4 our estimates of the effective coefficients |b; (DE:;JFL*)] defined by eq. (2.37) and the
ratios \al(Dé:))JrL_)/(al (D((:))+L_) + bl(DE:))JrL_))\. The latter can also be extracted from
the measured ratios of branching fractions [8], Br(B° — D™+ K~)/Br(B° — D®*x~) for
a1 (DX 77) /(e (DX +77) + by (DW+77))] and Br(B® — D7) /Br(B° — DS k)
for |a1(Dg*)+K_)/(a1(Dg*)JrK_) + bl(Dg*HK_))\, after correcting the factorizable SU(3)-
breaking corrections [37]. The values obtained in such a way are shown in the last column
of table 4 as a comparison. It can be seen that both methods give similar magnitudes of
the weak annihilation contributions, with our estimated results being positive while the
extracted values negative, and no sign of an enhanced weak annihilation topology is shown
in these class-1 non-leptonic decays, as is generally expected both within the QCDF frame-
work [20, 43] and based on the SU(3)-flavor symmetry of strong interactions [37]. As a
consequence, from now on, we shall no longer consider the weak annihilation contribution.

3.3 Updated predictions for |a1(D§:))+L_)| and RE:;L

The CKM matrix element |Vp| and the By — D((:)) transition form factors are key inputs

aimed at precise theoretical predictions for the absolute branching ratios of B?s) — Dé:)) tL-
decays, and their uncertainties are still non-negligible. As can be seen from table 2, while
the B(s) — Dy(s) transition form factors have reached a precision of less than ~ 2% [75, 83],
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Decay mode |b1] la1 /(a1 + b1)| la1/ (a1 + by)|=P:

BY - D7~ 0.019 10021 0.982 £ 0.056 1.040 70055
BY — D*n~ 0.017 1905 0.984 + 0.075 1.016 10033
B° — Dtp~ 0.015 5038 0.987 4 0.043
BY — D*tp~ 0.015 901 0.986 4 0.050
BY - Df K~ 0.026 70008 0.976 £ 0.072 1.003 1903
BY - DIt K- 0.025 099 0.977 £ 0.106 1.048 73033

Table 4. Our estimates of the weak annihilation coefficients |b; (DE*)+L )| defined by eq. (2.37),
with the default values obtained by setting p4 = 0 and the errors by varying 04 and ¢4 within
the intervals p4 € [0,2] and ¢4 € [0,27] respectively. The ratios |a1(DE ))+L )/(al(Dé:)HL’)Jr
b1 (D((S)) *L7))| obtained both from a direct estimate within the QCDF framework and by following

the method proposed in ref. [37] are also shown in the third and the last column, respectively.

* BS—)D

the uncertainties of the By — D( ) counterparts are still large, especially for A
with only a ~ 11% precision [84]. Furthermore, different choices of |V| also affect the final

results of the absolute branching ratios [36, 38]. In order to minimize the impacts of these

input parameters, one can consider the ratios of the non-leptonic B?S) — DE:)HL_ decay

rates with respect to the corresponding differential semi-leptonic B?s) — Dg:)) to- vy decay

rates evaluated at ¢> = m3, where ¢ refers to either an electron or a muon, and ¢ is the
four-momentum squared transferred to the lepton pair. In this way, one obtains [12, 20, 90]°

. T(BY, — DTL-) \ .
R(), = ONEC) = 67% Va2 £ lan (DT L)P X7, (3.1)

dr(BY,) — D =wy) /dg? | o

which by construction are free of the uncertainty related to |V;|. Neglecting the masses of
light leptons, we have exactly X7 = X7 =1 for a vector meson L, valid both for the sum
of and separately for the longitudinal and the transverse polarization of the DE‘;; mesons
in the final state. This is due to the kinematic equivalence between the production of the
lepton pair via the SM weak current with v#(1 — ~5) structure in semi-leptonic decays and
that of a vector meson with four-momentum ¢* in non-leptonic decays [12, 20]. For a light

(*

pseudoscalar meson L, on the other hand, X; ) depend on both the form-factor ratios and
the kinematic factors (see eq. (68) in ref. [12] for their explicit expressions), and deviate
numerically from 1 at a few percent level or below with our inputs for the B — DE:))
transition form factors. Eq. (3.1) offers, therefore, a way to compare the values of the
effective coefficients |aq (DE:)) *L7)| fitted from the experimental data with their theoretical

predictions based on the QCDF approach, which are collected in table 5, together with

9Here we assume that the semi-leptonic B?S) — DE:)) Yoo, decays do not receive any NP contributions
beyond the SM, as indicated by the current experimental data [7, 8, 91].
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jar(D{YFL7)] LO NLO NNLO Ref. [36] Ref. [38] Exp.

lap(DY7r7)] 1.028  1.059 70010 1.07315:0%  1.0737051%  1.07277001% 0.88+£0.04

(

lap(D*t77)| 1.028  1.059 0918 1.07509%¢  1.071 0913 1.0713T00128  0.92 +0.04

lar(DYp7)]  1.028 1.059 031 1.073709%  1.07270012 0.92 £ 0.08
(

la1(D*Fp7)| 1.028 1.059 50010 1.075F5:0%  1.071 19513 0.80 £ 0.06

lar(DYK™)| 1.028 1.059 901 1.07519:997  1.070 73513  1.070270519%%  0.92 +0.04

lay(D**K)| 1.028  1.05970018  1.078 75099 1.069 13919 1.068770:0198  0.94 4+ 0.11

lap (DYEK*7)| 1.028  1.058 0010 1.071 70959 1.070 0919 1.02 4 0.10

Dfz7)| 1028 1.05970%17  1.07370%%  1.073793%  1.072770:9125  0.90 +0.04

(

la1(DFr7)] 1.028  1.05975018  1.075700% 10717001 1.0713700132  0.83 £0.13

lar(DFK7)| 1.028 1.05970015  1.075109007  1.070001%  1.070270019%  0.89 £ 0.05
(

lay(DIYK7)) 1.028  1.05975018  1.078T0:0%  1.069 7501 1.0687001%  0.79 +0.14

Table 5. Theoretical and experimental values of the effective coefficients |a1(DE:)) *L7)|. The ex-
perimental errors are estimated by adding the uncertainties of the non-leptonic branching ratios and
the semi-leptonic differential decay rates in quadrature. Note that, at leading power in Aqcp/my,
|a1(D(*)+L_)| calculated within the QCDF framework depend only on the light meson L.

(s)
the available results presented in refs. [36, 38]. In addition, we give in table 6 the values
*
S
theoretical predictions at different orders in «ay, which will be used later to analyze the NP

of the ratios RE ; ; extracted from the current experimental data as well as our updated

effects in these class-1 non-leptonic decays.
*
S

the NNLO in oy are well consistent with that obtained in ref. [36], up to slight variations

From table 5, one can see that our results for the effective coeflicients |a1(DE )) +L‘)] at

induced by the updated input parameters from as(myz), the Gegenbauer moments, as well
as the quark masses.! As emphasized already in refs. [20, 36], an essentially universal
value of |aq (DE:)HL_)\ ~ 1.07 (1.06) at the NNLO (NLO) is predicted within the QCDF
framework, which is however consistently higher than the central values fitted from the
current experimental data. As shown in the last column of table 6, the deviations observed
in B?S) — DE:)H_W’ and B?S) — DE:))
some of them reaching even up to 4-50. This is attributed to the increased theoretical

tK- decay modes are particularly remarkable, with

predictions [36] and, at the same time, the decreased experimental measurements [7, 8] of

0Here we adopt the MS scheme for the bottom- and charm-quark masses, which means that the mass
ratio z = m.(u)/Ms(p) and the logarithmic terms in the hard kernels T;;(u) should be understood as
In [ /2y (1)?], with the renormalization scale chosen at uy, = 7, (7).
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R, LO NLO NNLO Exp. Deviation (o)
R, 1.01 107008 1.107008 0.74 + 0.06 5.4
R: 1.00 1.0675:08 1107563 0.80 =+ 0.06 4.3
R, 2.77 2.947019 3.02+0-1% 2.23 £0.37 1.9
Ry 0.78 0.8310-03 0.851003 0.62 + 0.05 4.5
R 0.72 0.7679:93 0.7910.03 0.60 4 0.14 1.3
R 1.41 1497011 1537015 1.38 +0.25 0.6
Rur 1.01 1077504 1.1075:08 0.77 £ 0.07 4.3
R, 1.00 1.0615:02 1.10%5:08 0.6570 78 2.2
Rk 0.78 0.8279:93 0.8510:03 0.58 & 0.06 4.4
e 0.71 0.7579:0 0.781003 0.42 +0.14 2.5

Table 6. Theoretical and experimental values of the ratios RE;? 1, in units of GeV? for b — cud
and 107! GeV? for b — cus transitions, respectively. The levels of deviations between the NNLO
predictions and the current experimental data are shown in the last column.

the absolute branching ratios, together with their reduced uncertainties, as compared to
the previous analysis performed at the NLO in a4 within the same framework [20)].

As pointed out already in refs. [36, 38], it is quite difficult to understand the large
deviations observed in these class-I non-leptonic B-meson decays in the SM, by simply
considering the higher-order power and perturbative corrections to the decay amplitudes
based on the QCDF approach [20, 92]. Thus, as an alternative, we shall in the next subsec-
tions resort to possible NP explanations of these deviations, firstly in a model-independent
setup by considering the NP effects from twenty linearly independent four-quark opera-
tors present in eq. (2.1), and then within two model-dependent scenarios where the NP
four-quark operators are mediated by either a colorless charged gauge boson or a colorless
charged scalar. See also refs. [40-45] for recent discussions along this line.

3.4 Model-independent analysis

With our prescription for the effective weak Hamiltonian given by eq. (2.1), possible NP
effects would be signaled by the non-vanishing NP Wilson coefficients C; that accompany
the corresponding NP four-quark operators. As a model-independent analysis, we shall
use the ten ratios RE:; ;. collected in table 6 to constrain these NP Wilson coefficients Cj,
both at the characteristic scale u, = my, (low-scale scenario) and at the electroweak scale

puw = my (high-scale scenario).
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3.4.1 Low-scale scenario

Firstly, let us consider the case where only a single NP four-quark operator is present in
eq. (2.1). The resulting constraints on the corresponding NP Wilson coefficient C;(my)
from the ratios RE:? ;, are shown in figures 5-9. The allowed ranges for C;(m;) under the

(%)

individual and combined constraints from R(:) ; varied within 1o (68.27% confidence level
(C.L.)) and 20 (95.45% C.L.) error bars are collected in table 7 given in the appendix.!!
In this case, the following observations can be made:

e As can be seen from figure 5, all the deviations observed in B(Os) — DE:)) tL- decays
could be explained simultaneously by the two NP four-quark operators with (1 —
v5) @ (1 — 75) structure. As these two operators appear already in the SM, this
means that we can account for the observed deviations collected in table 6 by a shift
to the SM Wilson coefficients C; and/or Co. The final allowed ranges for the NP
Wilson coefficients C} “F(my) and CYF(my) under the combined constraints from
the ten ratios Rg; ;, varied within 1o error bars are found to be

Yt (my) € [-1.04,-0.849],  CYEE(my) € [—0.181, —0.148] . (3.2)

One can see that the constraint on CY%%(m;) is much stronger than on C} XX (my).
This is due to the fact that CY ¥ (m;) gives the leading contribution to the effec-
tive coefficients aq (DE:)HL_), while O} “¥(my,) is suppressed by 1/N. at the LO and
further by Cr/4m at the NLO in as, within the QCDF framework [20, 36].

e From figures 6 and 7, one can see that the NP four-quark operators with either
(1+75)®(1—75) or (1475)® (1+1s5) structure could also be used to account for the
observed deviations but now at the 20 level, with the corresponding allowed ranges
for the NP Wilson coefficients given, respectively, by

CPHE(my) € [0.390,0.989) CSEL (1) € [0.112,0.283] ,
CP R (my) € [—0.848, —0.335] CSBR(my) € [~0.283, —0.112] . (3.3)
The much weaker constraints on Cls RL(R) (my) with respect to on C’QS RL(R) (my,) are

also due to the fact that the latter always provide the leading contributions to
the hard kernels Tj;(u). For the decay modes where L is a light pseudoscalar me-
son, the hadronic matrix elements of these (pseudo-)scalar four-quark operators, al-
though being formally power-suppressed, would be chirally-enhanced by the factors
2pp () / (Mp(p) F Me(p)) and hence be not much suppressed numerically for realistic
bottom- and charm-quark masses [21, 56]. This explains the important role played
by these (pseudo-)scalar four-quark operators in non-leptonic B-meson decays both
within the SM [21, 56]'2 and in various NP models [42, 61, 93-97].

"T¥or the cases where there exist two different solutions for C;(ms) allowed by these constraints, we quote
only the one closer to the SM point where Ci(my) = —0.143 and Ca(ms) = 1.058, while all C;(my) = 0.

12Within the SM, the (pseudo-)scalar four-quark operators originate from the Fierz transformation of the
penguin operators Qg,s; for more details see, e.g., refs. [21, 56].
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Figure 5. Constraints on the NP Wilson coefficients C} £%(my) (left) and Cy LL(my) (right) from
the ratios R, (red), Ry (blue), R, (yellow), Rx (green), R} (pink), Rg- (orange), Rsr (purple),

R.x (black), R

ST

the experimental ranges within 1o (dark gray) and 20 (light gray) error bars.

(cyan), as well as R%; (brown), respectively. The horizontal bounds represent

e As can be seen from table 7, the remaining NP four-quark operators with other Dirac

structures present in eq. (2.1) are already ruled out by the combined constraints from

the ten ratios RE:)) ; collected in table 6, even at the 20 level. As the matrix elements

(L™|q(1£75)u|0) = 0 for a light charged vector meson L™, there is no LO contribution
to the decay amplitudes of B?S) — D?;)p_ and B?S) — DE;)K*_ decays from the NP
four-quark operators with (1 £ 75) ® (1 £ v5) and (1 £+ v5) ® (1 F 75) structures.
This explains why the two ratios 17, and Rk~ receive insignificant contributions from
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Figure 6. Same as in figure 5 but for the NP Wilson coefficients C{%L(m;) (left) and C5FL (my)
(right).

these operators (see also the third and the sixth plot in figures 6 and 7). For the NP
four-quark operators with o#”(145) ® 0, (1 £75) structures, on the other hand, the
ratios R, Ry, Rk and Rj, receive only negligible contributions from the NP Wilson
coefficients C{%0(my) and C{R(my) due to (L™ |go" (1 £ v5)u|0) = 0 for a light
charged pseudoscalar meson L™, while contributions from C5%%(my) and C5 R (my)
depend crucially on whether the final-state heavy mesons are DE’;) or DZ?S’ as shown
in figures 8 and 9. As a consequence, the tensor four(—c)luark operators also fail to

provide a simultaneous explanation of the ten ratios R(:)
at the 20 level.

1, collected in table 6, even
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Figure 7. Same as in figure 5 but for the NP Wilson coefficients C7%%(my,) (left) and C5F(my)
(right).

e Due to the relatively larger experimental uncertainties of the three ratios R,, R}, and
R+, their constraints on the NP Wilson coefficients are much weaker. More precise
measurements of these decay modes are, therefore, expected from the LHCb [10]
and Belle II [9] experiments, which will be helpful to further discriminate the NP
contributions from CY L (my), CSRE(my), and CERR (my,).

We now consider the case where two NP four-quark operators with the same Dirac

but different color structures are present in eq. (2.1), and allow the corresponding two
NP Wilson coefficients to vary simultaneously. To obtain the allowed regions for the NP
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Figure 8. Same as in figure 5 but for the NP Wilson coefficients C§EE(my) (left) and CyLL(my)
(right).

Wilson coefficients, we follow the strategies used in refs. [98, 99]: each point in the NP
(%)

parameter space corresponds to a theoretical range constructed for the ratios R(:) 7 in the

point, with the corresponding theoretical uncertainty taken also into account. If this range
has overlap with the 20 range of the experimental data on RE:)) ;» this point is then assumed
to be allowed. Here the theoretical uncertainty at each point in the NP parameter space is
obtained in the same way as in the SM, i.e., by varying each input parameter within its re-
spective range and then adding the individual uncertainty in quadrature. Such a treatment
is motivated by the observation that, while the experimental data yields approximately a

Gaussian distribution for the branching ratios of B?S) — Dg:))JrL_ decays, a theoretical
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Figure 9. Same as in figure 5 but for the NP Wilson coefficients C5 %% (my,) (left) and C71E(my)
(right).

calculation does not. As the latter depends on a set of hadronic input parameters like
the heavy-to-heavy transition form factors as well as the decay constants and Gegenbauer
moments of the light mesons, for which no probability distribution is known, it is more
suitable to assume that these theory parameters have no particular distribution but are
only constrained in certain allowed ranges with an equal weighting, irrespective of how
close they are from the edges of the allowed ranges [64, 100].

In the case where two NP Wilson coefficients are present simultaneously, we show
in figure 10 the allowed regions in the (CY ™ (my), CYF(my)), (C5RE(my), CTRE(my)),
and (C5FE(my), CY R (my)) planes, under the combined constraints from the ten ratios
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Rg:)) ;, varied within 20 error bars. It is readily to see that, due to the partial cancellation
between contributions from the two NP Wilson coefficients, the allowed regions for the NP
parameter space become potentially larger than in the case where only one NP Wilson
coefficient is present. In the presence of two NP four-quark operators with other Dirac
structures, on the other hand, there exist no allowed regions for the correspor(ld)ing NP

Wilson coefficients that can provide a simultaneous explanation of the ratios R(:) 1, even
at the 20 level.

3.4.2 High-scale scenario

From the point of view of constructing specific NP models and correlating the low-energy
constraints with the direct searches performed at high-energy frontiers, it is also interesting
to provide constraints on the NP Wilson coefficients C;(uy) that are given at the elec-
troweak scale py = myy. To this end, we must take into account the RG evolution of
these short-distance Wilson coefficients from py down to the low-energy scale py = my,
at which the hadronic matrix elements of the NP four-quark operators are evaluated. The
most generic formulae for the RG equations satisfied by the NP Wilson coefficients C;(u)
can be written as

dCy (1)

dp

where ;; are the QCD ADMs of the NP four-quark operators, with their one- and two-loop

results given already in refs. [48-50]. By solving eq. (3.4), one can then obtain the evolution
matrices U (b, i), which connect the Wilson coefficients at different scales [46, 47]:

p =71 (1) Ci() (3-4)

Clu) = Uy, pw) Cluw), (3.5)

where, once specific to our case with the effective weak Hamiltonian given by eq. (2.1), Cis
a two-dimensional column vector and U (i, i) & 2 X 2 matrix for each VLL (VRR), VLR
(VRL), SLR (SRL) sector, while C is a four-dimensional column vector and U (u, pw) a
4 x 4 matrix in the SLL (SRR) sector [50].

Here, instead of re-performing a detailed analysis of the NP effects at the electroweak
scale, we focus only on the case where only a single NP four-quark operator is present in
eq. (2.1), and investigate how the three solutions obtained in the low-scale scenario change
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when looked at the electroweak scale. Following the same way as in the low-scale scenario,
we show in figures 11-13 the allowed ranges for the NP Wilson coefficients C;(my), under
the constraints from the ratios Ry, Ry, R,, Rk, Ry, Ri+, Rer, Rk, R
It is found that, due to the RG evolution, the resulting allowed range for C}EE(myy) is
now given by C/*F(my) € [3.12,4.86], and should be therefore discarded as it is much
larger than the SM case with Ci(my) = 0 and Ca(mp) = 1 at the LO in «a; [47], while
the allowed range for C3 “X(myy) remains almost the same as in the low-scale scenario (see
eq. (3.2)), with

* *
o> as well as RY ..

CYLE(my) € [-0.169, —0.138] (3.6)

under the combined constraints from the ten ratios RE:; ; at the 1o level. On the other hand,
the NP four-quark operators with either (1+75) ® (1 —15) or (14 75) ® (14 v5) structure,
could still provide a reasonable explanation of the deviations observed in B?S) — DE:)) tL-
decays at the 20 level, with the resulting allowed ranges for the NP Wilson coefficients

given, respectively, by

CPE (my) € [0.177,0.448], CSEL (myy) € [0.054,0.138)],
CPEE (my) € [—0.343, —0.160] CEE (my) € [—0.128, —0.051] (3.7)

which, compared with the results obtained in the low-scale scenario (see eq. (3.3)), indicate
a large RG evolution effect in these (pseudo-)scalar four-quark operators [50].

3.5 Model-dependent analysis

As found in the last subsection, the deviations observed in B?s) — Dé:))

Lo decays could
be well explained by the NP four-quark operators with v#(1 — v5) ® 7,(1 — 75) structure
at the 1o level, and also by the operators with (1 + 75) ® (1 —~5) and (1 + ;) @ (1 + 75)
structures at the 20 level, in a most general model-independent way. In this subsection,
as two specific examples of model-dependent considerations, we shall investigate the case
where the NP four-quark operators are generated by either a colorless charged gauge boson
or a colorless charged scalar, with their masses being in the ballpark of a few TeV. Fitting
to the current experimental data on the ratios RE:)) ; collected in table 6, we can then obtain
constraints on the effective coefficients describing the couplings of these mediators to the

relevant quarks (see figure 1).

3.5.1 Colorless charged gauge boson

Starting with the Feynman rules given in figure 1 and after integrating out the heavy
colorless charged gauge boson AT, we can obtain the effective weak Hamiltonian describing
the quark-level b — cud(s) transitions mediated by A™ [51]:

HE™ = ZE Vv, {uaa) [P 0@ 00 + Y P 0 @Y (]

+ ALr(4) [CF PR (QY () + CY ()@Y ()] + (L 0 R) | + e, (33)
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The other captions are the same as in figure 5.

with

m? * m? *
Ap(4) = T ALA) (ML), Ae(4) = Y ALA) (ALW) L (3.9)
A A
where my4 is the mass of the colorless charged gauge boson AT, and Af }R (A) represent
the reduced couplings of AT to an up- and a down-type quark. The short-distance Wilson
coefficients C;(uyp) at the low-energy scale p;, = my, can be obtained through a two-step RG

evolution [49, 101]

—

Cuv) = Ut iw) U, 10) C o) (3.10)
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Figure 12. Constraints on the NP Wilson coefficients CYFL (myy) (left) and C5FL(myy) (right).
The other captions are the same as in figure 5.

where the evolution matrices U (1, i) and Uy, f10) are evaluated in an effective theory
with f = 5 and f = 6 quark flavors, respectively. Analytic expressions for these evolu-
tion matrices can be found in ref. [101]. The matching conditions for the short-distance
Wilson coefficients C;(uo), including the O(as) corrections, at the initial scale py = ma
have been calculated in ref. [51]. Together with the one-loop vertex corrections to the
hard kernels Tjj(u) calculated in subsection 2.2, this enables us to perform a full NLO
analysis of the NP effects in the class-1 non-leptonic B?S) — DE:))JFL_ decays. Especially,
such a full NLO analysis is helpful for reducing the dependence of the effective coefficients

Y HR (DM 1) nd oV RRD (D)

: +L_) on the renormalization scale p. This is illus-
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Figure 13. Constraints on the NP Wilson coefficients C{%%(myy) (left) and C5 T2 (myy) (right).
The other captions are the same as in figure 5.

trated in figure 14 for the effective coefficients a} “(DTK~) (normalized by Az (A)) and
ayPR(D*K~) (normalized by Apg(A)), with

CVLL(R)
4+ A (1)

VLL(R — VLL(R
ay DT RT) = 0y M )+ S

1
n CI/LL(R) (Iu)/o du TVLL(R) (u,z)@K(U) ’
(3.11)

where the one-loop hard kernels TVLL(u,z) and TVLR(U, z) are given, respectively, by
egs. (2.7) and (2.13). It can be seen that the scale dependence is reduced for the real part,
but not for the imaginary part, since the latter vanishes at the LO in as.
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Figure 14. Dependence of the efficient coefficients a} “* (DT K~) and a} *#(D* K~) on the renor-
malization scale p, both at the LO (dashed lines) and at the NLO order (dash-dotted lines).

Specific to the case where the NP four-quark operators are mediated by a heavy col-
orless charged gauge boson AT, with its mass m4 fixed at 1 TeV, we have generally four
nonzero effective couplings, Arr(A4), ALr(A), Arr(A), and Arr(A), which might be inde-
pendent of each other. In order to simplify our analysis and reduce the number of free NP
parameters, we shall consider the following three different scenarios:

e In scenario I, we consider the case where only one effective coefficient is nonzero in
eq. (3.8). Under the individual and combined constraints from the ratios R, R,
R,, Rk, Ry, R+, Rer, Rsic, R
the allowed ranges for this nonzero effective coefficient, which are shown in figures 15

or> as well as RY ;- collected in table 6, we can obtain

and 16. It can be seen that in this scenario only the case with a nonzero ;1 (A)
could provide a simultaneous account for the deviations observed in B?S) — Dé:)) tL-

decays, with the resulting allowed range given by

ALn(A) € [~0.162, —0.132] (3.12)

at the 1o level. Such a conclusion is also consistent with the recent observation made
in ref. [44], which claims that part of the deviations can be reduced by a left-handed
W’ model through a —10% shift in the b — cud(s) decay amplitudes. All the other
three cases are, however, ruled out already by the combined constraints from the

ratios RE:)) 1> even at the 20 level.

e In scenario II, we consider the case where all the four effective coefficients are
nonzero, but with the additional left-right symmetric assumption on the reduced
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e 15. Constraints on the effective coefficients Arr(A) (left) and Apr(A) (right) from the
RE:; ,, collected in table 6. The other captions are the same as in figure 5.

couplings [102]:

AG(A) = A%(4),  AL(4) = A%(A), (3.13)

which implies that the four effective couplings are all equal to each other, Ap1(A) =
ALr(A) = Arr(A) = Arr(4).
Arr(A) in this case are shown in the left panel of figure 17. One can see clearly that

The resulting constraints on the effective coefficient

such a scenario fails to provide a simultaneous explanation of the deviations observed
in BOS) — DEZ)HL* decays, even at the 20 level. It is also observed that, due to

Arn(A) = ALr(A) and Agr(A) = Agrp(A), the hadronic matrix elements of QKQLL
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Figure 16. Constraints on the effective coefficients Arr(A) (left) and Arr(A) (right) from the

ratios

RE:; ,, collected in table 6. The other captions are the same as in figure 5.

and QYER are exactly canceled, respectively, by that of QKQLR and QH{L for the

BO

Gy = D

(s)

7~ and B

?S) — Df

(S)K ~ decays. This explains why the ratios R(y), and

R(s) K are insensitive to the NP contributions, as shown in the left panel of figure 17.

e In scenario III, we consider instead the case where the left- and right-handed reduced

couplings are asymmetric [102]:

AL (A)

R
_Acb

(4),

A'{qu(A) = _A'L]L%q(A) )

(3.14)

which implies that, while all the four effective couplings are still nonzero, they satisfy
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Figure 17. Constraints on the effective coefficient A, (A) from the ratios RE:)) ;, collected in table 6,
in the scenarios where the left- and right-handed reduced couplings are symmetric (scenario II, left)
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captions are the same as in figure 5.

now the relation Apr(A) = Agr(A) = —Arr(A) = —Arr(A). As shown in the right
panel of figure 17, such a scenario also fails to provide a simultaneous account for the
ten ratios RE:; ;, collected in table 6, even at the 20 level. Note that in this case the
ratios R4, and R receive no contributions from the NP four-quark operators,
which is now due to Ap(A) = Arr(A) and ALr(A) = Ar(A), resulting in therefore
an exact cancellation between the hadronic matrix elements of Q¥2L LR and Q}/’f R(L)
for the decay modes involved.
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3.5.2 Colorless charged scalar

Let us now proceed to discuss the case where the NP four-quark operators are generated by
a heavy colorless charged scalar HT, with its mass my fixed also at 1 TeV. The resulting
effective weak Hamiltonian for the quark-level b — cud(s) transitions mediated by such a
charged scalar is now given by [51]

Gr

He = = TE VY, { A () [OFH QT ) + CF () Q51

+ M ()3 (1) + M () Q5 ()|
Aur(H) [CFR(0QE ) + G5 (0 @5M )] + (L 5 B) | + b, (315)

where

Ae() = 5 AL () (AL (D)L Awa(i) = T ALy (AR ()", (3.16)
LL Tl b ug ; LR m2 ug ) .
and Af}R(H ) represent the reduced couplings of H™ to an up- and a down-type quark,
as defined in figure 1. It should be noted that, at the matching scale ug = mpg, only the
Wilson coefficients C57F (1g), C5% (o), CSRR( 0), and C5®L (1) are nonzero at the LO,
while all the remaining ones appear firstly at the NLO in oy, with their explicit expressions
given already in ref. [51]. To get their values at the low-energy scale p, = mp, we should
also perform a two-step RG evolution as in eq. (3.10), where the analytic formulae for the
evolution matrices U (u, i) and U(uw, po) can be found in ref. [101]. This, together with
the O(a) vertex corrections to the hard kernels Tj;(u) presented in subsection 2.2, makes it
possible to investigate the NP effects on the class-I non-leptonic B?s) — Dg:)) tL- decays, in
a RG-improved way completely at the NLO in as. The reduction of the scale-dependence of
the effective coefficients rfafLL(DJrK*) (normalized by —Arr(H)) and rffafLR(D*K*)
(normalized by —Arr(H)), as an example, is shown in figure 18, with

CSLL( )
N,

CSLL( )
N,

CSLL( )+

T,KaSLL e 2mi SLL
)= () + s ()] [G )+

K _SLR; P+ 2m3. - SLR CPE ()
B = ) +m | MR,
+ PRy / duT5E (u, z)¢p(u)]. (3.17)

A similar behavior is also observed in the chirality-flipped sectors (SRR and SRL).

As in the case for the charged gauge boson, we shall also split the discussions into
three different scenarios. Firstly, in scenario-I where only one nonzero effective coefficient
is present in eq. (3.15), it is found that all the deviations observed in B?S) Dg:)HL*
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Figure 18. Dependence of the effective coefficients X a7™(D*K~) and rXa7™®(DTK~) on the
renormalization scale p. The other captions are the same as in figure 14.

decays could be explained simultaneously only in the presence of a nonzero Agrr(H) or
Arr(H), as shown in figure 19. The resulting allowed ranges for Agr(H) and Agp(H) are

given, respectively, as
Arr(H) € [—0.083,—0.033], Arr(H) € ]0.038,0.096] . (3.18)

All the other cases in the presence of only a single effective coefficient are, however, ruled
out already by the combined constraints from the ratios RE:; ;, collected in table 6 at the
20 level. As an explicit example, we show in figure 20 the individual constraint on the
two effective coefficients A, (H) and Apr(H) from the ratios R., Ry, R,, Rk, R}, Ri~,
Rsr, Rsi, R:., as well as R}, respectively. Secondly, we show in the left and the right
panel of figure 21 the individual constraint on the effective coefficient Apr(H) from the
ten ratios RE:)) 1+ in the scenarios where the left- and right-handed reduced couplings are
symmetric (scenario-II with AL (H) = AL (H) and qu(H) = qu(H)) and asymmetric
(scenario-III with AL(H) = —AL(H) and AL (H) = —A[L (H)), respectively. One can
see clearly that both of these two scenarios fail to provide a simultaneous account for the

deviations observed in B?, — DU)* L~ decays.
(s) (s)

4 Conclusions

In this paper, motivated by the deviations observed between the updated SM predictions
and the current experimental measurements of the branching ratios of B?S) — Dg:)HL*
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Figure 19. Constraints on the effective coefficients Agr(H) (left) and Apr(H) (right) from the

ratios RE:; ,, collected in table 6. The other captions are the same as in figure 5.

decays with L € {m p, K (*)}, we have investigated possible NP effects in these class-1
non-leptonic B-meson decays. In order to facilitate a full NLO analysis, we have also
calculated the one-loop vertex corrections to the hadronic matrix elements of the NP four-
quark operators involved in these decays, within the QCDF framework.

Firstly, we have performed a model-independent analysis of the effects from twenty
linearly independent four-quark operators that can contribute, either directly or through
operator mixing, to the quark-level b — cud(s) transitions. Under the combined constraints

(%)

from the ten ratios R(:) ; collected in table 6, we found that the deviations observed could

be well explained at the 1o level by the NP four-quark operators with v*(1—v5) @7, (1—"s5)
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Figure 20. Counstraints on the effective coefficients Ay (

H) (left) and A\pr(H)

ratios R(S) 1, collected in table 6. The other captions are the same as in figure 5.

(right) from the

structure, and also at the 20 level by the operators with (14 5) ® (1 —v5) and (1+75) ®
(14 ~5) structures. However, the NP operators with other Dirac structures fail to provide
a consistent interpretation, even at the 2o level. In the case where only a single nonzero
1), the
resulting allowed ranges for the corresponding NP Wilson coefficients are obtained both

NP Wilson coefficient is present in the effective weak Hamiltonian given by eq. (2

at the low-energy scale u, = m; and at the electroweak scale uy = my. In the case
where two NP four-quark operators with the same Dirac but different color structures are
present in eq. (2.1), with the corresponding two NP Wilson coefficients varied simultane-

ously, it was found that only in the (CY = (my), CY LE(my)), (C5FE(my), CYEE(my)), and
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Figure 21. Same as in figure 17 but for the effective coefficient A\r, (H) in the colorless scalar case.

(C5PR(my,), CY R (my)) planes are there allowed regions that can provide a simultaneous
explanation of the ten ratios RE:)) ;, collected in table 6 at the 20 level.

As two specific examples of model-dependent considerations, we have also performed
a full NLO analysis in the case where the NP four-quark operators are mediated by either
a colorless charged gauge boson or a colorless charged scalar, with their masses fixed both
at 1 TeV. In each of these two cases, three different scenarios were considered. In scenario I
where only one effective coefficient is nonzero, we found that all the deviations observed
in B?S) — DE:))Jr
nonzero Arr(A) in the case for a colorless charged gauge boson, as well as a nonzero

L~ decays could be explained simultaneously only in the presence of a

Arr(H) or Arp(H) in the case for a colorless charged scalar, while all the other cases are
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ruled out already by the combined constraints from the ten ratios RE:; ., even at the 20

level. On the other hand, both of the other two scenarios where the left- and right-handed
reduced couplings are symmetric (scenario-II) and asymmetric (scenario-I1I) fail to provide
a simultaneous account for the deviations observed in B(Os) — DE:)) tLo decays.

As a final comment, it should be mentioned that our conclusions about the NP Wilson
coefficients in the model-independent framework as well as the effective coefficients in
the two model-dependent scenarios are very flavor-specific. If additional flavor-university
assumptions were made between the different generations, e.g., between the up and charm
quarks, other processes mediated by the tree-level b — ccd(s) and loop-level b — d(s)qq
transitions will be involved, which are expected to provide further constraints on the NP
parameter space [40-43]. At the same time, in order to further discriminate the different
solutions found for the deviations observed in these class-I non-leptonic B-meson decays,
more precise measurements, especially of the decay modes involving p and K* mesons, are
urgently expected from the LHCb [10] and Belle II [9] experiments.
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A Allowed ranges for C;(m;) under the constraints from Ré:; I

In this appendix, we give in table 7 the allowed ranges for the NP Wilson coefficients
Ci(my) under the individual and combined (last column) constraints from the ten ratios
RE:)) ;, varied within 1o and 20 error bars, respectively. For further details, the readers are
referred to the main text presented in subsection 3.4.
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