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1 Introduction

The study of B-meson decays is one of the most important sources of knowledge we have on
the flavour structure of the Standard Model (SM) and its possible extensions [1]. One type of
such decays are those with only hadrons in the final state, the “nonleptonic” B-decays, which
have been essential in the study of the CKM matrix and CP violation [2, 3]. A great amount of
experimental results have been produced in the last few decades, boosted during the B-factory
era [4], and pushed even further by the hadronic machines at Tevatron and the LHC [5, 6].



However, rigorous and precise theoretical predictions for such B-decay observables are
rather difficult to make. This is due to non-perturbative QCD effects at the level of the
amplitudes, in the calculation of matrix elements of dipole and four-quark operators in the
Weak Effective Theory (WET) [7], between the B-meson initial state and the all-hadronic final
state. In this regard, a significant step forward was achieved when the concept of factorization
in the heavy-quark limit was made formal [8, 9], already a quarter of a century ago. This
approach, often called QCD Factorization (QCDF) has been applied to two-body B-decays
into two light mesons [8, 10-13] (such as B — 7m) or a heavy and a light meson [10, 14]
(such as B — D), and to three-body decays such as B — nnm [15] or B — D7 [16].

Within QCDF, the simplest of the nonleptonic decays are those two-body B decays
to a heavy-light final state, such as B> — DK™ or By — D!~ 7", which do not receive
contributions from annihilation topologies, and where the spectator degrees of freedom in
the B-meson end up in the heavy meson in the final state. These will be the decays of
interest in our analysis. They are a subset of what in the older traditional nomenclature are
known as “class-I decays” [17]. We will abbreviate the decays of interest as B?S) — DE:)) Tp-
from this point forward. In this case QCDEF establishes the following important result [10],
often referred to as a “factorization formula”:

(@)= (DPIQB) = X FPP ) [ duT(a () + Ohacn fmy) - (1)

Here @Q; is a four-quark operator in the WET (see below), FJB%D are local B — D form
factors, ®p is the light-cone distribution amplitude of the light pseudoscalar meson and
Tij(u, ) are perturbative “hard-scattering kernels”. This factorization formula is simpler
than the corresponding one for heavy-to-light decays, where in general one encounters two
such form factor terms and a hard-spectator scattering term dependent on the light-cone
distribution of the B-meson [8, 18]. Therefore, theoretical predictions for class-I decays are
numerically more precise and reliable than those for heavy-to-light decays.

Within the SM, only two effective operators contribute to their amplitudes: the two
‘VLL’ operators with different colour structure

Q1 = (e, PLT0) @y, PLT ], Qo = [Ev,Ppbl[qy,Pru] . (1.2)

The corresponding matrix elements (i.e. the hard-scattering kernels T7; and T5;) are known to
two-loop order, that is, at NNLO in QCD [19], and a first exploration of a QED factorization
formula for the decays of interest has been investigated in ref. [20]. Beyond the SM, the
general set of effective operators up to mass dimension six with the same flavour structure
contains 20 operators in total. Thus, a general analysis of class-I decays beyond the SM
requires to calculate the corresponding matrix elements for all 20 operators. Such a general
analysis needs little motivation in the current moment, but it is further called upon in view
of recent findings that branching ratio measurements seem to be in tension with theoretical
predictions [19, 21]. Our approach is complementary to others in the literature, which include
SMEFT-based [22, 23], model-based [24], and symmetry-based [25, 26] BSM studies. Other
approaches to resolve the puzzle include the computation of the decay amplitude beyond
the framework of QCDF [27].



A recent analysis [28] has considered class-I decays within this general set of effective
operators, finding that BSM effects in the SM-like operators or in scalar operators can
explain the observed tensions. However, due to the lack of complementary constraints,
ref. [28] investigates exclusively scenarios with BSM contributions to only one or two Wilson
coefficients at a time. In this work, we determine to what extent the Wilson coefficients of the
“gbcu” sectors of the Weak Effective Theory can be simultaneously constrained from data. As
we show below, this is a much more ambitious and complicated type of analysis. To remain
within the most predictive set of observables, we limit our investigation to decays which
receive no contributions from annihilation topologies: B — D®* K~ and B, — Dg*)+7r_.
Because of the absence of annihilation topologies, these modes are expected to be more
reliably predicted within QCDF. Moreover, we calculate for the first time the three-particle
hard-scattering kernels to the QCD factorization formulas of the decays at hand at LO in
as and for the full basis of WET operators. Incidental to that calculation, we check the
analytic expressions for the QCDF formulas for the two-particle contributions to the hard
scattering kernels up to NLO in ag for the full WET basis.

The sole use of the exclusive nonleptonic decay modes is, however, not sufficient to
bound the WET parameter space. To achieve that, we additionally consider the inclusive
nonleptonic decay width of the B meson, which we calculate at the leading order for the full
set of “gbcu” WET operators. We thus obtain a qualitative picture of the WET parameter
space and the type of solutions to the extant puzzle in the decays of interest.

The structure of the article is as follows. We begin defining the relevant sectors of the
Weak Effective Theory in section 2 and discuss the two different operator bases used in
our analysis. We continue in section 3 with a detailed discussion of the decays of interest
within the QCDF approach, and a presentation of our new results at the three-particle level.
Section 4 is dedicated to our calculation of the inclusive nonleptonic B-meson decay width
for the full set of “gbcu” WET operators at leading power in 1/my and at LO in as. The
setup, methods, and results of our phenomenological analysis are presented in section 5. We
conclude in section 6. A series of appendices provides complementary information on: the
WET operator bases used and the changes of basis, the two- and three-particle LCDAs for
the light mesons, parity transformations of the various matrix elements, a collection of the
leading-order two-particle contributions to the hard scattering kernels in QCDF, and the
approach used to separate the various modes in the posterior distributions.

2 Weak Effective Theory for b — cugq processes

The analysis presented here uses the Weak Effective Theory (WET) to predict a variety of
exclusive and inclusive B decays both in the Standard Model (SM) and beyond. Following
refs. [7, 29], the WET can be partitioned into independent “sectors” of operators which
do not mix with each other under renormalization up to order G ~ g> /MI%V The sectors
relevant to this work are the dbcu and sbcu sectors, each comprised of 20 four-quark operators.
The effective Lagrangian reads

4G . 20
Eqbcu = _T; cbvuq Z CZ(/'L) QZ(:U’) +h.c. ) q € {d7 3} ’ (21>
=1



where V' represents the Cabibbo-Kobyashi-Maskawa quark mixing matrix, {Q;} represents a
basis of local field operators of dimension six, and {C;} are their Wilson coefficients defined
at the renormalization scale u. Throughout this paper, we will describe each sector by
using two different sets of bases.

The first basis is a Fierz transformed version of the “BMU basis” [30]. Its operators
are labelled Q , with ¢ enumerating the operators for a given label X, and X labelling
the Dirac structures and chiralities of the quark fields. Our choice of basis is comprised
of the following ten operators

OV = [CauPrbs] [as" Prua) QVEL = [0, Prba] [357" Prus) |
Q7" = [eaPrbg) (45 Prual] Q3" = [GaPrba] [qsPrug] ,
O = (647, Prbg] 457" Prua) QVRL [CavuPrba] (@57 Prug) . (2.2)
QSRR [Ca PRbﬂ] [QBPRUoz] ) QSRR [CaPrba Hq[gPRuﬁ] ,
SRR [ SRR [

aO',uuPRb,B] [CY/BO'“VPRUQ] , EaU#VPRb ] [650"WPRU/3] ,

as well as their chirality-flipped counterparts, with P, <> Pr. Here «, 8 are colour indices
and we use 0, = %['yﬂ, 7). Our ordering of the operators does not reflect the ordering in
ref. [30].! This basis is used in the analytic calculations of the exclusive decays of interest
B?s) — Dé:)) *P~. Our rationale for using this basis is that previous computations of these
processes are available in the literature, which serve as a reference point and comparison
for our own calculations; see section 3.

The second basis used in this work is the “Bern basis” [7]. Its operators are labelled O;,
where ¢ enumerates all operators. It is comprised of the ten operators

O = [gPpyb) (e OF" = |aPpy 0] [y Tl |

Ogbcu = [qPRrYuwpb] [cY""Pu] | (’)Zbcu = :(jPRq/WpTAb} [E’y’“’”TAu} ,

O — [gPgb] [eu] Of = |aPrT*b] [eTu] | (2.3)

(’)?bcu = [qProub] [co"u] , qucu = :QPRUMVTAb} [EU“”TAU} ;

O ~ Pl OB Pyt [N
together with the ten parity-flipped operators (’)g,bcu = qbcu\ Pr—pP,- The notation used for

the products of gamma matrices is yH1#2#n = ~yHiyk2  ~Fn  We use the Bern basis for
the calculation of the B-meson lifetime in section 4 as well as for the phenomenological
analysis presented in section 5. In contrast to the BMU basis, where only two operators
have non-vanishing SM matching conditions, the Bern basis features four such operators:
qu This tells us that only two independent linear combinations of these four operators
appear in the SM, corresponding to the more traditional operators Q) ** and QY*% of
the BMU basis. The remaining 16 operators Of Clo and O;I?_C_ulo, are purely BSM operators.
Furthermore, the Anomalous Dimension Matrix (ADM) splits up into four blocks of operators
that mix with each other [7]. The first block mixes @9 through O, while the second

'We choose this particular ordering to ensure that a basis transformation at tree-level from the JMS
basis [31] to ours can be achieved in a convenient form.



block mixes (’)gbcu through (9‘1186“. The same holds true for the primed operators. This block
structure holds at least up to NLL.

For both bases, we regularize the one-loop integrals using naive dimensional regularization
(NDR) with anti-commuting 75 in d = 4 — 2¢ dimensions. For the renormalization of the
physical operators we employ the MS-scheme. (We also use the MS-scheme for all quark
masses that occur in our calculations.) For the renormalization of the evanescent operators we
follow the Buras-Weisz prescription [32-34], which ensures that matrix elements of evanescent
operators vanish to all orders. Furthermore, we use the method of Greek projections [30, 35]

— in the form presented in ref. [36] — to find the evanescent operators necessary for our
calculations. A full list of the evanescent operators relevant for this article can be found in
appendix A.1. This fully specifies the renormalization scheme.

The SM matching conditions in the BMU basis are known up to two loops. In our

notation, the one-loop matching conditions read [37-39]:

9 2
Qg 19 11 3 as K 1
W c w

where NV, is the number of colours. We have verified the matching conditions by explicit
calculation. Performing the change of basis to the Bern basis as described in appendix A.2,
we obtain the four non-vanishing matching conditions

1 as (8 pu? 52 b 2 s (2 2 5
Cqbcu = Zpe 2 22 cacev —_= DA | I
v =g\l mor ) G =g gl g )

o
D) 2
w w
1 s (2 u? 1 b 1 a1 p? 19
cabeu — 44 52 N caveu =4—-—=|=log———— .
3o W =tgg g \glosnz —ar ) G W=t T Gl e 5

Note that in the conventions of ref. [7] the CKM factors are put into the Wilson coefficients.
We use a different convention, as in eq. (2.1), and factor them out. Since the characteristic
energy of the processes that we study is of the order of my, one needs to evaluate the Wilson
coefficients at a scale pup ~ my. In order to avoid large logarithms, one has to resum them

using the renormalization group equation

d
7Ci = Yji Cj (2.6)

where 4 is the Anomalous Dimension Matrix (ADM), with the perturbative expansion

2
~ N Qg ~
=240 4 <4ﬁ> 30 1+ 0@?) . (2.7)

Here 49 arises at one-loop, and 4 at two-loops. In the BMU basis 4(®) and 4 are
known [30]. The one-loop ADM 4(®) in the Bern basis is given in ref. [7], while the two-loop

ADM 4() has not been explicitly presented. We derive the two-loop ADM in the Bern basis
for N, = 3 and ny = 5 by performing a change of basis, as described in appendix A.2. The



Figure 1. Vertex corrections that contribute to the hard-scattering kernels at the one-loop level.
These are commonly labelled “non-factorizable” in the BBNS nomenclature [10].

full 20 x 20 ADM is comprised of two identical 10 x 10 diagonal blocks, each given by

44 899 32 245
9 —3 9 1 0 0 0 0 o 0
646 2072 115 739
2 9 s o O 0 0 0 0 0
— O848 1344 224 178 0 0 0 0 0 0
8468 172 367
0 58 =3 0 0 0 0 0 0
1832 64 104 296 7 11
A1) — 0 0 0 0 -5 -5 -9 - F ~1i B (2.8)
0 0 o o _128 608 52 _ 1783 11 59 ‘
27 9 81 108 216 144
9488 108 3052 31 521 217
0 0 0 0 -5 5 T -9 T 3%
25528 96 6974 4727 863 38
0 0 0 0 =55 3 81 2T 162 9
26368 249088 91456 68192 8912 8143
0 0 0 0 =57 75 9 9 2T 9
510976 14080 1600 46960 11794 41
0 0 0 0 81 9 81 27 7 81 T 6

Note that the one-loop matching coefficients as well as the two-loop ADM depend on the
evanescent operators used, and thus are scheme dependent. Our choice of scheme is described
in appendix A.l.

3 Class-I decays in the Weak Effective Theory

The factorization formula for class-1 decays,

(Qi) = (DWPIQ;|B) = 3" FP=PY (m3,) /0 Ty (s 1)@ (s 1) + O(Aqen/ms) . (3.1)
J

establishes the notion of the hard(-collinear) scattering kernels 7j;(u, ;) and the soft matrix
elements (i.e., the hadronic form factors F; and the light-meson light-cone distribution
amplitudes). The purpose of this section is to provide results for the kernels Tj; at the
two- and three-particle level for the full basis of WET operators. Although the calculation
of the decay amplitudes for class-1 decays at the level of two-particle Fock states for the
full basis of WET operators is well documented in the literature [10, 28], the calculation of
three-particle Fock states is incomplete. We begin by reiterating the calculation of two-particle
contributions in section 3.1 and setting the notation before discussing the calculation of
three-particle contributions in section 3.2.



3.1 Two-particle contributions to the hard-scattering kernels at one loop

We find it convenient to work with the Fierz-transformed BMU basis given in eq. (2.2). The
usual procedure to calculate the two-particle contributions to the hard-scattering kernels at
one loop is as follows. For each WET operator Q; ~ [¢I'1b][qI'2u] we take the following steps:

1. The partonic b(py) — ¢(pe)q(l1)u(l2) amplitudes are calculated to the desired order in
as. The relevant one-loop diagrams are shown in figure 1. They yield the following

amplitude
Aaun = g2 [ Kl Ao ) A Res) . (32
with
Ay =l S e, _p i, 53
Al k) =Ty t2 K v v Ltk (3.4)

Uy k+ k2 T okt k2

The colour structures are accounted for by the factor F2P2", Upon projecting onto
meson states, it turns out to be F2P¥ = ( for the singlet operator [¢,I'1ba])[gsl2ugs],
and F2Part = Cp /N, for the operator with crossed colour indices [¢,I'1b5][gs2ua]-

The loop integration is carried out and the result is simplified using equations of motion,
neglecting explicitly all light quark masses. The Dirac structures multiplying 1/e terms
in the amplitude are decomposed into physical and evanescent structures, according to
the definition of the renormalization scheme (see appendix A.1). Then the one-loop
counterterms are added in order to renormalize the amplitude. At this point all IR
divergences should cancel, which is a manifestation of factorization at the one-loop
level.

2. In order to perform the collinear expansion, one needs to specify the kinematics. The
two light quarks carry light-like, collinear momenta

llzuq+ll—|—in, lgzﬂq—lL+in, (3.5)
uE uE

where ¢ = Eng is the light-like light meson momentum with energy E = (mz —
m?2)/(2my). The light-like directions are defined as n+ = (1,0, 0, 4-1). The perpendicular
component [ is orthogonal to the two light-like directions (n4 -1, = 0). Here we
can safely neglect the light meson mass mp since it scales (at most) as Aqcp. We
use the notation © = (1 — u). In the following we will use a general decomposition of
four-vectors into their n4 and perpendicular components:

v n_+uvy. (3.6)

V4 +U,
= —nN —_—
V2 T2

We are interested in contributions up to twist-3. Investigating the structure of the
momentum-space representation of the light-meson projection eq. (B.5), it is clear that



only terms up to [, can contribute. Hence, for this calculation, we suppress the n_
components of the light quark momenta:

h=uqg+l, +00%), lL=ug—1, +00%). (3.7)

The collinear expansion now requires to separate the amplitude into O(19) and O(l,)
terms,

Appare = AQ + 11 A + 0(13), (3.8)
where A are the terms that do not explicitly multiply a factor I and Af}) are the
terms that do multiply a factor [, . This separation is ambiguous because by the use

of equations of motion it is possible to move terms from A©® to A®) and vice-versa.
However the final result will not depend on this freedom, and it is by itself unambiguous.

3. It is now straightforward to apply a projection onto the hadronic external states by
means of the following substitution

1
@(pe)Tu(pp) A1) o(la) — /0 du (D()elb|By) Tr [MpI'] |, (3.9)
1, =0
with [18]
Mp = ifTP {¢75¢P(U) — UPYs (qbﬂ)p(u) — Qo nlin’ d-2 —22u) O (u) + i0,, g uii qb’;,(“)@l(i) } '
(3.10)

These traces can be evaluated in four dimensions. The functions ¢p and ¢, are two-
particle Light-Cone Distribution Amplitudes (LCDAs), as defined in appendix B.1. We
also projected onto the heavy meson states, which in our case can be done easily by
exchanging partonic external states with mesonic states. Note that setting [} = 0 after
acting with the projector on the amplitude ensures that only terms up to O(l ) in the
partonic amplitude can contribute, since higher powers of [, would be set to zero in

this collinear limit.

This procedure allows us to compute the hard-scattering kernels at one-loop order for
a pseudoscalar light meson in the final state. The corresponding kernels for a light vector
meson in the final state can be obtained easily from the ones computed here.

3.2 Three-particle contributions to the hard-scattering kernels

The three-particle contributions to the hard-scattering kernels are obtained by calculating
the partonic amplitude to a four-body final state b(py) — c(pc)q(l1)u(l2)g(pg), where the
partons qug will become part of the final-state light meson in the hadronic process. The
kinematics here are different than in the two-parton case since the light meson momentum
now has to be split between the three partons. All three partons carry collinear and light-like
momenta with the dominant component in the direction of the dominant component of the
light meson momentum ¢g. Note that for the insertion of vector operators we work in the
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Figure 2. The ¢gg contribution to the amplitude for the decay B® — DT K~. The contribution for
the decay B — DF7~ can be obtained by changing the spectator quark to a strange quark and the
strange quark of the final state kaon to a down quark.

limit ¢> = 0. For the insertion of tensor operators however, the matrix elements vanish in
the ¢?> = 0 limit and thus we set ¢® = m%; and keep the leading O(mzp) term.
The tree-level contributions to the partonic amplitude are shown in figure 2, which give?

Agpare = gsF2 P a(pe) AY (=pg)u(py) a(l)T2v(l2) € (py) (3.11)

and AY is defined in eq. (3.3). Again I'; o refer to the Dirac structure of the operator
under consideration, and the colour factor will turn out to be F2Pat =  for the colour
singlet operator [¢4I'1b4][@s2ug], and F3Part = 1 /N, for the operator with crossed colour
indices [caI'1b8][gsl2uq].

Following ref. [40], the aim is to write this amplitude as a convolution of a hard-scattering
kernel that only depends on hard scales, and a “partonic” LCDA. We rewrite the amplitude as

d*kd*z
(2m)*

e~ u(pe) AY (=k)u(py) (a(l2)q(l1)g(pg)| 7(0) T2 gsAu(2) u(0) |0) .
(3.12)
Now it is convenient to use Fock-Schwinger gauge in order to express the gluon field in

3-part
AB—part:FC pa /

terms of the gluon field-strength tensor
1
Ay (2) :/ dvv MG (vz), (3.13)
0
and to rewrite z as a derivative with respect to k and use integration by parts to let it
act on AY,
d*kd*z ~,, 1 ks - _
oyt A1) [ e @12)a(11)o(py)| 30) L29.Go (02)u(0)]0).
(3.14)

- rr3-part
A3—part = _ZFC P /

where we have defined

(pe) -0 AY (—kyu(py) (3.15)

AP ()
! ok,

*We use D, = 0, — igsA,, fixing the sign of the quark-quark-gluon vertex. The same convention should be
used in the definition of the light-meson three-particle LCDAs.



The key step now is to expand the amplitude in k|,
A (k) = A" (ky) + ki AP (k) oo (3.16)
and define a partonic distribution amplitude
b (v2) = (u(l2)q(l1)g(pg)| 4(0) T2 gs G (v2) u(0) |0) . (3.17)
Putting egs. (3.16) and (3.17) into eq. (3.14), one gets

dk y _
A3_part:_ti3—part/ 2+A )T /dz e zk+27/ dvv ¢ vz)|z+ 21 =0 (3.18)

™

dky+ ~a 4 0
B 3—part/ + F(prp / 3 zk:_‘_zf/ .
F; o Ay (ky) [ dz—e ; dvv azﬁ¢“ (vz)

The functions ggo)u “(ky) and 21(11)“ "P(k4) do not depend on the light-meson degrees of freedom,
the information of which is contained in the distribution amplitudes ¢, (vz), evaluated on the

z4,21 =0

light cone (for zy = 0 and z; = 0). Thus this establishes the desired factorization formula. At
this point one can exchange the partonic external states with the hadronic states that we are
actually interested in. The functions A(O) and ﬁ(l) contain now the B — D™ hadronic form
factors, as defined in ref. [41] except for a factor of “i” in the definition of the B — D* form
factors. Our phase convention matches the one of BBNS [10]. The vacuum to light meson
matrix element ¢ is expressed in terms of hadronic three-particle LCDAs as in appendix B.2.

Note that the expansion of Aq in eq. (3.16) seems to be arbitrary since one integrates
over all k. However, higher orders in k; correspond to higher z; derivatives acting on ¢.
Considering the definition of the twist-3 and twist-4 three-particle LCDAs in appendix B.2,
one can see that higher z,-derivatives vanish up to twist-4.

3.3 Analytic results

In this subsection we present the explicit expressions for the hard-scattering kernels up to one
loop for the two-particle contributions as well as the tree-level kernels for the three-particle

contributions.

3.3.1 Two-particle contributions at one loop

Here we present the full set of one-loop hard-scattering kernels. Although in the rest of the
paper we only consider pseudoscalar light mesons in the final state, we present also the results
for light vector mesons in the final state since they are easily obtained from the former.

Vector sector. We start by presenting our result for the SM operator Q} “¥:

; 1
* — = 1-1 ?
(D) L] QYEE|BYY P = i% /0 dubr(u) [Ty TVVH(u, 20) = Ja TV M, ~2)]
(3.19)
where z. = m./m; is the scale invariant ratio of the heavy quark masses. The hard-scattering

kernel is given as

as Cp

TVLL _
(wze) = o N,

2
[—GIOg % — 18+ FVEL(y, zc)] : (3.20)
b

,10,



where

FVIL(y, 2.) = <3 + 2log g) log 22 + fY 1 (u, 20) + fVH (1, 1) 2.) (3.21)
and
_u(l = 2B —u(l = 22)) + =] Ze
FYEE(u, 20) = — 1wl 2P log [u(1 — 22)] — == (3.22)
+2 M—Li [1—u(1—z2)] — log? {u(l—zz)} —{u — u}
T—ul—22) 7 )] T8 ‘ '
The dilogarithm is defined as
Lig(z) = — /Ox log(ltt) dt. (3.23)

The upper (lower) sign corresponds to a light pseudoscalar (vector) meson in the final state.
The non-perturbative quantities f;, and ¢, are the decay constant of the light meson and the
twist-2 LCDA of the light-meson. For L pseudoscalar, it is ¢;, = ¢p as defined in eq. (B.3),
while for L = p, K*, the LCDA ¢, = ¢y is defined in ref. [28]. We use the following notation
for the matrix elements of the heavy (axial-)vector current:

Jv(ay = (D eg(s)b [ BY)) (3.24)

which can be further parametrized in terms of invariant form factors (with the conventions
of ref. [41] up to a factor of “¢” in the definition of Ag). The perturbative kernel that we
obtain coincides with the results given in refs. [10, 28].3

Furthermore, in the limit z. — 0, we get the loop function

1-2
lim FVIE(u, 2.) = 3( N “ logu — iw)

2e—0 — U

21
+ {Lig(u) —log?u + 1 et

(34 2im)logu — {u — a}} o (3.25)

which is the result for the vertex-corrections for charmless B-decays as presented in refs. [11,
12].
For the (V — A) ® (V 4+ A) structure, we get

(47— AVLR | B0 \ldoop _ ifL ld VLR B VLR, _
(D LT[ Q17 [By)) =71, uor(u) [Jv TV (u, 2e) = Ja T 7 (u, —2¢)|

(3.26)
with
TVER(y Z):%ﬁ 610g£—|—6-|—FVLR(u Zc) (3.27)
) ~C 47T Nc mg ) ~C ) *
and
FVIR(y, 2,) = — (3 +2log u) log 22 — fVEE(u, z) — Y (u,1)2.) . (3.28)
u

3Note that for the comparison with ref. [10], one has to divide our result by two since they used a different
colour structure.
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This aligns with the results presented in ref. [28]. Note that FV(u,z.) = —FVI(q, z.).
Hence, the limit z. — 0 is

: VLR T VLL -
zlclgloF (u, z0) = ZlclgoF (4, zc) , (3.29)

which again correctly reproduces the case of charmless B-decays in refs. [11, 12].

Scalar and tensor sector. For the (1 —v5) ® (1 — v3) structure, the result reads

* — = 1-loo 1 1
(DL QP B = By [ dudsa () [Js TS ) — I T 2]
(3.30)
The hard-scattering kernel 750 is defined as
SLL _ %% _4(U—ﬂ)(1 — Zc) /ﬁ SLL
T (u, 2) = ir N, [ Tt o log m2 + P> (u, z0) | (3.31)
with
SLL (u—u)(d — z) u 2 | 4SLL SLL -
Fo 5 (u, z.) = 2 i + loga log zZ + 7% (u, ze) + f77(u,1/2:), (3.32)
and
FSLL Gy, 2) = _2{u(1 — ze) [u(l — 2z¢) + 22¢] — 1 log [u(1 B 22)} N 5u + log? [u(1 B ZQ)}
e 1—u(l-22) ¢ 1+ 2z ¢
+ Lig [1 — u(1 — 2) } _fu—a}. (3.33)

Here, we introduced the following notation for the heavy (pseudo-) scalar current:
*)4+ | = >
Jspy = (D{ T 12(vs)b [ BY)) - (3.34)

The parameter uj, differs between pseudoscalar and vector light mesons. For pseudoscalar
L, we have pu(p) = pp(p) = m%/(my () + mg(p)), with the MS quark masses m; where
i =u, q. For L = p, K*, we have puy(p) = py(p) = my fiz(1)/ fv with the scale dependent
transverse decay constant f&(u). The twist-3 LCDA ¢3.7, in the pseudoscalar case reduces
to ¢ (u) = 1 in the Wandzura-Wilczek limit as explained in appendix B.1. In the vector
case, it is given by ¢3.;, = ¢, as defined in ref. [28].

For the other scalar structure (1 —75) ® (1 + 75), the matrix element reads

; 1
* — 5 1-loo 1

(DO LT QFE | BY)) T = ;%M /O du a1, (u) [Js TS (u, 2,) — Jp TR (u, ~2)| .
(3.35)

The hard-scattering kernel 79 is given by

s C
TSLR(y, 2.) = %FFFSLR(U, 2, (3.36)
with the loop function

FSLE(y, 2.) = 2log % log 22 — 6 + [ (u, 2.) + [ (a,1/2.), (3.37)
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and
(P (ze—1)%(322 +42.+2) — 22
PR ) ={ 1—u(1—22)P TPl —u(i—2)] %)

+9 [210g [u—z)] —log? [u(l—zg)} —Liy [1—u(1—2’§)” }—{U_”_‘}‘

2 log [u(l —z?)} +

1—u(l—22)
We again investigate the z. — 0 limit, which yields

lim FSXR(u, z.) = —6 + 2 Lig(u) — logZu — (1 4 2mi) logu — {u — @} . (3.39)

ze—0

This agrees with the result for charmless B-decays presented in ref. [12].
Finally, for the 0,,(1 —v5) ® 0" (1 — 75) structure, we get

~ 1
* — = 1-loo ?
(D)L Q5| BY)) T = —%m /0 du a1, (u) [ Js TTH (u, 20) = Jp T (u, ~ )|
(3.40)
The hard-scattering kernel 777 can be written as
TLL as Cr I TLL
T (U, ZC) = EF —48 log W + F (U, ZC) s (341)
c b
with the loop function
—a)(1 — 2z, -
FTEL (4, 2,) = 8 {3 + W log Z} log 22 + fTE(u, 2.) + T (a,1/2.),  (3.42)
and
8(4u+3)  8(1—z) {u[(u —2)22 =2z, +2—u] -1
TLL c 2
c) — — 1 1-—
fw, z) 1+ @ 1+z 1— u(l—22) og [u(l - z7)|

+ (1= 2u)[ log? [u(1 = 22)] + Lia[1 — u(1 — 22)]| + {u — u}} . (3.43)

Note the extra minus sign in comparison to ref. [28]. This is because of the additional i
in our definition of 0,,. The hard-scattering kernels of the parity flipped operators can be
easily obtained from the ones given above as explained in appendix C. Our results for the
hard-scattering kernels are in full agreement with the ones given in ref. [28]. Additionally, we
calculated the hard-scattering kernels in the case m, = 0 independently and found agreement
with the full hard-scattering kernels in the z. — 0 limit. Note that in order to get the sign of
the imaginary parts of the hard-scattering kernels right, one has to set 22 — 22 —ie, with € > 0
infinitesimal. Furthermore, the constant finite terms in the hard-scattering kernels depend on
the choice of evanescent operators. Our choice is described in appendix A.1 and coincides with
the ones used in ref. [28]. The corresponding LO QCDF results are collected in appendix D.

3.3.2 Three-particle contributions at tree level

Here we present the contributions from additional collinear gluons in the final state of the light
meson as shown in figure 2. We will again give the results for the full basis of BSM operators.
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We start with the results for the vector operators:

(D TP QY IBY) = +¢7{% / Du[Jy — Ja] TiE (us) @up(n),  (3.44)
(DG PTIQY B, = —z‘f{% / DulJy — Ja] T (ug) ®up(u),  (3.45)
<D((:))+P_‘ oyt ‘B(Os)>qqg = +i7{7% /DQ [Jv + J 4] Tq‘g—gLL(ug) Pyp(u), (3.46)
(DG PTIQYRR B, = —ifg [ Puldy + AT ) Bup(w), (3.47)

where [ Du = fol duydusdug §(1 —uy —ug —ug). Here, u = {uq, uz, us} denote the momentum

fractions of the quark, antiquark, and the gluon of the light meson momentum ¢. The twist-4
LCDA ®y4,p is defined in eq. (B.14). The hard-scattering kernel is given by

1 1

TVEL = —— 3.48

qq9 (Ug, Zc) Nc us3 (1 — Zg) ( )

VLL in the limit m, — 0 differs from the result in eq. (68)

of ref. [10]. Accounting for different choices of operator basis, we find that eq. (68) of ref. [10]

should be multiplied by a factor of 1/N,.
For the scalar operators there is no non-vanishing three-particle contribution since the

Our result for the SM operator

scalar operators cannot generate any non-vanishing vacuum-to-light meson transition for
three-particle light meson states. For the tensor operators, however, we obtain the following

* _ = . m2
(DG PIQM|BY), = +ifsp—E / Du [Js TEE (us, z) — Jp THE (s, —20)] @sip(w)

( m2 qq9 qd9
+0(q%), (3.49)
* _ = . m2
<DES))+P | Q5FH ‘B?s)>qqg = —zf3pmf§ /Du [Js Tt (us, ze) + Jp Tooo ™ (us, —zc)} ®3.p(u)
+0(q"), (3.50)
with the hard-scattering kernel
2 1
TqquL(u;g,zc) =——— (3.51)

B ﬁcuii (1+Zc)2,

and the twist-3 LCDA ®3.p defined in eq. (B.10). These contributions are zero for ¢ =0,

so we keep the leading term with ¢ = m%.

3.4 Branching ratios

We write decay amplitudes for our decays of interest in the standard way as*

S — GF * B s D s

AB = Dy P) =i Ve Vigar (Do P) fr fo OO (m) (b, —mb,,,), (3.52)
_ % _ G % % B(S)—)D*S

A(B(y— D5 P ):z—\/g Vi Viyar (D P) fp A, ‘)(m%)\/A(mQB(S),m%@,m%), (3.53)

“For the By — DE‘:gP_ amplitude we differ from the expression in ref. [10] by a factor of minus one. This
is because we insert this minus sign into the definition of a; such that ai(D*P) ~ —1 in the SM.
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with the Killén function A(a, b, c) = a? + b% + c? — 2ab — 2ac — 2bc. Note that in our definition
of a1 we include BSM effects as well as three-particle contributions. It is convenient to

split up aq as

Qg

a1 (DM P) = "D Py + 22 . a{"(DWP) + a9%9(DH Py . (3.54)
T

Here, agn)(D(*)P) is the two-particle n-loop contribution, while a?%9(D®) P) is the tree-level
three-particle contribution. The explicit expressions for a; are given by

Z v MY (DP) (C* — c%™) | (3.55)

with the coefficient matrix

0 141664 1 2 _8 _32
9 _[3973 9 "6 9 3 9
MEDOP) =155 s » 2 98 _64 256 |’ (3.56)
39379 6 9 3773 9
and the prefactor vector v = (1, pp/(mp —me)) .
The NLO contribution can be cast in an analogous form
Z v MY (DP) (c*" — ¢y | (3.57)
with
HyL 18 2HHR () + &
_;HVLL(ZC) ;? % _ lHSLR(ZC)
16Hp L (2.) + 220 BHPER(z,) — 26
_%HXLL(ZC) 32074 135750 4HgLR(ZC)
(0 (DP)) = s R ) Sl Ity (3.58)
LHEPMR () = T —LHF (20) + R HE () + 82
. GHEM(20) + LHEM (5) — 228
gf?j _HE’LL(ZC) - %HTLL(ZC) - %
1280 _ 8HPLR(z) —64HPM (2) — 16HEM (z,) + 102

YR < 8 () + P )+ 2

Here H3 is the convolution integral of the hard-scattering kernel for the Dirac structure
X with the corresponding LCDA:

HE (z.) = / duT™ (u, z.) o3 (u) (3.59)
where qﬁfg is given by

) — {¢P(u), if X € {VLL, VLR)} (3.60)

oh(u), if X € {SLL, SLR, TLL}

We normalized the Hf by ¢ such that agl) is O(a?).
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We also write the three-particle contributions in a similar form,

with

and

q ~ q bcu bcu
al¥(DP) =Y o M (DP) (™™ - C}™),
ij

- 1 fsrmi 1
v=|—5,—=—4—],
my’ fr mi (my —me)

AHRLE (2) 0
“3HbGG) 0
64H L () 0
BHbG ) 0
i op)” | ") 3
EHP,qég(ZC) _ﬁHP,qtig(zc)
0 _QH}%ng(ZC)
0 s H (=)
—32HpLL (z.) 64HELLE (z)
S Hpggg(2) =5 Hpggy(z)

The three-particle convolutions H ])Df qGg are given by:

iy = Tq‘l/]:!?L(u& Zc) (I>4;P(Q), if X=VLL
HPQ@Q(ZC) = [ Du '
| TE " (u3, ze) @3,p(u), if X =TLL

(3.61)

(3.62)

(3.63)

(3.64)

The corresponding expressions for a1 (D*P) can be written in a similar form. The vectors
v and v have to be modified by exchanging my, — m, with m; + m. and the primed Wilson

coefficients get an extra minus sign. The matrices read

MO(D*P)=

(M<1>(D*P))T =

1 4 16 64 1 2 8 32
3753 "9 5 00 0 -3-7
2 08 8 32 _1_2 o5 _8 64 256 |’
3 9 3 9 6 9 3 3 9
VLL 16 SLR 32
—Hp*"(=zc)+5 2Hp (—2e)+5
1 7VLL 28 1 r7SLR 56
sHp " (—2c)+57 —3Hp™ " (—ze)+57

8H1§LR(—,ZC) — 29@
42
~JHEHE () + B HEEE ()~ 4

wHRM (—2e) = g HEM (= 20) — 37

—16H L (—2,)—320
SHE a0+
_%H};LR<_ZC)_%

BHEMA(—20)—]

2 Oz~ PP () B
8 HEM (—ze)+ 3 HEM (—20) + 42

64H P (—2.)+ 16 HH P (—2.) — 184

120 _gpVIR(_,)
R HEH (—2)— §HE (—2,) - 218

e
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—4HpLL (—2,) 0
(=) 0
—64HpLL (—2,) 0
FHbG (=0 0
§HP,q§g(_ZC) EHP,ng(_ZC)
0 2HLLE (—2c)
0 —HEL(-=)
—32Hp L (—2.) —64HELE (—2.)
YHE () BHEL (2

Finally, the decay rates are obtained by performing the phase space integration,

2 (2 2 \2\1/2(,,2 2 2
Gr (mB(s) _mD(s)) A (m3(3)7mD(s);mp)

327 m3B(S)
o (D P)[ 12 (51077 (mb)TL @09
G% )\3/2(m23(s),m%*s , M)

(s)
3
327 mB(S)

’ a1 (D;;)P)f 2 (AOB(S’%D?S) (m%))Q . (3.69)

D(B(,) = DL, P7) =

X

Vet Vg

D(Bly — DS P7) =

*
X VCquq

4 The B-meson lifetime in the Weak Effective Theory

Apart from the constraints coming from exclusive branching ratios, we also constrain the
WET coefficients using the total lifetime of the B-meson. The lifetime constraint serves the
purpose of providing an absolute bound on the WET parameters, i.e., to ensure a finite
volume of the parameter space. Hence, for our purposes, it is sufficient to compute the
leading-order expression for the lifetime, without taking into account either corrections beyond
the heavy-quark limit or perturbative QCD or QED corrections. In the heavy quark limit,
the inclusive decay rate I'(B — X 4q) is equal to the partonic decay rate,

I'(B — Xeyq) =T(b— ng;t) + O(1/my) =T(b — cuq) +O(1/my, as, @) . (4.1)

- =
Fq

The leading three-particle inclusive partonic rate is given by

11 )
Ty = o me/ S| M2dPSs, (4.2)

where the sum over colour and spin of the squared matrix element at tree level is obtained

directly by evaluating the cut diagram shown in figure 3. We write the result of this
computation in the form

qu — FO ’VJq|2 Z (Cgbcu*cqbcu + Cgbcu*cqbcu) Gij ’ (43)

J i J’
4,J
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Figure 3. Tree-level contribution to the (i, j) interference to the partonic rate I'(b — cugq).

with
_ GEmp [V ?

Iy = 4.4
0 192 73 (4:4)

The coefficients G;; fulfil a number of symmetry relations. It is easy to see that only insertions
of either two singlet or two octet operators yield non-zero contributions due to the colour
structure of the diagram and hence we have G;; = 0 if one of the indices is even and the other
one is odd. Furthermore, the contributions from two singlet operator insertions are equal to
the two octet operator insertions up to an overall colour factor, such that G141 = %Gij
for 4,5 odd. Additionally, it is clear that due to the structure of the Dirac traces coming
from the cut diagram figure 3, the chirality-flipped operators yield the same contributions as
their non-flipped counterparts. Finally, G;; = Gj;. Taking into account these considerations,
the whole matrix can be constructed from the entries with ¢, odd and 7 < j:

1 1 1 1 1 1
Gi1= —Gi13= —G33 =4G55 = —G59 = =G = ——Gr9g = ——Ggg = 6
1= 101 = 135G 55 = 15059 = G711 = — 019 = 50000 = 6 (%),
1 1 1 1 1
Gis 6G17 56G19 10G35 520 128G39 69(zc), (4.5)
Gs7 =0,
where the two functions f and g are given as
flze) =1 — 822 4828 — 28 — 2421 10g(2,.) , (4.6)
9(ze) = zc (1 +922 — 922 — 28 4 12(22 + 2 log(zc)) . (4.7)

The SM part of our results reproduces the LO result in ref. [39].

5 Phenomenological analysis

We now investigate the implications of the experimental data on the non-leptonic decays, and
the corresponding b — cuq puzzle, by carrying out a phenomenological analysis within the
WET. The analysis makes use of the available data on B?S) — Dz;)P* and B(OS) — DE;JgP*
decays as well as measurements of the B-meson lifetime. As mentioned in section 2, we

perform the analysis within the Bern basis of WET operators.
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5.1 Setup

5.1.1 Statistical framework

We perform a Bayesian analysis of the available data on B?S) — Dé:)) tp- decays. Central to

any Bayesian analysis is the so-called posterior probability density function (PDF):
P(#|D,M)x P(D|Z,M) Py(Z|M). (5.1)

As part of the analysis, we maximize this posterior PDF with respect to &, or we draw
random samples & ~ P(Z| D, M) to determine the allowed parameter space and produce
posterior predictions. The parameters & = (5, V) split into the parameters of interest J (here:
the WET Wilson coefficients) and nuisance parameters 7 (here: hadronic parameters). The
posterior PDF factorizes into the likelihood function P(D|Z, M), which accounts for the
experimental and theoretical constraints following from the labelled data set D, and the prior
PDF Py(Z| M), which accounts for our a-priori knowledge of the parameters. The fit model
M governs what parameters are varied and how their priors are chosen. We discuss the data
set and the fit models entering our analysis in section 5.1.2 and section 5.1.3, respectively.

To compare a pair of fit models M; and My, we compute the normalization of the
posterior for both models given a common dataset D:

P(D|M;) = /dfP(D | #, M;) Po(#| M;). (5.2)

This quantity is known as the marginal posterior of M; or the evidence of M;. Ratios of evi-
dences K(My, Ms) = P(D | M;)/P(D | Ms) are called Bayes factors and provide information
about the efficiency of the two models in describing their common dataset D.

Following Jeffreys’ interpretation [42], M; is preferred over the model My if K (M, Ma) >
1. The levels of preference range from “barely worth mentioning” (1 < K (M, Ms) < 3),
substantial (3 < K(Mj, Ms) < 10), strong (10 < K (M, Ms) < 100), and decisive (100 <
K (M, My)). For K(Mj, M;) < 1, the above interpretation favours My over M, and the
level is determined from 1/K instead.

In the course of our analysis we are confronted with posterior densities that feature
well-separated local modes for the parameters of interest. To determine the relevance of these
local modes, we proceed as follows. First, we distinguish between any pair of local modes
in an unambiguous way. In our analysis, this can be achieved either through rotating the
parameter space or by creating a characteristic scalar function f. We use the latter approach,
by defining a hyperplane in the vector space of ¥ and further defining f = 7 - ¥ + const. This
hyperplane (and its normal vector 7) is chosen such that one of the modes yields f < 0, while
the other mode yields f > 0. The procedure is iterated if more than one hyperplane is needed
to cleanly separate the modes. Second, we determine the local evidence of a mode:

P(D| M)y = [ di PD| 7.3 P& M) T] 1 (). (5.3)

where m indicates the mode of interest, 1 represents a suitable indicator function, and
1 iterates over all characteristic functions as collected in appendix E. The local evidence

,19,



Measurement Central value & Uncertainty  Reference  Notes

B factory analyses
B(BY = D77t) (3.6 +0.54+0.5)-1073 [43]
B(BY — D~KT)

o\ =Y R ) . 10-2
B(BY 5 D) (6.8 +1.7) - 10 [44]
fooB(B® = D=7 )B(D~ = Ktn—77) (1.21 4 0.05) - 1074 [45, 46]
BB - D 7t)B(D~ — KTn—7n7) (2.8840.29) - 1074 [47] t
0 *—,_+
BB = Dy ") 0.66 = 0.16 [48]

B(B? — Dy 7t)
fooB(B® — D*~77T) (1.40 £0.07) - 1073 [45, 49]
B(BY — D*~nt)

—_— 0.99 4 0.14 47
B(B° — D—7+) ( ) [47]
Tevatron analyses
Is B(BY — D;n") B(D; — ¢ ) 9
6.7+0.5) - 10 50
|TevatronB(BO —~ D— ﬂ.+) B(D_ N K+7T_7T_) ( ) [ ]
LHC analyses
s B(BY - D;7")B(D; - K"K m) Ly
7|LHCb(7TeV) B(BY = D ") B(D- = Ktnm) (17.4+0.7)-10 [51]
B(BY — D;7") B(Dy - KYK~77) .
ILHCb(7TeV)l,j.(B0 DK B(D- o Kot 2.08 £ 0.08 [52]
B(B° =D~ K+ _ %
Bt (8.22 4 0.28) - 102 [52]
PDG averages
B(Dy — ¢77)B(¢p — KTK™) (2.27 4 0.08) - 1072 [53]
B(Dy — KTK~77) (5.45+0.17) - 1072 53]
B(D~ — Kt n™) (9.38 £ 0.16) - 1072 [53]
Other
B(BY - D*~KT)
.75 +£0.30) - 1072 44, 54, 5
B(BY — D*—x+) (7.75+£0.30) - 10 [44, 54, 55]
Jfoo 0.488 £ 0.010 [56-58]

Table 1. Summary of the definition of the auxiliary observables entering the likelihood and their
respective statistical constraints. The measurements marked with * are correlated with each other
with a correlation coefficient of —0.56. In the reference marked with T, both the D~ — K*7~ 7~ and
D~ — K m~ channels are considered, but the D~ — K+t7~ 7~ channel dominates.

is therefore obtained by constraining the integration volume to contain only the mode m.

Naturally, we recover the global evidence by adding up all local evidences, i.e.,

P(D[M;) =Y P(D| M)y (5.4)

To streamline our discussion of the phenomenological results, we dismiss all modes with
local evidence below 2% of the global evidence.
5.1.2 Experimental data

As discussed in ref. [21], an accurate description of the experimental constraints on the

branching ratios for the B?S) — D(J;)P_ and B?s) — DZ‘;;P_ decays of interest is difficult,
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Figure 4. Selection of one-dimensional and two-dimensional marginal likelihoods arising from the
global likelihood as described in table 1. We choose to display the branching ratios B(Bs — Dg*)ﬂ)
and the hadronisation fraction fs/fy for the LHCD phase at 7 TeV centre-of-mass energy. Our choice
highlights the non-Gaussian nature of the full likelihood and illustrates the effects of our Gaussian

approximation.

and an indiscriminate use of the PDG world averages for the various branching ratios [59]
would lead to inconsistent results. This is due to the fact that previous experimental analyses
have relied on

 contemporary absolute measurements of the branching ratios for the subsequent D)
decay, e.g., Dy — ¢m;

o contemporary absolute measurements of the branching ratios of a normalisation channel,
e.g., B - Dtr—.

e contemporary determinations of the Bs;-meson fragmentation fraction fs, typically
normalised to the Bz-meson fragmentation fraction fg;

e an ad-hoc assumption on the py dependence of f;.
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Following ref. [21], we construct our experimental likelihood for the branching ratios of
B?S) — DE’;)P* and B?S) — DE‘;;P* decays from the measurements of auxiliary observables.
Absolute branching ratios of the subsequent D,y decay, the normalisation channels, and
the hadronisation fraction are included as nuisance parameters. All auxiliary observables
and nuisance parameters as well as their statistical constraints are listed in table 1. A
machine-readable description of the likelihood for use with the EOS software is available as
the file 1ikelihood.yaml within the supplementary material [60].

For the purpose of our proof-of-concept analysis, we approximate this likelihood with a
multivariate Gaussian likelihood, which is available in EOS under the qualified name

B_(s)->D_(s)~ (%) ::BRGMvDV:2024A.

The effect of the Gaussian approximation is illustrated in figure 4. Approximating the
full likelihood avoids using a total of eight experimental nuisance parameters. This step
considerably simplifies and speeds up our analysis, in particular the sampling processes.
The approximative likelihood of the branching ratios for the decays of interest contributes
a total of four observations to the analysis.

In addition to the exclusive decay modes discussed above, we further impose a penalty
function on the theory prediction for the total decay width I'(Z) of the B~ meson, assuming
that this decay width minus the contributions from the semileptonic B~ — X /¢~ v channels is
completely saturated by decays mediated by the gbcu sector. As discussed in section 4, our
theory prediction only accounts for tree-level contributions at leading order in o and leading
power in 1/my. Our choice of the penalty function contributes to the overall likelihood
function as

D(@)-p\2  ppy=
—2log P(B™ lifetime | ¥, M) = (%> 1) > p
0 otherwise

(5.5)

where we use

pw=T(B )ppa — (B~ — X{ v)ppg = 0.4763ps™ !,

o =o(0(B™))ppe = 0.0015ps ™" . (5.6)

This penalty function provides a very weak constraint on the size of the gbcu-sector coefficients,
and its dominant effect is to limit the volume of the WET parameter space. The constraint
could be strengthened by dedicated inclusive measurements; see section 5.3 for further
discussion. We do not count this penalty function as an observation for the purpose of
determining the total degrees of freedom or a p value.

5.1.3 Parameters of interest and their priors

We analyse the available data using five fit models, which we label SM and WET-1 through
WET-4. These models differ only in terms of the parameters of interest U but share a common
set of (hadronic) nuisance parameters . All of our fit models assume the Wilson coefficients
to be real and flavour universal between the dbcu and sbcu sectors. This reduces the maximum
number of independent parameters of interest to 20. The five fit models are the following:
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SM This model lacks any parameters of interest whatsoever. The WET Wilson coefficients
are fixed to their SM values. Hence, it serves as the null hypothesis for the purpose of
model comparisons.

SM+PC This model has two parameters of interest, which account for power corrections to
the QCDF results in the SM via

al(D(s)P) — al(D(s)P) X (1 + (5p) s al(DEkS)P) — CL1(DE§)P> X (1 + 5v) . (57)

As for the SM model, the WET Wilson coefficients are fixed to their SM values. The
newly introduced parameters dp and dy are used universally for both quark flavours
q = d, s. Their priors are chosen to be uniform distributions

5p € [-0.5%,0], by € [—0.3%,0]. (5.8)

These intervals correspond to the larger of the estimates provided in ref. [21] for the
as-of-yet unknown soft-gluon contributions. Note that the estimate in ref. [21] includes
the sign of this contribution, and that allowing the parameters to take the opposite
sign would only increase the tension with the data.

SM+PC’ This model corresponds to SM+PC, albeit with much larger prior intervals for
the power correction parameters:

5p € [—=30%,0], 6y € [-30%,0]. (5.9)

These intervals correspond to the size of power corrections needed to explain the
anomalies through power corrections alone, as discussed in the literature [21].

WET-1 This model has four parameters of interest, corresponding to the WET Wilson
coefficients Ci]bc“ through Cffbcu. We do not just vary the BSM part of the Wilson
coeflicients but the whole Wilson coefficients. Hence, there is no fixed SM contribution
in this scenario and thus the likelihood is symmetric under Cgbw — —Cfbcu. The priors
are chosen as independent uniform distribution on the support

ci  [-3.0,3.0], CI™ e [-4.0,4.0],

beu bew (510)
ci € [-0.3,0.3], CP € [-0.4,0.4].

All other WET Wilson coefficient are set to zero. Hence, this fit model corresponds to
floating only the SM-like WET Wilson coefficients.

WET-2 This model has six parameters of interest, corresponding to the WET Wilson coeffi-
cients Cgbc“ through C‘fgcu. Their priors are chosen as independent uniform distribution
on the support

ci e [-3.5,4.0], CI“ e [-6.5,6.5],

cit ¢ [-1.5,1.5], CI™ e [-3.0,2.0], (5.11)
cd € [-0.1,0.1], €% e [-0.2,0.2].
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The Wilson coefficients Ci]bcu though Czbcu are set to their SM values. Hence, this fit
model corresponds to floating only the six non-SM Wilson coefficients of the unprimed
operators while setting the SM-like Wilson coefficients to their SM values. The SM
contribution breaks the Cfbcu — —Clqbcu symmetry that was present in the WET-1
scenario.

WET-3 This model has four parameters of interest, corresponding to the WET Wilson coef-
ficients Cilf’ ““ through CZ,b ““. Their priors are chosen as independent uniform distribution
on the support

CI € [-2.5,2.5],  CI¥M e [-2.5,5.0],
CP € [-0.25,0.25], CI* e [~0.25,0.25] .
All other BSM WET Wilson coefficients are set to zero while the four SM WET Wilson

coefficients CI°°Y are set to their SM value.

(5.12)

WET-4 This model has six parameters of interest, corresponding to the WET Wilson coefli-
cients Cg,b ““ through Ci’g,c". Their priors are chosen as independent uniform distribution
on the support

CI™ € [-4.0,3.5], CP € [~10.0,4.5],
CH e [-1.5,1.5], CI™ e [-2.0,3.0], (5.13)
Cl e [—0.1,0.1], C¥™ e [-0.2,0.2].

The Wilson coefficients "™ through C**™ are set to their SM values while all the
other BSM Wilson coefficients are set to zero.

Our choice of fit models is motivated by the structure of the SM contribution and the
anomalous mass dimension matrix in the Bern basis of operators.

Within the SM, the coefficients Ci]bc" through Cffbcu take non-zero values, while all other
coefficients vanish; see eq. (2.5). Under change of the renormalization scale, these four
SM-like coefficients mix with each other but do not induce contributions in the remaining
coefficients. BSM physics inducing effects amongst the SM-like coefficients only is therefore
captured by model WET-1. If, on the other hand, BSM physics does not produce SM-like
effects, we would not see interference with the SM-like operators. This scenario motivates
fit model WET-2. The remaining models WET-3 and WET-4 arise from BSM physics that
induces effects with the opposite chirality.

5.1.4 Hadronic nuisance parameters and their priors

For this proof-of-concept of a Bayesian analysis of the available data on B?s) — Dg:)) tp-
decays, we aim to include only the major sources of theoretical uncertainties. In our case,
these are the hadronic B, — D((I*) form factors with ¢ = d,s. Their central values and
uncertainties are collected in table 2. Further theoretical uncertainties that emerge from
the hadronic matrix elements of the light meson (decay constants and LCDA parameters)
are not accounted for. We find that these uncertainties are small compared to those of
the hadronic form factors and compared to the effects incurred by the approximation to
the experimental likelihood as discussed in section 5.1.2. We also fix all the other input
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Parameter Value + uncertainty Comments

fEmPs(m2) 0.669 4 0.011 Gaussian
fE=P(m%) 0.675 £ 0.011 Gaussian
AP D5 (m2) 0.688 =+ 0.056 Gaussian
AB=P" (m2,) 0.704 %+ 0.035 Gaussian

Table 2. Summary of the 1D marginal priors for the hadronic nuisance parameters that are varied in
our analysis. For the full covariance matrix we refer to the ancillary material [60].

parameters such as masses, couplings, CKM elements and B-meson lifetimes to their central
values, which are collected in table 3.

Ref. [72] provides correlated parameters for the full set of ten hadronic form factors
in B(q) — DE;)) transitions in the heavy-quark expansion to order 1/m?2. This information
enables us to evaluate the form factors at arbitrary momentum transfer ¢*>. However, for
our analysis we only require four of these ten form factors. Moreover, we only need to
evaluate them at two distinct values of the momentum transfer; the required quantities are
P 2), A" (q? = m2), f§P(g* = m) and AF~P"(¢? = m¥). Hence, we

produce posterior predictions for these four quantities. Their distribution is a multivariate

¢ =m
Gaussian distribution, which is available in EOS under the qualified name
B_(s)->D_(s) " () ::FormFactors[f_0(Mpi2),f_0(MK2),A_0(Mpi2),A_0(MK2)]1@BGJvD:2019A\, .
We use this multivariate distribution as a multivariate prior PDF in our analysis.

5.2 Methods and results

We pursue three objectives with our analysis, which can be summarized by the following

questions:
(a) Can the available data on exclusive B?s) — DE:)) tp- processes be described jointly in
the SM?

(b) Is a BSM/WET interpretation of the data favoured or disfavoured with respect to the
SM hypothesis?

(c) How strongly does the available data restrict the parameter space of the dbcu and sbcu
sectors of the WET?

To achieve objective (a), we maximize the posterior PDFs P(Z| D,SM). We observe that,
for the models WET-1 through WET-4, the same exercise yields at least two well-separated
modes of the posterior PDF. By mode, we refer to a distinct local maximum of the PDF. By
well-separated, we refer to the fact that any two modes are separated by a region of parameter
space that is so significantly disfavoured that the parameter space effectively splits into two
disconnected regions. We compile our results for the global x? values for the various modes
of the posterior distribution in table 4. The x? values are obtained in the best-fit points *.
To achieve objective (b), we sample from the five posterior PDFs and calculate the (local)
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Parameter Value Units Source
Strong coupling and quark masses
as(M,) 0.1180 - [61]
My 91.1880 GeV [61]
My 80.3692 GeV [61]
my(mp) 4.18 GeV [61]
me(me) 1.273 GeV [61]
ms(2 GeV) 0.0935 GeV [61]
mq(2 GeV) 0.0047 GeV [61]
my (2 GeV) 0.00216 GeV [61]
Hadronic parameters of the m and K mesons
My 0.13957039 GeV [61]
fr 0.1302 GeV [62—65]
af(1GeV) 0.157 — [66]T
o (1GeV) 0.06 - [67]1
far(1GeV) 0.0045 GeV? [68]
w3r (1 GeV) -1.5 - [68]
mr 0.493677 GeV [61]
fK 0.1557 GeV [62, 69-71]
o (1GeV) —0.06336 —~ [66]
o™ (1 GeV) 0.142191 —~ [66]T
o (1GeV) —0.06219 - [67]"
o (1GeV) 0.11196 - [67]f
f3x (1 GeV) 0.0045 GeV? [68]
W3K(1 GeV) —1.2 - [68]
Masses and lifetimes of the B, and DE:)) mesons
mp 5.27972 GeV [61]
mp, 5.36693 GeV [61]
mp 1.86966 GeV [61]
mp+ 2.01026 GeV [61]
mp, 1.96835 GeV [61]
mpx 2.1122 GeV [61]
B 1.517 ps [61]
TB, 1.520 ps [61]
CKM matrix elements

|Vep| 0.0411 - [61]
| Vil 0.97367 - [61]
|Vaus| 0.22431 - [61]

Table 3. Numerical values for the parameters that are kept fixed in the analysis. The value has
been evolved down from 2 GeV to 1 GeV using leading-log running.
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Fit model M Labelled mode X2 log P(D, M)

SM — 26.69 9.04 +0.03
SM+PC — 25.18 9.71 £0.10
SM+PC’ — 1.58 29.12 +0.04
WET-1 A 1.61 21.75£0.03
WET-1 B 1.67 21.77+£0.03
WET-2 A 1.57 18.40 £ 0.03
WET-2 B 1.34 16.35 £ 0.03
WET-3 A 1.62 21.60 £ 0.03
WET-3 B 1.32 21.50 £0.03
WET-4 A 1.54 18.48 £0.03
WET-4 B 1.69 16.62 £ 0.03

Table 4. Goodness-of-fit values for the fits conducted as part of this analysis. We provide x? =
—2log P(experimental data | #*) at the posterior’s labelled modes Z* and the natural logarithm of
the localized evidence log P(D, M), i.e., the evidence obtained by integrating the posterior only in
the vicinity of the local mode. Providing a p-value is not useful in our analyses, since most of the
fit models have at least as many parameters as they have observations. We remark that neither
the SM fit model nor the SM+PC fit model provide a good fit, since both x?/d.o.f. = 26.69/4 and
x?/d.o.f. = 25.18/2 correspond to p-values well below our a-priori threshold of 3%. The SM+PC’ fit
model yields a p-value of 45%, albeit with power corrections that exceed the theory expectations (see
the definition of SM+PC) by two orders of magnitude.

evidences P(D|M;),,. Here local evidence refers to integrating the posterior PDF by
restricting the integration support to a region that is only connected to a single mode. We
compile the local evidences in table 4. Calculating the marginal posteriors enables us to carry
out a Bayesian model comparison as discussed in section 5.1.
To achieve objective (c), we investigate the marginal posteriors for the WET parameters.
The marginal posteriors are discussed in detail in section 5.2.2.

Our analysis uses the EOS software [73] in version 1.0.13 [74], which includes all of the
analytical results presented in sections 3 and 4.

5.2.1 Null hypothesis

As anticipated earlier and in line with the results in the literature [20, 21, 28, 75-77], we find
that the SM fit model does not describe the data well: we obtain x? = 26.69 when evaluating
the experimental likelihood. Given four degrees of freedom, this corresponds to a p-value of
2-107°. The fit prefers to lower the values of the form factors compared to the prior’s central
value. This deviation from the (joint) prior distribution reaches a significance of 3.4 0.

Fitting the hadronic nuisance parameters to the experimental data lessens the tensions
with the branching ratios somewhat as can be observed in figure 5: all SM postdictions are
closer to the measurement than the original theory prediction (marked as TH). The lifetime
bound is fulfilled by this fit scenario by construction.
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Figure 5. Comparison of the branching ratios of the nonleptonic decays in units of the experimentally
measured branching ratios. We show the theory-based prior prediction (TH) and the various posterior
postdictions for the fit models SM, SM+PC() and WET-1 to WET-4. In the BSM-like models, the
two modes A and B are shown separately. The tension between the prior predictions and the SM
postdiction on the one hand and the measurements on the other is clearly visible. All intervals shown
correspond to the central intervals at 68% probability.

Fitting additionally for potential power corrections as discussed in the definition of the
SM+PC fit model does not alleviate the tension with the experimental data. Accounting for
the power corrections using two flavour-universal parameters (within the estimates produced
in ref. [21]) reduces the x? by less than 2, yielding a p-value of 3-107%. As expected, loosening
the prior for the size of the power corrections beyond the aforementioned estimate yields
an excellent fit with a p-value of 45% and a Bayes factor decisively in favour of the SM fit
model. The preferred size of the power corrections is in the negative 20% range universally
for 0p and dy, exceeding the estimates by roughly two orders of magnitude.

5.2.2 BSM effects

The posterior samples for two of the four BSM scenarios are summarized in the corner plots
in figures 6 and 7. Similar corner plots for models WET-3 and WET-4 can be found in the
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Figure 6. One-dimensional and two-dimensional marginal posterior PDFs for the four parameters of
interest of the WET-1 model. The “4” and the solid black lines show the SM point eq. (2.5). The
coloured areas are the central 68%, 95%, and 99% integrated probability contours of the posterior
distribution obtained from a kernel density estimation. Blue areas belong to mode A, while orange
areas belong to mode B. The boundaries due to the lifetime constraint are illustrated as green ellipses.

ancillary material [60]. The likelihood for the WET-1 model exhibits a discrete symmetry
cabt 5 4 This symmetry is broken in models WET-2, WET-3 and WET-4 due to
the non-zero SM contributions to the Wilson coefficients Ci].bfff. Although we confirm this
symmetry numerically in our code, our sampling results are only approximately symmetric.
Hence, we symmetrize our results for the WET-1 scenario a posteriori.

For each of the BSM fit models, we find two modes with local evidence of at least 2% of
the total evidence. Details on how we separate the modes in each fit model are discussed in
appendix E. In the case of WET-1, these two modes are of course present in duplicate due to
the aforementioned symmetry. We consistently label these modes as “mode A” and “mode B”,
based on their relative distance to the SM point: mode A is always chosen as that mode that
is closer to the SM parameter point. While it might look as if mode A includes the SM point
in the various projections shown in figures 6 and 7 and the ancillary figures, we emphasize

— 929 —



o

/

) -
N

N\
v

0 2 =5 0 5 -1 0 1 -2 0 —0.05 0.00 0.05 —0.1 0.0 0.1

Re Cglx,u Re ng Re C;,m Re Cg‘“'“ Re Cgb('u Re C;,gw

-2

Figure 7. One-dimensional and two-dimensional marginal posterior PDFs for the 6 parameters
of interest of the WET-2 model. For an explanation of the individual elements, see the caption of
figure 6.

that this is not the case. Instead, we find that the samples form a hollow shell around the
SM point, which is excluded at high significance. In contrast to the SM fit, the BSM fits do
not pull the form factors away from the a-priori central value. For all eight modes, we find
that they are in perfect agreement with the prior expectation. From the evidences given in
table 4, we conclude that all BSM models are decisively favoured over the null hypothesis;
their Bayes factors range from K(WET-2B,SM) = 1.5 - 103 to K(WET-1B,SM) = 3.4 - 10°.

Both of the four-operator models WET-1 and WET-3 feature modes with almost
identical evidences (log P(D,WET-1)5 ~ logP(D,WET-1)g ~ log P(D,WET-3)s =~
log P(D, WET-3)p ~ 22). Hence, we can neither distinguish between the modes, nor do we
see a preference for either of the four-operator models. The WET-1A and WET-3A modes
are close to the SM point and thus would correspond to a relatively small change in the
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Wilson coefficients. The WET-1B and WET-3B modes on the other hand give room for
large modifications of the Wilson coefficients.

The six-operator models WET-2 and WET-4 each feature a mode A that is substantially
preferred over mode B. Out of all WET-2 and WET-4 modes, mode WET-4A has the largest
evidence. Nevertheless, it — and therefore each of the six-operator fit models — is strongly
disfavoured with respect to the four-operator models, as evidenced by their Bayes factors:

K(WET-1A, WET-4A) = 26.31 K(WET-1B, WET-4A) = 26.84,
K(WET-3A, WET-4A) = 22.65, K(WET-3B, WET-4A) = 20.49 . (5.14)

In order to see the effect of the lifetime constraint, we overlay the two-dimensional
marginalized posterior distributions of the Wilson coefficients with the two-dimensional
projections of the ellipsoid defined by the penalty function eq. (5.5). We see that for many
combinations of Wilson coefficients the lifetime constraint does not have a significant impact
(e.g. for the CI*“—CI"" plane in figure 6). However, for some combinations (e.g. for the
Ci]bcufcgbcu plane in figure 6) the lifetime ellipses are almost completely filled. This indicates
that the lifetime gives the dominant constraint on this combination of Wilson coefficients,
thereby identifying directions in the parameter space that are presently either unconstrained
or only very mildly constrained by the exclusive decay modes.

5.3 Outlook

The analysis presented in this article is of explorative nature and could be improved in a
number of ways. One chief improvement would be finding a way to separate between the
two types of modes found in our analysis. Another improvement would be to merge the four-
operator and six-operator scenarios into a ten-operator scenario. Both types of improvements
require data providing further and complementary constraints on the WET coefficients.

Examples for this kind of data include the lifetime ratio 7(B™)/7(B°) and the semi-
leptonic CP asymmetry agl. These observables have been recently studied in ref. [76] in the
context of one-operator and two-operator scenarios, improving the bounds previously obtained
from the exclusive nonleptonic decays in ref. [28]. Other examples include determinations of
the inclusive decay widths B, — X.s and B — X_.,, where the final state has total charm
C = +1 and total strangeness of either S = +1 or § = —1, respectively. Even upper
bounds on these inclusive decay widths would help to sharpen the effect of the penalty
function eq. (5.5). Furthermore, a more precise measurement of B(B, — DF7~) would help
to distinguish between the A and B modes of the different fit models. This is because all
posterior predictions for this branching ratio undershoot the experimental central value for
the A modes while they overshoot it for the B modes as can be seen in figure 5. A more
precise measurement would discard either all the A modes or all the B modes.

6 Conclusions

In this article we have investigated possible BSM interpretations of the puzzle related to the
nonleptonic B?S) — Dé:)) tp- decays within the Weak Effective Theory (WET). To this end,
we have recalculated the two-particle contributions to the hard-scattering kernels up to NLO
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in QCD for the full set of WET operators up to mass-dimension six. We find agreement
with the literature. Additionally, we have calculated the three-particle contributions for the
full set of WET operators at LO in QCD. Our results refine the previously published SM
result and present for the first time the BSM contributions.

Based on our analytical results, we have performed a model-independent Bayesian analysis
of the available data for our decays of interest. Aside from the experimental data on the
relevant exclusive branching ratios, we have included a global bound from the B-meson
lifetime. To that end, we have calculated the nonleptonic lifetime at LO in QCD and at
leading power in the heavy quark expansion for the full set of WET operators in the gbcu
sector for the first time.

Our phenomenological analysis begins by fitting only hadronic nuisance parameters
and fixing the Wilson coefficients to their SM values. As expected, this fit model cannot
adequately describe the experimental data. Fitting possible power corrections to the data,
while constrained by estimates for their size, can only provide a very slight reduction of
the tensions. They can only be fully removed by allowing for power corrections that are
larger than previous estimates by two orders of magnitude. Consequently, we tested four
different BSM models, two of them simultaneously varying four Wilson coefficients (WET-1
and WET-3) and two of them varying six Wilson coefficients (WET-2 and WET-4). We find
that all BSM models feature two distinct modes, one of them close to the SM point (mode A)
and one of them farther away (mode B). All eight BSM modes are decisively favoured over
the null hypothesis (the SM hypothesis), but not over the unconstrained power-correction
hypothesis (SM+PC’). Furthermore, all the modes of the models containing four Wilson
coefficients have almost identical evidences and therefore cannot be distinguished. However,
they are strongly favoured over all four modes featured in the six Wilson coefficient fit models.
This suggests that among the possible BSM solutions, WET-1 and WET-3 are the most
likely. These fit models cover scenarios with (WET-1) and without (WET-3) mixing between
the SM and BSM contributions.

We point out a number of ways in which this four-fold degeneracy of solutions can be

resolved. This includes using additional data on the lifetime ratio 7(B*)/7(B°), the semi-

d

¢, more precise measurements of B(Bs — D7), and dedicated

leptonic CP asymmetry a
inclusive measurements.
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A Details on the operator bases

A.1 Evanescent operators

For the one-loop calculations done in this article, a number of evanescent operators are
needed. In order to fix these evanescent operators, we follow the standard method of “Greek
projections” [30, 35] in the form presented in ref. [36]. For the most part this results in the
basis for evanescent operators for AF' = 1 transitions given in ref. [30]. However, in the Bern
basis, the one-loop corrections to the current-current diagrams generate Dirac structures that
cannot be reduced to physical and evanescent operators with the operators given in ref. [30].
This is because there are operators with up to four v matrices in each of the currents, which
when introduced into one-loop diagrams produce structures with up to six v matrices per
current. Using Greek projections, we find the following additional evanescent operators

Byl Gy umpon PLba (€877 P Prug) — 32 (8 — 7€) [Gavu Prbsl[esy" Prua), (A1)
By = [@aVwpon PrLba] (657" *7" Prug) — 32 (8 — 7€) [GavuPrbal[Gs7" Prug) . (A.2)
Eye® = [GaYuvpon PLbsl[es7""*7" Prua) — 16 (1 + 8¢) [qau PLbsl €57 Prual . (A.3)
Byt = [GaVuwpon PLbal [68777" Prug] — 16 (1 + 8€) [ Prbal[6a7" Prug],  (A4)
Epete® = [@aVuwponr PLbg)[657"*7"" Prua] — 64 (1 + 45¢) [Ga PLbgl[es Prual . (A5)
Epen” = [aYwpons PLbal (65777 Prug] — 64 (14 45¢) [GaPrbal[esPrus] . (A-6)
Epen® = [@aVupo Prbs) 657" Prua] — 16 (1 + 8¢) [@a Pobs] (65 Pruial , (A7)
Ben?® = [GoVupo Pubal (657" Prug) — 16 (1 + 8¢) [GaPrba][6s Prug) , (A.8)

Epetr® = [GoYuwponr PLbg) (657777 Prta] + 128 (—8 + 23€) (G Pubg] (65 PLual]
+ 32 (8 — 11€) [gaouw Prbgl[cgo"” Prua] , (A.9)

B = o Vwpons PLba] [657"*7 " Prug) + 128 (=8 + 23€) [Ga PLbal[¢5 PLus]
+ 32 (8 — 11€) [Gaouw Prbal[cgo™” Prug] . (A.10)

The operators of the parity flipped sectors can be obtained by exchanging Pr, <+ Pr. With
these operators and the ones given in ref. [30], any structure that might appear in our one-loop
calculations can be written in terms of physical and evanescent operators.

A.2 Change of basis between BMU and Bern at NLO
The rotation from an operator basis @); to an operator basis @} in d dimensions is given by
Q; = Rij(Qj + WjEk), (A.11)

where Ej is the chosen set of evanescent operators needed for the change of basis, R is
the tree-level transformation matrix (calculable in d = 4), and W}, depends on the scheme
(on the E).
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One considers now matrix elements of the operators and their Wilson coefficients in
a loop expansion up to order af,

n Vi n V4
N — Qs )\ L0 0 ytree o Xs O]
@) =3 () Y@y, a=x (%) . (A12)
£=0 £=0
Here ri(f) is the f-loop amplitude matrix with r% = d;;. The corresponding amplitude is
given by

Qs

_ ~(0) \tree
A= Q)+ &

(6@ + 0PR) @) +0(d). (A1)
This amplitude must be invariant under a basis transformation,

A=Ci(Q)=ClQh =4, (A.14)

which if imposed order by order in ay leads to the following transformation rules for the
Wilson coefficients and the anomalous dimensions,

c® = "R}, ¥O = Ry R, (A.15)
Y = VR + COR Ar, 4O = RAWRT — 2587 — (A7, 40] . (A16)

Here the matrix A7 is defined as
AT'Z']‘ = (J% f(l)Rfl)ij — ngl) . (A17>

These NLO transformation rules are well known [37, 78-81].

In order to apply these formulas to the change of basis at hand, it is necessary to compute
the tree-level transformation matrix ﬁ, and the one-loop amplitude matrix #(!) in both bases.
While #(!) depends on the IR structure of the amplitude, the shift A7 does not, and thus
we are free to choose conveniently the external states and an IR regulator. We choose all
four external quark states massless and with zero momentum and regulate IR divergences
by introducing a fictitious gluon mass A.

We begin by grouping the operators in each basis into the following vectors,

6Bern _ {qucu qucu qucu qucu qucu qucu qucu qucu qucu qucu} 7

21 qbcu qbcu qbcu qbcu qbcu gbcu qbcu qbcu qbcu qbcu

Bern = {OF, O, O3, 04", O, O™, OB, O, 0§, O},

S5 VLL AVLL ASLR ~HSLR AVRL AHVRL HSRR nSRR SRR SRR
Oy = {QVHF, QY QMR Q3R QY il QY ik, QFRR, QF1R, QIRR, QFRRY

S5 L L L L LL LL LL LL
%MU _ {QVRR Q;/RR QSR QgR QV R Q;/ R QS Qg Qg QS } ’

such that the tree-level transformation matrix R is block diagonal. Primed and unprimed
sectors constitute identical independent blocks, and hence it suffices to write down the matrices
for the unprimed operators. The tree-level transformation matrix BBem—BMU g defined as

QBMU|d L= RBern—>BMUOJBern|d:4 . (A22)
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It has the following block-diagonal structure

with the blocks

pBern—BMU __
R1—4 -

RBern%BMU:
1 1
1o Lo
_1_2 1 1

9 3 36 6

2 1 ’
-3 0 50
_2 _4 1 1

9 3 72 12

The one-loop amplitude matrices 7 are also block-diagonal,

with the

~1—4
"Bern —

~5—10 __
"Bern —

A1-2
"BMU =

~1—4

~(1) "Bern 0
T"Bern = ~5—10 ’
0 Bern
sub-blocks
4 3
—4 9 o -3
9 32 _1 _5 A
320 ’ 283 ° +10g7
—320 64 B _13 p
128 26 35
5 100 -3 —%
16 3
L 9 0 ¥ 0 0
A
0 -8 0 12 0 3
16 10 8 1 5
-9 —3 3 1 3 3§
2560 896 80
—2560 _956 8% 64 0 _g
512 128 536 4 89
—%5 480 = -3 —%
1 11 22
i1 2
211 12 +10g* 3
_ 11 1 6 —22
2 2 3

RBErn—>BMU 0
o HBern—BMU | ’ (A.23)
0 R5710
8 2 1
50 2 0o 4L o
_8_16 2 4 1 1
9 3 9 3 72 12
1 7 1
[RBern—BMU _ | 6 0 =31 0 —g O
5-10 11 1o _7 1 _ 1
18 3 72 12 288 48
3 1
2 0 -3 0 -1 o0
2 1 1 1
5 04 -3 3 -9 1
(A.24)
ey 0 0 0
(1) 0 f%ﬂfU 0 0
Pl = 6 , (A.25)
0 0 % O
0 0 0 7ol
-9 20 0 2
_40 _68 4 5
9 3 9 6 (A26)
0 —128 =% 20
256 160 40
—%5 —3 9 0
-2 0 0 -2 0 0
10 4 5
0O -3 -5 —g 0 0
A 0 32 0 -32 0 -2
+log — , (A.27)
p| 64 40 _e14 _94 _a _5»
9 3 9 3 9 6
0 —512 —1824 384 -5 32
1024 640 256 1184 64
5 —3 3 "3 o 10
7 1 10
_r_1 A - —6
e = 6 192 +log — 3 T (A.28)
-3 3 PN O =%
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9 _3 _64
156 3 3
PRMyU = L, | Flos— 0 (A.29)
—3 7% 6 —3
7 7 3 _10 g _7 _1
3 8§ 8 3 6 2
o & 3 _1 0 -8 _ 1
v I T IR 1o (A.30)
_14 o 11 HLl —56 —24 —
49 L 3 56 —24 —18 6
4 2
4 L2 2 48 16 0 0

With this information one can reproduce the results in egs. (2.5) and (2.8).

B Light-cone distribution amplitudes

B.1 Two-particle LCDAs

As discussed in ref. [18], we can write the vacuum-to-light pseudoscalar meson matrix element
of the non-local gu current up to twist-3 as follows,

— i uq-z v plu
POIa(u0)0) = 22 [ awes* {gosontu) - pes () — o= B
ji
(B.1)
where P denotes the light pseudoscalar meson with momentum ¢ = Eny, up = m%g /(mg +

my), and 4, j are Dirac indices. The momentum-space representation projector then
reads [11, 12, 18]

Mp = ZfP {ﬂ'YSQbP( ) HPY5 (¢Z]D( ) - ZU,uz/nJrn U(bl;( ) + ia,uz/qu ¢%6(U) ai_)} . (B-2>

The twist-2 LCDA ¢p can then be expanded in Gegenbauer polynomials C’g/ 2,

op(u, 1) = Gu

1—|—Za ) C3/2(2u 1)1, (B.3)

n=1

with the Gegenbauer moments o (11). We use the LL running for the Gegenbauer moments as
presented in ref. [68]. Under the assumption that three-particle contributions can be neglected,
the two twist-three LCDAs are not independent, due to equations of motion. This implies

¢p(u) =1,  op(u) =6u(l —u),  Oupp(u)=6(1—2u). (B.4)
Thus the projector in momentum space takes the final form

(1—2u)
2

Op(u) + 0, g utt ¢

o)}

(B.5)

Mp ZfP {g75¢P( )—1ps <¢1173(u) —ionhn’

as presented in ref. [18].
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B.2 Three-particle LCDAs

For the three-particle LCDAs, we follow the conventions of ref. [68]. We assume z to be
almost light-like, 22 ~ 0. It is convenient to define another light-like vector pu through
1 m%
. B.6
Pu = 4qu B Z,up 2 ( )
with the light-meson momentum ¢? = m%. Note that it would seem like p depends on z.
However, we are free to choose z to point in the n_ direction. Substituting this back into
the definition of p makes it clear that the z-dependence cancels. Furthermore, we define
the perpendicular part of the metric tensor as

1
9luv = Guv — ]Tz(puzu +pyz,u) . (B-7>
Let us start with the twist-3 part for pseudoscalar mesons [68]:°

(P ()| 4(0)07595Gap(v2)u(0) [0) = i f3p[(PaPpgivs — PaPrvgius) — (o <> B)]
x / Du PPy p(u) | (B.8)

where u = {u1,u9,us} denotes the momentum fractions of the quark, antiquark, and the
gluon of the light meson momentum ¢ and [ Du = fol duydusdug §(1 — up — ug — us) defines
the integration measure. Note that the g in this definition could readily be exchanged for
a g since all the additional terms appearing in g, cancel. For our purposes it is easier to
deal with the regular g. The corresponding position space projector is

ifsp

(P~ ()] (0)gsGap(v2)u;(0)[0) = =

(PaPu9py — PBPuGva)[o’ ¥5)ji / Due™"P*®y.p(u) ,
(B.9)
where ¢, j are Dirac indices. This can be confirmed by performing Dirac traces. The explicit

expression of ®3.p reads
1
O3.p(u) = 360u1u2u§ {1 + Asp(ug — ug) + W3p§(7U3 — 3)} , (B.10)

where the parameters A3p and wsp are defined in ref. [68].
At twist-4, there are two non-vanishing vacuum-to- P~ matrix elements:

(P~ (@] 7011158.Cos(v2)u(0) 0) = i [ Du { P30 — Pogin] Wasp()  (B11)

Z Z
" {Pupa B _ PuPp O‘} (Pg,p(u) + Ya.p(u)) }’
p-z p-z

(P~ ()] 4(0)7.95Gap(v2)u(0) [0) = ifP/Du 6”“3’”{ [Ps9an — Pagsul Pap(u)  (B.12)

z z x J
N {Pupoa 8 _ Pubg O‘} (%;P(@) + \P4;P(@)) }
p-z b-z

®Our convention for the covariant derivative is D, = 0, — igs A, .
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We are only interested in the first matrix elements since the second one does not appear in
our calculations. The corresponding projector for the first matrix element reads

(P~ (9)]Gi(0)gsGap(v2)u;(0) |0) = —{TP[’Y”%]jz‘ /’Dy 6ivu3p'z{ [P8Gap — Pagpul Ya,p(u)

i |:p,t;)p‘ajf3 . p;;)éﬁja} ((1)4;13(@) + \114;13(@)) } . (B.13)

It turns out that for us only ®4.p is relevant. Its conformal expansion is
u.p(u) = 120urusus [6f + 6 (w1 — u) + 04 (3uz — 1) | (B.14)

where the parameters ¢, i = 1, 2, 3 are defined in ref. [68].

7

C Parity transforms of matrix elements

Let us illustrate how to obtain the parity flipped matrix elements of the ones that we provided
in section 3.3.1 with the simple example of the tree-level matrix elements of Qg LL and QXRR.
The tree-level discussion will carry through without any modifications to the one-loop results.
It is easy to see that these operators are connected by a parity transformation:

QVLL P, QVER. (C.1)

The tree-level matrix element of QY is given by

_ifp

(DG PTI QY™ By = < (Jv = Ja) - (C2)

S
Applying a parity transform on the left side of this equation yields
)+ p— 5 \ P )+ o 5

(DL P QY [Bry) B — (DL P QYRR |B)) (C.3)
since also the meson states have to be transformed and all three mesons involved are parity
odd. Note that also all the momenta go from p = (p°,p) to p = (p°, —p), which we do not
write explicitly. On the right side of the equation, the transformation reads
ifp P ifp

7(JV—JA)—>T

1 (Jy + Ja) , (C.4)

since the time component of the vector current is parity-even while the time component of
the axial-vector current is parity-odd. Putting everything together we get

Ot _ if
<DES))+P | Q5 " |Bg)) = —TP (Jv + Ja) , (C.5)

which can be easily verified also by direct calculation. The matrix elements of other operators
can be transformed in a similar way.
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D Leading-order two-particle contributions in QCDF

In this appendix we collect the LO QCDF results. We will present the results for the singlet

operators. The corresponding results for the colour-crossed operators can be inferred directly.

Using the colour Fierz identity, we rewrite the colour-crossed operators Qf( as®

QY =2 [er | g5 Tu] +% [er ] [aTs ] (D.1)

with the Dirac structures 'Y and I'y. It is clear that the colour octet does not have an
overlap with the meson states and hence we get

* _ — 1 « B _
(DL LTI QF 1Y), = N (DL BY),, - (D.2)

The leading order contributions from the scalar operators read

()4 7 —| ASLL | B0 AL !
<D(S) L ‘ Q2 ‘B(S)>LO = +74 ML(JS — JP)/() du ¢3;L(u) , (D.3)
DT | QSLR | BY _ i g [ a D.4
(D) L71Q3" [Bioy)o = F #LlJs = JIp) ; u g3, (u), (D.4)
DT | QSRL | BY _ im [ a D.5
(D | Q5™ [Blg) o =+ 1 nr(Js + Jp) ; u ¢z (u), (D.5)
DWH | QSRR RO _ e oy [a D.6
(D L1 Bly)y o = F 5 HelJs + Jp) ; u 3.1 (u) . (D.6)

The upper (lower) sign corresponds to a light pseudo scalar (vector) meson in the final state.
Note that in the scalar sector for pseudoscalar light mesons the LCDA is normalized to
unity and hence the integral over the LCDA can be trivially computed. In the vector meson
case, the twist 3 LCDA integrates to zero and hence the matrix element vanishes at LO
for a light vector meson in the final state.

For the vector operators we get

D LN QYP B = = Py — ) [ dwontu, (D7)
(D LN QY P Bl o =~ Ty — ) [ dwanw), (D.8)
(D LTI QYREBY), —iﬁ (Jv + Ja) / du ¢ (u (D.9)
(DL QYRR BY), =~ ZfL(JvHA / du g (u) (D.10)

Here, the only contribution comes from the terms proportional to the leading twist LCDA,
¢r(u), which is normalized to one in the light pseudoscalar as well as vector meson case.
For the tensor operators, there are no leading contributions:
+ 71— ASLL | R0
<D§Z>) L1 Q7" [B(g) o =0, (D.11)
)+ — S >,
(DL LT QR BY),  =0. (D.12)

S

:’:S‘LL(RR) and QfLL(RR)

5This of course holds also for the tensor operators with the appropriate indices.

-39 —



This is because the only non-vanishing trace from projecting onto the light meson state would
come from the term with a derivative acting on the hard-scattering amplitude. At leading
order, there is no dependence on any momenta and thus the contribution vanishes.

E Separation of modes in posterior distributions

In this appendix we present the functions that define the hyperplanes in the space of
parameters of interest that separate the different modes. For the WET-1 model, we need
to define two parallel hyperplanes in order to separate the two modes:

FVET-L() = cber L 1.17¢d 1.6, (E.1)
WET-1(5) — caben 4 1.17¢8"" — 1.6 . (E2)

=,

The points in mode A fulfil fVET-1(§) > 0 and f3VET-1(J) < 0, while mode B has the signs
of the inequalities swapped.
In the WET-2 model, again two parallel hyperplanes are necessary:

FVET2(5) = ¢t 4 .81 8" — 2.25, (E.3)
SWVET-2(9) = ¢ 1 0.81C8"" +2.25 . (E.4)

Mode A is identified by fWET 2y ) < 0 and fWETQ( ) > 0, while mode B is given by
FVET2(§) > 0 and f3VET-2(§) > 0. There is a third region within the parameter space
defined by fWVET-2(J) < 0 and f3VET-2(JJ) < 0. This region, however, contributes less than
0.1% to the total evidence and thus is not considered.

The modes in the WET-3 model are separated by the following two parallel hyperplanes:

AVEES () = e + 117 ¢ — 115, (E.5)
SIVET3(§) = ¢ 4 1.17CP" — 245, (E.6)
where mode A fulfils fVET3(J) < 0, and mode B fVET3(9) > 0 and f}VET3(¥) < 0.
The region with fyVET-3 ("5) > 0 contributes less than 0.5% to the total evidence and is

therefore not considered.
In the case of WET-4, we need two non-parallel hyperplanes:

FIVETA() = e 4 0.75C3P" 4 3.25, (E.7)
FVETA(J) = bt — 11.25C2% — 0.35, (E.8)

where the modes are defined by fIVET4(J) > 0 for mode A, and fVET4(J) < 0 and
FVET-4(i9) > 0 for mode B. The region with fVET4(3) < 0 and f3VET4(J) < 0 contributes
less than 2% to the total evidence and is thus discarded.

Data Availability Statement. This article has associated data in a data repository.

Code Availability Statement. This article has associated code in a code repository.
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