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Abstract We overview the current status and future perspectives of the QCD-based method of light-
cone sum rules. The two main versions of these sum rules, using light-meson and B-meson distribution
amplitudes are introduced and the most important applications of the method are discussed. We also
outline open problems and future perspectives of this method.

1 Introduction

The QCD-based method of light-cone sum rules (LCSRs) has already a long history. It was originally developed in
Refs. [1, 2] for the process of a hyperon radiative decay and, independently, in Ref. [3], where LCSRs were for the
first time applied to B-meson exclusive decays. An application to the D-meson semileptonic decays followed then
in Ref. [4]. The usefulness of this method for the calculation of B-meson transition form factors was recognized
already in the early applications [5-8].

The LCSRs, in their different versions, offer a realistic possibility to calculate various form factors of semileptonic
or radiative B-meson decays in the large recoil region of the final light hadron. The method can be extended to
other hadronic amplitudes involved in B physics, such as strong couplings and nonleptonic decay amplitudes. It
is also applicable to the decays containing two light hadrons in the final state and involving broad resonances.
Neither the large recoil region, nor resonance final states are currently accessible to the lattice QCD calculations,
and therefore LCSRs in several cases are the only available QCD-based method.

To describe the method in a nutshell: each LCSR for a hadronic transition form factor starts from a correlator
which is a vacuum-to-hadron matrix element of two quark currents, chosen to match a form factor we are interested
in. The correlator contains a quark-level transition current, and a current interpolating the other hadron involved
in this transition. For this correlator, an operator product expansion (OPE) near the light-cone is applied, provided
the external momenta of quark currents are far off-shell. The OPE yields an analytical and factorizable expression
for the correlator, written in a form of a convolution of the calculable hard-scattering kernel with universal
light-cone distribution amplitudes (DAs) of the hadron entering the vacuum-to-hadron matrix element. These
DAs absorb nonperturbative effects, and their parameters represent a universal, process-independent input. The
factorized form of the OPE has its roots in the early studies of the QCD asymptotics of hadron form factors
[9-12]. There is a crucial difference, though: in the LCSR approach factorization is applied at the correlator level.
To access the form factor, the tools of conventional QCD (SVZ) sum rule method [13] are then applied to the same
correlator, including the hadronic dispersion relation and the quark-hadron duality approximation. Combining
these three main elements: the light-cone OPE, dispersion relation and duality, leads to the resulting LCSR, which
is an approximate analytical formula for the form factor depending on a set of universal inputs.

Without going into further details in this brief introduction, we only mention that the method of LCSRs allows
us to calculate the so called soft contribution to a form factor. It describes a transition between the initial and final
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hadrons which is realized as an overlap of two configurations with low-momenta spectator quarks, hence, without
a hard-gluon exchange. The soft contributions in a LCSR, being not accessible in purely perturbative QCD-based
methods, correspond to the leading-order (LO), O(a?) kernel of the OPE. The hard-scattering part of the same
form factor is then provided by the next-to-leading (NLO) perturbative gluon corrections to the same kernel. As a
result, the LCSR allows one to access the complete form factor within one method and input, albeit in an indirect
way, via dispersion relation.

We emphasize that the main goal of this review is not to dwell on the derivational details of the LCSR method.
These details can be found in several reviews (see e.g., Refs. [14-17]). We also do not cover here the subtle
aspects of twist expansion for nonlocal operators near light-cone and the emergence of the corresponding light-
cone distribution amplitudes. These issues essential for LCSRs can be found in dedicated papers and reviews
and the relevant ones will be cited below. Here we rather aim at presenting a short “user guide” to the LCSR
applications to various exclusive decays of B-meson, mostly to their form factors, but also to other related hadronic
quantities. We have made a selection of all—from our point of view—important and useful papers in this field,
with a brief assessment of their main results. We also tried to outline unsolved problems and future perspectives
of the LCSR applications.

The rest of the review is organized as follows. In Sects. 2 and 3 we overview the two main versions of the LCSR
method for B meson transition form factors, employing, respectively, the light-meson and B-meson DAs. In Sect. 4,
we collect all important results concerning the B decays into photons and leptons. Section 5 contains a brief guide
to other perspective applications of LCSRs for heavy hadron decays. The concluding discussion is presented in
Sect. 6.

2 Sum rules with light-meson distribution amplitudes

2.1 Standard application: the B — & form factors and B* Bm coupling

The B — m form factors, generated in SM by the weak b — wu transition, were among the first applications of
LCSRs. The vector and scalar form factors' f;;_ and f%_ determine the weak semileptonic decay B® — 7t (v,. To
describe the rare B — wfT ¢~ decay, generated by the flavour-changing neutral current (FCNC) b — d transition,
one needs, in addition to f;r;ro, also a form factor fZ (g*) of the tensor b — d quark current.

In the rest of this subsection, we briefly recall the derivation of LCSR for the most important form factor
f#.- The underlying correlator is defined as a vacuum-to-pion matrix element of the time-ordered product of two
currents:

Fu(p, q) Zi/d4$ "I (7 (p)|T{a(x)y,b(x), mpb(0)ivsd(0)}]0)
=F((p+9)% ) pu+ F((p+ 0?2 ¢ au, (1)

where ¢ and (p + q) are, respectively, the momenta of the b — u weak current and of the B-meson interpolating
current. Only the first invariant amplitude F' in the Lorentz-decomposition is relevant for fgﬂ. The amplitude

F' is used to obtain a second LCSR, so that a linear combination of the two sum rules yields the scalar form
factor. The tensor form factor f%_ is accessed by replacing the vector weak current in the correlator by the tensor
b — d transition current. Ability to access different form factors by varying currents or invariant amplitudes in
the correlator reveals flexibility and universality of the LCSR method.

The correlator in Eq. (1) is calculated at the external momenta squared far below the open b-flavour thresholds,
that is, at

(p+q)? <mi, ¢ <mi. (2)

These conditions induce a strongly oscillating exponent in the correlator, retaining only the region near the light-
cone 22 ~ 0 in the four-coordinate integral. Hence, the product of currents can be expanded near z2> = 0. In
particular, a highly virtual b-quark is replaced with a light-cone expansion [19] of its propagator. Contraction of
b-quark fields generates a perturbatively calculable kernel which is factorized from the remaining long-distance

We use standard definitions of these form factors, see, e.g., Ref. [18].
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part. The resulting expression for the invariant amplitude F' (or similarly for F ) has the following schematic form:

F((p+ q)27 q2) :Z/d4l‘ 6ig${[50($25 my, /’[/) + O[SS]_(LUQ, mp, :u’) + - }
1 ~
® (n(p) | A(x)Td(0)]0),, + / do [So(?, mo, p 0)+ -]
0

® (n(p) | a(z)G(vx)Ld(0)} | 0}, + - } (3)

where Sy and S; are the LO and NLO parts of the perturbative kernel. They correspond, respectively, to the free
b-quark propagator and O(«s) perturbative gluon corrections. This kernel is convoluted with the vacuum-to-pion
matrix element of the operator formed by a product of the @ and d quark fields at a near-light-cone separation,
with a generic Dirac structure I'. The term with Sy corresponds to a low-virtuality gluon emitted at a light-cone
separation from the b-quark propagator and absorbed, together with a quark-antiquark pair, in the final pion state.
The ellipsis in Eq. (3) denotes higher-order terms, e.g., the NNLO, O(a?2) corrections to S, NLO corrections to
Sy or the terms with two quarks and two antiquarks entering the vacuum-to-pion matrix element. The diagrams
and detailed expressions for this correlator at NLO are given in Ref. [18], (see also the introductory review [15]
for a description of derivation at the LO level).

The scale p indicated in Eq. (3) corresponds to a separation between the short-distance and long-distance parts
in this convolution. The optimal choice is y ~ v/Am;, where an intermediate scale A ~ 1 GeV is parametrically
larger than Aqcp, but at the same time does not scale with the heavy mass m;. This choice guarantees that the
average interval |z2|~ 1/u?, between the emission points of the light-quark and gluon fields in the vacuum-to-pion
matrix elements, can still be considered small. The subsequent transition of light constituents into an on-shell pion
state includes all nonperturbative effects at energy-momenta below pu.

The formula (3) reveals a general structure of the light-cone OPE, emerging after expanding the correlator in
terms of (i) quark-gluon coupling and (ii) multiplicity of light-quark and gluon fields entering the vacuum-to-pion
matrix elements. The possibility to retain the lowest terms in the expansions (i) and (ii) is based on the suppression,
respectively, due to extra powers of a (for which the scale p is a natural choice) and due to inverse powers of p.

The complete OPE of the correlator outlined in Eq. (3) is in fact more involved. Within each vacuum-to-pion
matrix element, an additional expansion emerges after expressing these matrix elements in terms of the pion
light-cone DAs with growing twists, starting from the lowest twist-2 DA:

<7T(p)|’ﬁ($)[$, O]WM’YSd(O)‘O>z2NO = —’L'pufﬂ—/o du él“p%@ﬂ'(”) + O(.’L’z) + .. (4)

Here v and 1 — u are the fractions of the pion momentum p distributed among the two partons (quark and
antiquark) in the pion, and [z, 0] is the gauge factor. Two similar vacuum-to-pion matrix elements emerging in
the light-cone expansion of the correlator contain (instead of v,7s) the Dirac-matrices I' = iy5; and I' = o,
yielding, respectively, two additional DAs of the next-to-lowest twist-3. In addition, the O(2?) terms in Eq. (4)
generate two more two-particle (quark-antiquark) DAs of twist-4. The second hadronic matrix element in Eq. (3)
is expressed via three-particle (quark-antiquark-gluon) pion DAs, starting from twist 3. Currently, altogether five
two-particle DAs with ¢ = 2, 3, 4 and five three-partlce DAs with ¢ = 3, 4 are taken into account in the OPE.
Their expressions, normalization parameters and other important features, such as the relations between two and
three-particle DAs due to QCD equations of motion, can be found in the most updated form in Ref. [20]. A short
summary of these DAs and convenient defining formulas for the two- and three-particle vacuum-to-pion matrix
elements are also given in Appendix A of Ref. [18].

After substitution of DAs and the coordinate integration, the OPE (3) for the invariant amplitude F' transforms
into a sum of separate DA contributions. In a compact generic form we have:

.t T
T(Em )((p+Q)27 q27 ULy - ooy Um, T, N)

Fore((p+4q)?, ¢%) = Z_: /Du{m} Z

t>2

+ aSTl(m’t)((p—’— q>2’ q2, UL, -y Um, M, M) + O(ag) ¢£rm7t)(u17 U2,y « -y Um, M)a (5)
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Table 1 The calculated terms in the OPE expansion (5). The multiplicities m = 2, 3 and m = 4 correspond, respectively
to the quark-antiquark, quark-antiquark-gluon DAs and to the diquark-antidiquark DAs in the factorized approximation
(quark condensate ® two-particle DA)

Multiplicity of DA Order in oy Twist References
m=2 LO t=2 3,4 [5, 6]
NLO t=2 [21, 22]
t=3 [18, 23]
partial NNLO t=2 [24]
m=3 LO t=3,4 [5, 6]
m=4 LO t=>5,6 [25]

where d)Srm’ Yisa pion DA with the light-parton multiplicity m and twist ¢. This DA depends on the pion momentum
fractions uy, ug, ..., Uy, and we use the notation Dug,,} = [([T/%; dus) (1 — > u;) for the integration element.

In the above expression, the twist-2 DA defined in Eq. (4) corresponds to ¢ (u, 1 —u) = frpx(u). A nontrivial
feature of the light-cone OPE is the factorization proven at NLO for the leading power twist-2 terms, so that the

1 dependence of the perturbative kernel TéQ’ 24 asTl(g’ ) is compensated by the perturbative evolution of ¢§3’ 2),

well known as the ERBL evolution [10, 12]. Also the choice of the MS scheme for the b-quark mass 7y, is justified
for a correlator with a highly-virtual b-quark. The currently known terms in Eq. (5) are listed in Table 1 with
references to the papers in which they have been computed and where further important details can be found.

Finally, one more expansion implicitly present in the OPE (5) concerns the dependence of each DA on the
fractions u; of the pion momenta shared between light degrees of freedom. Here the formalism of conformal
partial-wave expansion in QCD is used. Comprehensive reviews on that subject can be found, e.g. in Refs. [26, 27].
The conformal expansion represents a given pion DA in a form of series in orthogonal polynomials. For the twist-2
DA it is the well familiar series in Gegenbauer polynomials with multiplicatively renormalizable coeflicients:

enlu, 1) = 6u(l = w) (14 a3 (1)C3* 2u — 1) + af (N Qu—1) +--). (6)

The polynomial expansion for this and other DAs, is usually taken up to the second conformal partial wave, that is,
retaining only af and a] in the above formula. A usual motivation is that the anomalous dimensions of polynomial
coefficients grow with n, suppressing terms with larger n, so that at sufficiently large scale p, the DA (6) is not far
from its asymptotic form, which is 6u(1 — u). The Gegenbauer moments in ¢, and similar polynomial coefficients
for the higher-twist pion DAs, all taken at a reference scale p = 1.0 GeV, represent universal, process independent
inputs for the OPE. Various methods to determine these parameters include lattice QCD computation and two-
point QCD sum rules. Another useful strategy applied to determine the shape of the lowest twist-2 pion DA is to
fit to their measured values the pion transition form factor yy* — 7% and the pion electromagnetic form factor,
both calculated from LCSRs (see, respectively, e.g., Refs. [28-30] and Refs. [31, 32]).

Having at hand the OPE result (5) for the invariant amplitude as an analytical function of the variable (p + ¢)?
at fixed ¢2, one then applies the standard tools of the conventional QCD sum rule method:

e equating this result to the hadronic dispersion relation in the variable (p + ¢):

OPE 2 2y 2fm i (d)
F ((p+Q),q)—mgB_(p+q)2+ ; (7)

where the ellipsis indicates all heavier states with the B-meson quantum numbers, starting from the lowest thresh-
old at mp~ + m,. Note that the hadronic dispersion relation is valid at any (p + ¢)?, whereas the relation (7) is
only used in the region (2) of the OPE validity;

e using quark-hadron semi-local duality approximation:

[ P _ [ [ Fs @lors
/dssf(zwq)?_/d s—(pt+q? (8)

(m e )2 :

where the effective channel-specific threshold s(? is introduced;
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e subtracting the heavier state contributions from Eq. (7) with the help of Eq. (8) and applying the Borel
transform (p + q)? — M?2.
The final form of LCSR is then obtained:

m i [ (q?)e /M = / dse=*/™* [ Tm F(s, ¢*)]ops. (9)

my

This sum rule has three different sets of input parameters, ordered according to their universality. The first
one includes the b-quark mass and oy, both determined with great accuracy. The second set contains universal
parameters of the pion DAs, including their normalizations and polynomial coefficients. Finally, the third set
includes parameters specific for the B-meson channel: (a) the ranges of the scale u and Borel parameter M; (b)
the decay constant of B-meson fp, that can be taken from lattice QCD average or, with a larger uncertainty, from
the two-point QCD sum rule calculation (see e.g., Ref. [33]); and (c) the threshold s# which is usually extracted
from a derivative sum rule obtained from LCSR. The latter procedure was systematically used in more recent
analyses (see e.g., Ref. [34]).

The latest numerical results for the B — 7 form factors at ¢ = 0 are given in the next subsection, in Table 3,
together with the form factors of all other B transitions to light pseudoscalar mesons. The standard z-expansion
(here preferred is the BCL version suggested in Ref. [35]) allows one to extrapolate the B — 7 form factors from
the region of LCSR validity, typically at ¢ < 12 — 15 GeV? to larger ¢2, that is, to the low recoil region of the
pion, where this extrapolation can be compared with the lattice QCD predictions.?

The uncertainties quoted in Table 3 are parametric and they are usually estimated in quadratures. A more
advanced Bayesian analysis of LCSRs was initiated in Ref. [34]. There are however not many possibilities left to
substantially decrease these uncertainties in the future. Indeed, the still missing parts of OPE such as the NLO
corrections to the nonasymptotic twist-3 terms and to the twist-4 terms are expected to be very small. Also the
factorizable twist-5, 6 contributions estimated in Ref. [25] turned out to be negligible. On the other hand, there
is still a relatively large uncertainty in the parameters of the pion twist-2 DA. Further efforts are desirable to
improve the knowledge of this key element of LCSRs, combining all available methods.

The most elusive uncertainty of systematic origin in LCSRs remains the one related to the application of quark-
hadron duality. The attempts in the literature to quantify this uncertainty by varying the threshold parameter
s with the Borel scale or in any other way are only remedies, because these analyses still use duality as a basic
assumption. In the future, one has to find alternative methods to estimate the integrated hadronic spectral density
of higher states in the sum rules.

As an indirect way to assess the actual accuracy of LCSR predictions, we suggest to increase the accuracy of
the ¢?-shape in the measured differential (binned) width of the B — 7fv, decays. This observable, being directly
proportional to the squared shape of the form factor f;,rﬂ (¢?), provides a direct test of a QCD method, independent
of the value of CKM parameter V.

Finally, let us mention that straightforward byproducts of LCSRs with pion DAs considered in this subsection
are the analogous sum rules for the D — m form factors. Switching to the charmed sector is straightforward,
and demands only a replacement of b quark by the ¢ quark in the correlator and a corresponding adjustment of
all channel-specific inputs. The last LCSR calculation of these form factors in Ref. [37] deserves an update, e.g.,
including the twist 5,6 terms in the OPE. A comparison with experimental data on D — 7fv, semileptonic decay
will allow one to tune the universal input parameters of LCSRs and to further increase the accuracy of the B — =
form factor determination.

The B — 7 form factor ffgrﬁ (¢?) at large ¢ (near the zero recoil of the pion), where the B*-pole dominates,
is determined by the strong B*Bm coupling. It is defined as the invariant constant parametrizing the hadronic
matrix element

(B*(@)7(p)|B(p+q)) = —g-p=p"e ), (10)

where e,SB*) is the polarization vector of B* meson. The coupling gp+p, is not measurable, since the B* — Bw
decay is kinematically forbidden, contrary to its analog in charm sector, the D* — D decay.
As originally suggested in Ref. [6], the coupling gp~p- can be obtained from a LCSR, considering the same

correlator (1) and using its OPE. For the hadronic representation of the invariant function F(¢?, (p+¢)?) a double

2For brevity, we do not quote for comparison the lattice QCD results here, they can be found in the updated and
averaged form in Ref. [36], see also the review on lattice QCD applications to b quark physics in this volume.
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Table 2 LCSR results [39] for the strong coupling of the bottom mesons for the two choices of the decay constants and of
the pion twist-2 DA

Pr Decay constants JB*Br § 5 [GeV]
Model 1 2-point sum rule 24,1755 0.18%952 3.281062
Lattice QCD 30.075% 0.3070 05 1.17550%
Model 2 2-point sum rule 23.0%573 0.17%0:03 3.3170:30
Lattice QCD 28675 0.2975:63 1.18+5:99

dispersion relation in both variables p? and (p + ¢)? should then be used:

mEimp- f5fB* 9B~ Bx //d82d81 Img, Img, F(s1, $2)

F(q (p+q)7) = (m B_(p+q) )(mB —q2) (s2—(p+9)*)(s51—¢%)’

(11)

where the lowest double-pole term contains the B* Br coupling multiplied by the decay constants of pseudoscalar
(fB) and vector (fp+) bottom mesons. The duality approximation has to be defined for a two-dimensional region
in the {s1, s2} plane, adding an uncertainty, related to the freedom to choose the shape of that region, whereas
the parametric accuracy of the OPE is the same as in the LCSRs for B — 7 form factors. Instead of a single
Borel transform, as in Eq. (9), the double Borel transform is then performed, removing all subtraction terms that
are not shown in Eq. (11) for brevity, including single-variable dispersion integrals. Due to the approximate mass
degeneracy of B* and B mesons, usually the two Borel parameters, ¢> — M? and (p+ q)? — M2, are taken equal,
M? = M3 = 2M?.
The strong coupling gp-p, is then extracted from the sum rule:

Z(So
1 "’B‘*””B*

B fB~ 9B*Br = e ETCE //dSstle B 7Im511m52FOPE(31, 52), (12)
2 mpe

where ¥y(sp) indicates the duality region parametrized with the effective threshold so.

In Ref. [6] the LO result for this sum rule at twist-4 accuracy was obtained. The NLO correction to the twist-2
contribution was computed in Ref. [38]. The most recent and substantially improved analysis of the LCSR (12)
for the B* B coupling and (replacing b — ¢ quark in the correlator) for the D* D coupling is in Ref. [39], where
also the NLO twist-3 contributions were calculated.

In Table 2, the results obtained in Ref. [39] for the B*Bw strong coupling are displayed for two choices of the
decay constants fp and f5: from two-point sum rules, and from lattice QCD. Also, two models for the leading
twist-2 pion DA are considered. Additional details of this analysis and references relevant for the choice of the
input parameters can be found in Ref. [39].

It is important to stress that the coupling gp+p, is calculated from LCSR at a finite b-quark mass. Hence,
replacing b — ¢ in the sum rule provides also the charmed meson coupling gp+p,. The infinitely heavy-quark
limit of this coupling, known as the static coupling ¢, and serving as a key parameter in the Heavy-Meson Chiral
Perturbation Theory (HMxPT), can also be obtained from the same LCSR. In Ref. [39] this limit was estimated,
together with the inverse heavy mass correction combining the couplings for both heavy mesons and fitting them
to the parametrization:

2mH§ )
“Hx = 14+ — H =D, B). 1
9JH*H~ fﬂ' ( +mH>’ ( 9 ) (3)

The results are given in Table 2

2.2 The B(s)-meson transitions to various light mesons

Analogously to the B — 7 form factors, the other B(,) — P form factors (P = K, 1, 1) can be obtained from
LCSRs. These form factors are of a particular interest, for an alternative V,; determination, for various rare
By — P¢* ¢~ decays, and also for testing the factorization approximation in nonleptonic B4y decays.

The initial correlator for a B(,) — K transition is obtained from Eq. (1), replacing the pion state with the kaon
state and making necessary changes in the interpolation and transition quark currents. It is also important that
LCSRs allow for a complete account of SU(3);-breaking effects, originating from a nonvanishing s-quark mass
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and revealing themselves in differences between the kaon and pion DAs, starting from the ratio fx/fr as well as
in the ratios of other hadronic parameters entering the sum rules, e.g., mp, /mp and fp_./f5.

The lowest twist-2 DA of a kaon has an expansion in Gegenbauer polynomials similar to Eq. (6), but including
also the odd moments afg’ _, in contrast to the pion DA, where due to the G-parity conservation, the odd moments
vanish. The set of higher twist kaon DAs are worked out in Ref. [20].

The B(,) — K form factors were calculated from LCSRs first in Ref. [40] and more recently in Ref. [41], with the
same accuracy as for B — 7 form factors discussed in the previous subsection. The calculation of the By — 7, 7’
transition form factors is somewhat more complicated due to the n—»n’ mixing and a related U(1) 4 QCD anomaly
contribution to that mixing. The first calculation of the fgn transition form factors at NLO level for the leading
twist-2 was done in Ref. [42]. This calculation was further improved in Ref. [43], where also the B — 7’ transition
was considered. The U(1) 4 anomaly induces, in addition to flavour-singlet quark-antiquark DA the two-gluon DA
which contributes to the B — n, i’ transitions, at NLO level, and has to be taken into account. This introduces
additional uncertainty in the calculation since the coefficients in the Gegenbauer expansion of the twist-2 gluon
DA are not known. The most recent application of LCSRs to all the B,y — 7, 7’ form factors (as well as to the
D5y — n, 1’ form factors), at NLO and including two-gluon DAs is in Ref. [44] (see also Ref. [45]). The results for
all form factors of the B-meson transitions to pseudoscalar mesons at ¢ = 0 are summarized in Table 3.

Extension of the LCSR method to the B — V form factors, where V = p, w, ¢, K*, demands a vacuum-to- V'
correlator which otherwise has the same structure as the vacuum-to-r correlator in Eq. (1). Correspondingly, the
OPE is obtained in terms of vector meson distribution amplitudes. Importantly, these DAs are defined neglecting
the widths of vector mesons. As an example, one of the two twist-2 DAs of p-meson is defined as:

1
@@wmmummwmw=4ﬁ«#%fw¢w»/WJW%@wx (14)
0

where €(”) is the polarization vector of p. The DA qbgf) corresponds to the transversely polarized p-meson and fpl
is the transverse decay constant. Note that the shape of this DA is also determined by the Gegenbauer polynomial
expansion. A comprehensive analysis of the twist-3 and twist-4 DAs was done, respectively, in Refs. [48] and [49].

The very first LCSRs for B — V form factors were derived in Ref. [7], where the radiative B — Vv decays were
considered. The first application of this method to the semileptonic B — pfv decay was done, at LO level, in Refs.
[8, 50], where also the advantages of the LCSR, approach over the three-point QCD sum rules for the calculation
of the heavy-to-light transition form factors were discussed in detail. A major update including the NLO twist-2
contributions and extending the method to almost all B — V' channels was made in Ref. [51]. After that, in Ref.
[52] the analysis was improved by adding to OPE the NLO twist-3 terms and obtaining LCSRs also for the B — w
transition. The most recent update of LCSRs with vector meson DAs for all B,y — V form factors, and with
OPE based on the results of Ref. [52], can be found in Ref. [53]. In the latter paper, the form factors are also
extrapolated to the whole semileptonic decay region after fitting them to the z-expansion. Their results for the
B — V transition form factors at ¢ = 0 are summarized in Table 4.

Table 3 The most recent LCSR results for B,y — P form factors at ¢*> = 0. Their full ¢*> dependence is given in the
corresponding papers

FF FT(0) = £90) £7(0) References
B—r 0.297 + 0.030 0.293 + 0.028 [46]
0.301 + 0.023 0.273 + 0.021 [41]
B—K 0.395 + 0.033 0.381 + 0.027 [41]
B, — K 0.364 + 0.026 0.394 + 0.023 [47]
0.336 + 0.023 0.320 + 0.019 [41]
B—n 0.16810:047 0.17310:03% [44]
B —f 0.1305635 0.14170:038
B. 02124813 0.225* 531
B, — 1 0.25270 0% 0.280%0073
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Table 4 The LCSR results for B(s) — V transition form factors at ¢° = 0 from Ref. [53]

Eur. Phys. J. Spec. Top. (2024) 233:271-298

FF V(0) Ao (0) T1(0) = T>(0)
A1(0) T23(0)
A12(0)

B—p 0.327 4+ 0.031 0.356+ 0.042 0.272 £ 0.026
0.262 £ 0.026 0.747 + 0.076
0.297 £ 0.035

B—-w 0.304 £ 0.038 0.328 £ 0.048 0.272 £ 0.026
0.243 £+ 0.031 0.683 £ 0.090
0.270 £ 0.040

B — K* 0.341 + 0.036 0.356 £ 0.046 0.282 £ 0.031
0.269 £ 0.029 0.668 £ 0.083
0.256 £ 0.033

Bs — ¢ 0.387 £ 0.033 0.389 £ 0.045 0.309 £ 0.027
0.296 £ 0.027 0.676 £ 0.071
0.246 £ 0.029

B; — K~ 0.296 £ 0.030 0.314 £ 0.048 0.239 £ 0.024
0.230 £ 0.025 0.597 £ 0.076
0.229 £ 0.035

2.3 Sum rules with dipion distribution amplitudes

The LCSRs for B — p, K* form factors with the vector meson DAs considered in the previous subsection are
derived neglecting the total widths of vector mesons. This is certainly a poor approximation for such a broad
resonances as p(770) and K*(892). A more comprehensive approach is to consider the B — 27 and B — K
transitions, where p and K™ resonances are only a part, albeit dominant, of the dimeson 27w and K states,
respectively. The phenomenology of B — 27 form factors was studied in Ref. [54] were one can find all necessary
definitions (see also Ref. [55]). - ~

Here, as an example, we consider the B® — 77 7%1, semileptonic transition in which the B® — p* form factors
are the resonance parts of the B® — 770 form factors. To avoid lengthy formulas, we take only the vector part
of the weak b — u current, which yields a single form factor defined as:

. _ = 4
i () ()i 0 B () = —FL (2, 1, ©) e 16 g R b, 1
B
where k? = (k1 + ko)? is the squared invariant mass of the dipion state and ¢ is an additional angular variable.
The B — 2x form factor is then expanded in partial waves corresponding to angular momenta £ = 1, 3, 5, ... of
the dipion state, yielding a series in Legendre polynomials in the angular variable. Note that the partial waves
with € = 0, 2, 4, ... are forbidden for the 717" state on symmetry grounds. The B — p form factor contributes

only to the ¢ = 1 component Ff_ézl)(qZ, k?) of the B — 2 form factor via dispersion relation in the variable p? at
fixed ¢%:

VBE( V(@ k) Gom VIR (16)
V2 g m2 — k2 —im,T,(k?) mp +m, ’

where g, is the strong pmm coupling. In the above relation, the energy-dependent width is inserted in the Breit-
Wigner formula and contributions of excited states, such as the p(1450) resonance, are indicated by the ellipsis.
Although dispersion relation by itself is model-independent and follows from analyticity and unitarity principles,
a certain model-dependence is unavoidable in the resonance term. In any case, this relation is the only realistic
possibility to extract the B — p form factor from the B — 2x form factor, taking into account not only the
p width effect, but also the nonresonant background. The latter emerges from the continuum and excited state
contributions hidden under the ellipsis in Eq. (16).
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To access the B — 27 form factors directly, the method of LCSRs, resembling the one presented in the previous
subsections, was suggested in Ref. [56] (see also Ref. [57]). A correlator similar to Eq. (1) was used in which,
instead of a single meson state, there is an on-shell state of two pions with a variable invariant mass squared
k? > 4m?2. Applying light-cone OPE yields an expression with a structure resembling Eq. (3). But in this case,
the perturbative kernels with a virtual b-quark are convoluted with the vacuum-to-dipion matrix elements of
quark-antiquark or quark-antiquark-gluon operators. These matrix elements are parametrized in terms of a set of
new objects, the dipion DAs. The latter were introduced and used much earlier [58-62], to describe hard exclusive
processes with dimeson states, such as y*y — 2.

The dipion DAs are also classified by their twist and by the multiplicity of quark and gluon fields. Currently,
only the most important two-particle (quark-antiquark) DAs of twist-2 are available. One of them is defined as:

(77 (k)7 (k) |a(z) [, 0]d(0)]0) = —\@ku/duei“(k'm)‘bﬁﬂ(u, ¢, k%), (17)
0

and the second one denoted as @izl has a o, Dirac structure between quark fields. The index I = 1 reflects the
isospin of the 7+7¥ state. Full definitions and many important properties of these DAs can be found in Ref. [61].
Both DAs undergo a double expansion in Legendre polynomials—i.e. in partial waves of the dipion state—and in
Gegenbauer polynomials. The latter expansion reflects the momentum distribution between quark and antiquark
and has the same form as Eq. (6). The coefficients of this double expansion replace Gegenbauer moments as,, in
Eq. (6) and are complex valued functions of k2, with the phase reflecting strong rescattering of the final-state
pions. The local limit  — 0 of the matrix element (17) in the isospin symmetry limit, is proportional to the pion
electromagnetic form factor in the timelike region which is well measured. However, for the second twist-2 DA this
normalization coincides with the timelike form factor of the tensor current which is not directly measurable. A
calculation of this hadronic parameter together with a few lowest Gegenbauer functions for both dipion DAs was
only performed at small k% in Ref. [63], employing the instanton vacuum model of QCD.

The OPE of the correlator for the B — 7 7Y form factors was obtained in Refs. [56, 57] with a twist-2 accuracy
and in the LO. This expansion is valid at sufficiently small dipion invariant masses, k% < m? and, simultaneously,
in the large recoil region ¢ < m%. The rest of the LCSR derivation is essentially the same as for the sum rules
with a single light-meson DAs discussed in Sect. 2.1. In particular, the same hadronic dispersion relation and
duality in the channel of the B-meson interpolating current are used. In the resulting LCSRs, the partial wave

components sz)(q2, k?) with £ = 1, 3, .. are separated from each other. As shown in Ref. [56] in detail, the sum

rule for Fiézl), together with its analogs for the B — 27 form factors of the axial weak current, determine the
proportion of the B — p channel in the general B — 27 transition. In addition, the ratios of the form factors with
¢ > 1 with respect to the lowest one with £ = 1 were estimated.

The method of LCSRs with dipion DAs has a considerable potential for further improvement. To increase the
precision, one needs detailed studies of the twist expansion for dipion DAs, including the three-particle (quark-
antiquark-gluon) DAs. On the other hand, a better knowledge of Gegenbaeur functions for the leading twist-2
DA is necessary. A possibility to gain some information on these universal functions from the D — 27fv decays
(using the b — ¢ replacement in the LCSRs) is currently being studied [64]. In the future, in order to extend this
method to other important form factors, DAs for the different states of two light pseudoscalar mesons should also
be studied. Most important are the dipion states with the spin-parities J P = 0%, 2% relevant for B — 777~ form
factors, as well as the K7 and K K states needed for the B — K* and B — ¢ form factors, respectively. In this
respect, let us mention an earlier paper [65] where the form factors of B transitions to the scalar dimeson (K
and 27) were obtained from LCSRs.

2.4 Uses of LCSR form factors in the Standard Model tests

The B-meson transition form factors obtained from the LCSRs with light-meson DAs are mainly used to deter-
mine the modulus of the CKM matrix element V,; from the data on exclusive semileptonic b — wulv, decays,
predominantly using the B — 7y, decay, but also the By — K{lvy, B — plv, and B — wlyy decays.

One way to extract |V, is to use the LCSR result for the B — 7 form factor f;w(qQ) and integrate the predicted
differential B — 7w/fv, width (¢ = e, u) over the LCSR validity region 0 < ¢* < ¢2,,. (see e.g. Refs. [34, 41]). The
other way is to extrapolate the form factor up to the zero recoil point of the pion, ¢> = (mp — m,)? using the
z-parametrization, e.g. the one in Ref. [35]. A combined fit to both LCSR and lattice QCD predictions can also
be performed, to achieve the theoretically most accurate form factor in the whole semileptonic region of ¢2.

The recent determination of |V,;| using the combined approach to the B — = form factors was performed in
Ref. [46]. An independent extraction of |Vy;| from B — p(w)fvy decays was performed in Ref. [66] using the LCSR
form factors from Ref. [53]. In Ref. [67], the channels with vector mesons were added to the combined analysis
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of the B — wlv, decay, employing an advanced statistical tool [68]. Separate process-specific |V,;| values were
obtained: |Vip|p—r= (3.79 £ 0.15) - 1073, |Vip|p—,= (2.927533) - 1073, |Vip|p—w= (3.007035) - 1073, with an
overall average:

[Vip|= (3.591015) - 1073, (18)

The observed difference between the |V,;| values extracted using B — 7 and B — p(w) form factors demands
further investigation, in particular, an update of LCSRs for B — V form factors is desirable. The point is that the
twist-3 NLO contributions to LCSRs for B — V form factors are not available in analytical form and should be
completely recalculated and reassessed [69]. It would also be useful to quantify the nonresonant background for
B — p(w)lyy decays, along the lines presented in Ref. [56] as already discussed in Sect. 2.3.

Returning to the CKM matrix elements, quite recently, the combined analysis of the By, — K form factors was
done in Ref. [47] and used to extract the ratio |Vip/Vep| from the data on the By — K{lvp and By, — D lv, decays.
A similar analysis was also done in Ref. [70].

The B — K™ form factors obtained from LCSRs were also extensively used in the exploration of various
observables in the B — K*/T¢~ and B — K*vy FCNC decays. Already in Ref. [71] and after that in Ref. [53]
these observables were extended from SM to various models of new physics. An independent determination of
Wolfenstein parameters of CKM matrix from a combination of observables in B, — P¢* ¢~ decays was suggested
in Ref. [41].

In the current tests of the lepton flavour universality (LFU) in semileptonic B decays, the LCSR results for the
form factors, combined with the lattice QCD results, were also employed. The main goal was to obtain predictions
of LFU ratios, such as R, in Ref. [46] or R, and R, in Ref. [66], where also a possible influence of new physics
on the polarizations and asymmetries in B — (p, w)fvy decays was examined. Note that for LFU tests involving
B — Prv, decays, the scalar form factors f%,(q?) are essential. The latter ones, as well as the tensor form factors
fgp(qz), are not always available from the lattice QCD, enhancing even more the importance of their LCSR
calculations.

Based on the form factors extracted from LCSRs, in Ref. [67] also the effects of possible new physics were
analysed in the framework of the Weak Effective Theory (WET). Similarly, the LCSR results for B — , p, w
form factors from Refs [18] and [53] were used in Ref. [72] to examine new physics interpretation in the Standard
Model Effective Field Theory (SMEFT).

3 Sum rules with B-meson distribution amplitudes

3.1 An alternative method for the B-meson form factors

The underlying idea of this version of LCSRs suggested in Ref. [73] and developed further in Ref. [74] was to
swap the meson state and interpolating current in the initial correlator. E.g., for the B — 7 transition one has to
consider, instead of Eq. (1), the B-to-vacuum correlator with the pion interpolating current:

FD(p.a) = i/d4ﬂf 0| T{d(x)yu5u(x), @(0)7,b(0) }B(p + q))- (19)

This opens up a possibility to obtain form factors of B-meson transitions into any light or charmed meson by just
switching from one interpolating current to another, and, correspondingly, applying quark-hadron duality in that
channel. There is no need to introduce a separate set of DAs for a particular light meson. New nonperturbative
objects that emerge in the OPE of the correlator (19), after contracting the virtual u-quark fields, are the universal
DAs of B meson. However, these DAs can only be systematically defined in the infinite heavy-quark mass limit,
in the framework of heavy-quark effective theory (HQET). Hence, we have to replace the B-meson state in the
correlator by a state B, with a definite velocity v = (p+ q)/mp, and the b-quark field by an effective HQET field
hy.

The leading twist-2 and subleading twist-3 B-meson DAs,? denoted, respectively as gbf and ¢? have been defined
originally in Ref. [76] (see also Ref. [77] and the review [78]):

$Note that the concept of twist for the B meson DAs introduced and explained in detail in Ref. [75] differs from the one
for the light-meson DAs.
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OOt (0B =~ 22 e faepforo-S9EEid] e

0

where the normalization constant is taken equal to the physical B-meson decay constant (as usually done in LCSRs
at LO considered in this subsection). The HQET distribution amplitudes also serve as an indispensable ingredient
for the theory descriptions of exclusive B-meson decay matrix elements in the QCD factorization framework [79].

The LCSR derivation starting from the HQET limit of the correlator (19) basically repeats the procedure
described in Sect. 2. Hadronic dispersion relation of the correlator in the pion channel (in the invariant variable p?)
is now used, and one has to isolate the pion pole contribution with the help of duality approximation, introducing
the effective threshold sj. The resulting sum rule for the B — 7 vector form factor has a surprisingly simple
expression in the lowest twist-3 approximation, after Borel transformation p? — M?:

(0 = 22 [ s 68 (s ). (1)
0

The r.h.s. of this sum rule becomes significantly more involved after adding higher-twist (power suppressed)
contributions, including those from the quark-antiquark-gluon B-meson DAs. The first calculations for B — 7 and
B — K, p, K* form factors in Ref. [74] were superseded by more recent results for these form factors in Refs.
[80] and [81]. In both analyses the set of higher-twist DAs worked out in Ref. [75] was taken into account. Note
that there is an important difference in the achieved accuracy: in Ref. [80] both two- and three-particle DAs were
included (the latter up to twist-six level) whereas in Ref. [81] only the two-particle twist-five contributions were
taken into account, which is not consistent from the point of view of HQET equations of motion [75] (see Refs.
[82, 83] for further discussions).

The LCSRs described in this section were obtained in the LO, that is, at the zeroth order in «y, albeit with
the corrections beyond the leading power (LP). Therefore, renormalization and scale dependence for B-meson
DAs, with their specific evolution discovered in Ref. [84] and discussed in some detail in the next subsection are
not fully used here. As a result, the accuracy of OPE in these sum rules is still less than for the LCSRs with
light-meson DAs. Also the key parameter of leading-twist DA—the inverse moment 1/Ap = [ dwe? (w)/w—is
not yet determined with a sufficient accuracy, in particular, this moment is not yet accessible in lattice QCD (see,
however, [85] for interesting discussions in this respect). The input interval of this parameter employed in LCSRs
for By meson is usually taken from the two-point QCD sum rules worked out in [86] (see also Ref. [87] and other
independent estimates in [88, 89]). The behaviour of the DAs at w — 0 is model-independent [75]. The actual form
of these DAs at large w is unimportant at tree level, since in the sum rules such as Eq. (21) the duality interval
cuts off the region w > sJ/mp. One popular choice of w-dependence is the exponential model from Ref. [76] (see
also Refs. [84, 90, 91] ).

The two additional parameters determining all higher twist DAs in this model are Ag and Ay, parametrizing
the quark-antiquark-gluon B-to-vacuum matrix elements in HQET. Their estimates from independent two-point
sum rules [92, 93] still yield large uncertainty intervals.

Numerically, the form factors of B meson transitions to light mesons obtained from the LCSRs with B meson
DAs (see the Tables in the next subsection) agree with the ones calculated from the sum rules with light-meson
DAs, but only within their larger uncertainties. Apart from narrowing down the uncertainty intervals of the inputs,
there are two important questions to be addressed for a further improvement of this version of LCSRs. The first
question, already raised in Ref. [74], is the the size of inverse heavy-quark mass effects which are implicitly neglected
when one starts from the correlation function (19) in full QCD with an on-shell B-meson state and then takes
the HQET limit of that state. A pragmatic argument in favour of smallness of such correction is a relatively good
agreement between form factors obtained with both LCSR methods with light and B-meson DAs. The second
question is the size of NLO, O(a;) corrections to the correlator (19). The answer is found using an alternative
formulation of this method to be discussed below.

Finally, we would like to comment on the possibility to extend the method of LCSR with B-meson DAs to
D-meson semileptonic form factors, introducing the D-meson DAs. This however implies using HQET for the
c-quark and D-meson, hence, considerably limiting the accuracy in phenomenological applications to the D-meson
decays.
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3.2 Accessing the next-to-leading order with SCET

The method of LCSRs with B-meson DAs was independently formulated [94, 95] in the framework of soft-collinear
effective theory (SCET) (see [96] where this theory is introduced in the context of heavy-to-light transitions). To
derive the SCET sum rules for our standard example—the B — 7 form factors—the following definition of the
correlator is used (see e.g. [88]):

FP(n-p,n-p)= /d%e“"””(olT{J(x) s u(@), 0(0) 7, b(0)}B(ps))

=FBn-p,a-p)n, +FBE(n-p a-p)a,, (22)

where in the B-meson rest frame the two light-cone vectors n,, and 7, are introduced, such that n-v=n-v =1,
vy =0 and n-n = 2, and a power-counting scheme for the four-momentum of the pion interpolation current is
employed:

n-p~ O(my), n-p~ O(Aqcp)- (23)

In this scheme, a generic momentum P, = (n- P, n- P, P,) is split into the three different momentum modes:
hard (h), hard-collinear (hc) and soft (s), with the scaling behavior, respectively, P, ,, ~ O(1, 1, 1), Py, . ~ O(1,
A\ AV P u~ O(A, A, A). The expansion parameter A scales as A/m; where A is a typical hadronic scale. The
momentum transfer ¢ in the large and intermediate recoil region of the pion (accessible to LCSRs) belongs to the
hard or hard-collinear mode.

The OPE for a B-to-vacuum correlation function such as the one in Eq. (22) is directly calculated in terms
of SCET diagrams. In the leading, zeroth order in «; the resulting LCSRs in SCET are fully equivalent to the
sum rules discussed in the previous subsection. The advantages of SCET are revealed by going beyond the LO
approximation, starting from the NLO with one-loop gluon radiative corrections taken into account in the correlator
(22). Application of SCET enables one to effectively resum large logarithms emerging in the heavy quark limit
and to extend the factorization of the OPE expression to the NLO level. In practice, achieving NLO accuracy
is accomplished by invoking a matching procedure, with a two-step transition QCD — SCET; — SCETy;. The
details of these “embedded” effective theories and their correspondence to the one-loop diagrams are discussed
already in Refs. [94, 95]. Further development of both calculational and conceptual aspects of this procedure can
be found in Refs. [80, 83, 88, 97-99]. Here we only quote the schematic form of the LP factorization formula for

the particular invariant amplitude F(%) [88, 99]

~ o0 2
FO = fo(pymp > ¢®(n-p, u) / E JW(“ ‘”) 08 (w, ), (24)

= w—"n-p—10 n-pw n-p

where fB(u) is the HQET decay constant of B-meson. In this formula, C*) and J*) are, respectively, the hard
and jet functions, both stemming from the matching procedure. The B-meson DAs absorbing soft contributions
in this formula are, up to the scale dependence, the same as the ones defined in the previous subsection.

Achieving the NLO level in LCSRs demands including into the computational scheme the scale dependence of the
B-meson DAs, stemming from the evolution equations. In this direction, there was a lot of progress in recent years.
The renormalization-group (RG) evolution equation for ¢#(w, p) determined at one loop [84], was upgraded to
the two loops [100, 101]. An explicit solution of this evolution equation was constructed with an integral transform
method in Ref. [102] and, independently, with the conformal symmetry technique in Ref. [103] (see also Ref. [104]
for the analytical solution of the two-loop RG equation). In addition, the one-loop evolution equation for the twist-
three distribution amplitude ¢ (w, i) was constructed within the so-called Wandzura-Wilczek approximation, also
including the RG mixing effect generated by the non-vanishing light-quark mass [105]. Then, in Refs. [75, 106],
the three-particle higher-twist contribution ®3(wi, we, 1) was included. Furthermore, an explicit solution to the
RG equation for ¢Z(w, p) was found [107] by exploring the “hidden” symmetries of the evolution kernel of ®3 in
the large N, limit.

Employing the RG equations for the HQET B-meson DAs and for the perturbative matching functions, it
became possible [80, 88, 99] to carry out an all-order resummation of the parametrically enhanced logarithms
appearing in the soft-collinear factorization formulae of the B-meson-to-vacuum correlation functions. After the
resummation and all subsequent standard steps in the derivation are done, the LCSR in SCET in the next-to-
leading-logarithmic (NLL) approximation is obtained, valid in the large recoil region. For the vector B — P form
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Table 5 The LCSR results for B,y — P transition form factors at ¢*> = 0 from LCSRs with B-meson DAs

FF F1(0) = £%(0) 7 (0) References
B—r 0.191 + 0.073 0.222 +0.078 [99]
0.21 + 0.07 0.19 + 0.06 [81]
B— K 0.325 + 0.085 0.381 + 0.097 [99]
0.27 £0.08 0.25 £0.07 [81]
Bs — K 0.203 + 0.074 0.260 + 0.087 [99]

factor f3p, (P =m, K) it has the following form:

2 ws
”LP n-p + 2 2 / *W//WJVI
_ | £ = |U F d
fp eXP{ nopw } mp f5p(d) [ 2(1tn2, 1) B(NhZ)} /0 w e

x {(557 eﬂ<wl7 IU/) + [(71(” *P, Khi, /J’) 5(_)(77‘ D, /’th):| (A}E?’ eﬂ(w/a /J’)

N il [cbf B 1) +CO(n-p, ) BB (o u)} } +O(a?, AJmy), (25)

mp

where wjy is the Borel parameter, Ul, o are the evolution functions for for the RG improved hard functions ct)
and C(7). The functions ‘I’fg’ o and ;Iv’g o are the effective “distribution amplitudes” which encode both the
hard-collinear and soft strong interaction dynamics. The explicit expressions for all these functions and further
explanatory discussions concerning the formula (25) can be found in Ref. [99]. In the same work, a comprehensive
analysis of the power-suppressed contributions to the B — x form factors in the combined LCSR/SCET framework
was accomplished, applying non-trivial operator identities due to the HQET equations of motion [75, 108]. Four
different sources of the subleading power corrections at tree level were included: i) the higher-order terms from
heavy-quark expansion of the hard-collinear quark propagator, ii) the subleading power corrections from the
effective matrix element of the SCET] weak current, iii) the higher-twist corrections from the two-particle and three-
particle HQET distribution amplitudes at twist-six, and (iv) the four-particle twist-five and twist-six contributions
in the factorization approximation.

Extension of these analyses to NLO (O(as)) accuracy is currently in progress [109], bearing in mind that the
higher-twist three-particle HQET DAs also generate LP contributions to the heavy-to-light form factors at O(«s)
[96]. The one-loop QCD corrections to the short-distance matching coefficients in the SCET sum rules for the
By s — m, K form factors at the LP accuracy can shift the corresponding tree-level predictions by an amount of
0O(30%) numerically [99]. Moreover, after these sum rules are improved by the NLL resummation, the perturbative
uncertainties from varying the hard and hard-collinear matching scales are considerably pinned down.

The SCET sum rule method with the B-meson DAs is easily extendable to the semileptonic B — V form
factors (with V' = p, w, K*) at large hadronic recoil, as shown already in Ref. [95]. In the further work [83] it
was demonstrated that the active light-quark mass corrections can generate unsuppressed contributions to the
longitudinal B — V form factors in the heavy quark expansion, confirming the earlier observation from the
power-counting analysis [110]. The subleading power corrections to these form factors from the two-particle and
three-particle HQET DAs fulfilling the “classical” operator identities for the light-cone HQET operators were
computed with the same twist-six accuracy as for the B — P form factors.

Importantly, the two-particle twist-five (off-the-light-cone) contributions to the semileptonic B — V form fac-
tors yield sizeable numerical corrections at the level of (20-30)% of the LP results. Moreover, the long-standing
discrepancy between the form-factor ratio R = [(mp + my)/mg] [T1(¢*)/V (¢*)] predicted using the conventional
LCSR method with the light vector meson DAs [52] and the same ratio obtained from the QCD factorization [77]
has been clarified in Ref. [83], where a detailed explanation can be found.

Finally, in Tables 5 and 6 we collect the most recent predictions for the form factors of B-meson transitions to
light mesons at ¢ = 0 obtained from the SCET sum rules at NLO and from the LCSRs at LO. The ¢? dependence
is given in the papers quoted in these Tables.

3.3 Obtaining LCSRs for the B — 27w and B — K= form factors

As already explained in Sect. 2.3, an accurate description of semileptonic B decays into broad resonances such
as p(770) or K*(892) demands a calculation of the more general B — 27 or, respectively, B — K form factors.
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Table 6 The results for B — V transition form factors at g2 = 0 from LCSRs with B-meson DAs

FF (Ref. [83]) Vv (0) Ao (0) T (0) = T»(0)
A1(0) T»3(0)
Ai2(0)

B—p 0.32710:204 0.31713129 0.28770 159
0.249F5:15 0.711+0:3%8
0.2657059%

B—w 0.35710:223 0.34470142 0.3127015¢
0.2700:179 0.767+9-307
0.28419 145

B— K* 0.41979245 0.38270155 0.36170 351
0.30619:159 0.79370 352
0.27310 003

FF (Ref. [81]) V(0) A1(0) T1(0) = T»(0)
Az(0) T»3(0)

B—p 0.27+£0.14 0.22 £ 0.10 0.24 £0.12
0.19+£0.11 0.56 + 0.15

B— K* 0.33+0.11 0.26 + 0.08 0.29 + 0.10
0.24 £ 0.09 0.58 4 0.13

Since the method of LCSRs with dipion DAs presented in Sect. 2.3 is not yet accurate enough and since the DAs
of the K7 dimeson state are currently not available, an alternative is to use the LCSRs with B-meson DAs. With
this method, it is possible to choose an interpolating light-quark current for an arbitrary state of two pseudoscalar
mesons with a given spin-parity and flavour. The first such LCSRs were derived in Ref. [111] for the B® — 77
form factors. The same correlator was used as the one in Eq. (19) introduced originally [74] for the B — p form
factor. The idea was to replace the narrow p resonance approximation in the channel of interpolating current by
a more general intermediate state of two pions staring from the threshold 4m?2. The 77 state was inserted in the
spectral density and the quark-hadron duality interval s was determined separately, employing the two-point
QCD sum rule with the same interpolating currents.

For the P-wave B® — 770 form factor of the vector weak current defined in Eq. (15) the resulting sum rule,
after applying duality approximation and Borel transform, has the following expression:

sg" USW(SSW)
B
/ dse™Mp | (s, ) F2(s)F™ (5,%) = foma / doe (@ )M %?Bu- ¥ (26)
4m?2 0

where r (s, ¢%) is a kinematical factor, Fy(s) is the pion e.m. form factor in the timelike region. On r.h.s. of
the above relation only the leading power contribution of the twist-2 B-meson DA is shown, and the ellipsis
denotes power suppressed contributions of higher twist DAs, including the three-particle ones. Since the above
sum rule is obtained only at LO, a default scale u ~ M is implied for the twist-2 DA. Note that in Eq. (26) the

form factor Fj(_ézl) is integrated over the dipion invariant mass. Hence, its direct calculation is only possible in
the approximation of a single narrow p-resonance, in which case the LCSR for the B — p form factor already
considered in Sect. 3.2 is simply restored. To study the effects of the p width and to assess the role of the nonresonant
background, in Ref. [111] different representations for the B — 27 form factors with £ = 1 with various resonance
content were substituted in the sum rule (26), and the parameters were fitted to the r.h.s. calculated from OPE.
For the pion e.m. form factor a data-driven resonance representation was used. The main outcome of the numerical
analysis was that the cumulative effect of the p width and of the nonresonant contributions can alter the B — p
form factor calculated in the narrow p-width approximation by an appreciable (15-20)% correction. The results
are also consistent with the ones from Ref. [56] (see Sect. 2.3) where dipion DAs were used in the LCSR for the
same form factor.

@ Springer



Eur. Phys. J. Spec. Top. (2024) 233:271-298 285

The LCSR method was also applied in Ref. [112] and in Ref. [113] for the B — K= form factors with the
K state, respectively in the P- and S-wave. These form factors are the most important hadronic inputs for the
analysis of the FCNC B — K7¢*{~ decays. Note that for the S-wave case in Ref. [113] a nontrivial data-driven
representation of the K scalar form factors was used in the sum rule relations, whereas in the P-wave case it was
sufficient to use a simple overlap of Breit-Wigner resonances.

3.4 The B-meson transitions to charmed mesons

The B — D and B — D* form factors essential for the observables in B — D®)(y, decays are among the best
studied hadronic objects in heavy flavour physics, due to powerful HQET methods allowing one to reduce these form
factors to universal Isgur-Wise functions. In addition, advanced lattice QCD computations of these form factors
are available. However, the region of momentum transfers beyond the zero-recoil point remains largely unexplored
and relies on the model-dependent extrapolations of HQET form factors. Reliable estimates of power-suppressed
~ 1/m, effects in this region are therefore needed.

The method of LCSRs with B-meson DAs is well suited for the calculation of the B — D) form factors in
the large recoil region, as shown first in Ref. [114]. Here again we benefit from the universality of this method.
Replacing in the underlying correlator (19) the light quark by the c-quark in both weak and interpolating currents,
we repeat all main steps of LCSR derivation and arrive at the sum rule for a certain B — D or B — D* form
factor. A possibility to assess the 1/m, effects is opened up by expanding the LCSRs in powers of the inverse
c-quark mass and comparing the results with the HQET form factors.

In Ref. [81] the LCSRs for the B — D and B — D* form factors were further improved and updated taking
into account a more complete set of higher-twist B meson DAs established in Ref. [75]. Furthermore, in Refs. [97,
115] the SCET sum rules with B-meson DAs were applied to the B — D®™) transition form factors and NLO
corrections were computed. In addition in Refs. [98, 115] a variety of the subleading power contributions to these
form factors including the higher-twist corrections have been taken into account in these sum rules. The LCSR

results were used for the |Vg| determination and for predicting the LFU sensitive ratios R(DE:)))

In Table 7 we collect the B4 — DE:)) form factors from the most recent analysis of SCET sum rules from Ref.

[115] and compared them with the results [81] of conventional LCSRs at LO and with a different treatment of
higher-twist effects.

The method of LCSRs with B-meson DAs was also recently used to calculate the form factors of the semileptonic
B decays into charmed axial Dj and scalar D§ mesons, in Refs. [116] and [117], respectively. The derivation of
these sum rules, being straightforward on the OPE side (due to a simple replacement of the spin-parity of the
interpolation current), turned out nontrivial on the hadronic side. In the case of the B — D7 form factors, a
specially designed procedure with a second interpolation current was needed, because the two lowest charmed
axial mesons have almost the same mass. Note that, as explained and taken into account in Ref. [117], for the
B — Dy transition, one currently faces a problem to choose between two alternative mass patterns of these mesons
inferred from the data.

Table 7 B — Dg:)) form factors at ¢ = 0 from the LCSRs with B-meson DAs

FF f7(0) = f°(0) V(0) Ao (0) References
A1(0)
A3(0)

B — D™ 0.586 + 0.103 0.703 + 0.160 0.623 + 0.112 [115]
0.704 4 0.119
0.803 + 0.186

0.65 % 0.08 0.69+0.13 - [81]

0.60 4 0.09
0.51 £ 0.09

B, — D" 0.572 +£0.115 0.671 +0.168 0.582 +0.120 [115]
0.661 4 0.117
0.765 % 0.163
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4 Radiative leptonic B decay and related channels

4.1 Power suppressed effects in B — £,

At a large energy of the photon, the hadronic amplitude of the radiative leptonic B — {7, decay is described by
a well studied factorization formula in QCD [118, 119], reformulated in SCET [120, 121]. The LCSR methods play
an important role in this analysis, quantifying the power corrections to the form factors of this decay. The inverse
moment A\ of the B-meson DA, discussed in the previous section, directly enters the LP of the factorization
formula in the heavy b-quark limit. Therefore, a measurement of the B — /U, decay width anticipated at Belle-II
[122], will provide us with an accurate value of this nonperturbative parameter.

The hadronic part of the B — /i, amplitude is described by the nonlocal B-to-vacuum matrix element:

nxnwz—w/fmw“wwwyu»mm%u—%meB@+m

= €uvpo PPV Fv(n - p) +i[=guv - p+vupy]Faln-p) +..., (27)

where j;™ is the quark electromagnetic current coupled to a real photon with momentum p and correlated with
the weak b — u current with momentum ¢ transferred to the lepton pair. The relevant part of this hadronic tensor
contains the two B — v form factors Fy, and F4. Here the variable ¢? is customarily replaced with n - p = 2E,,
and F, is the photon energy in the B-meson rest frame. The light-cone vectors are chosen such that #-p = 0, and
¢ =mp(mp—n-p).

The soft-collinear factorization formula for the B — ~ form factors, at LP of the expansion in Aqcp/ms, can
be cast in the compact form, equal for both form factors:

Qump

+oo
Fy a(n:p) = Fp(np) = P2 Fou) Co (nep. ) [ 2 T2 0y . ) 6 ), (28)
0

where the u-quark charge @), indicates that a photon emission from the light quark dominates the decay amplitude.
At the tree level (LO) the product of the hard and jet functions in Eq. (28) is [C1LJ1]Lo = 1, and the integral
reduces to the desired inverse moment Ag. The one-loop expressions for the hard function C; [123] and for the
jet function J [120, 121] were obtained with the standard SCET technique. The most advanced analysis in Ref.
[124] includes RG resummation of the enhanced logarithms of my/Aqgcp at the NLL accuracy.

However, the power-suppressed “soft overlap” contributions to the B — ~ form factors cannot be estimated
within the perturbative factorization framework. To solve this task, a QCD-based method, combining hadronic dis-
persion relation with OPE and LCSR in terms of B-meson DAs was suggested in Ref. [125], following the technique
originally developed for the v*y — 7% form factor in Ref. [126] (see also Ref. [28] for a further development).

The main idea is to consider the B-to-vacuum hadronic matrix element (27) at spacelike p? < 0, so that in terms
of SCET the electromagnetic current carries a hard-collinear four-momentum. It is then straightforward to derive

factorized expressions of the generalized B — ~* form factors F‘? Z'y* (n-p, p*) in the LP approximation [127]:

B—~* _ B—~*
Fy 4 (nep, p*) =Fp " (n-p, p°)

- ) . 2 +
—Qumn Fa0)Cop. ) [ T B L)

(n-p)w — p?

(29)

On the other hand, both form factors obey an unsubtracted hadronic dispersion relation in the variable p?. Taking
the vector form factor as an example, this relation reads:

F‘fﬂv* (n-p, p?) (30)

o0 Bon~*
RN PR
m2 — p? T s — p? ’

S0

where the ground-state contributions from p and w are combined into one resonance term with the narrow-width
approximation and with the assumption m, ~ m,, [125]. The numerator in this term contains the decay constant
of p and the function F_,, which is, up to some normalization factor, equal to the usual B — p vector form factor

VB—>p(q2).
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The rest of the derivation consists of standard elements of the LCSR technique, already presented in the previous
section. The relation (30) at p? < 0 is equated to the result of QCD calculation FlﬁfV given by Eq. (29), and the

latter is transformed into a form of dispersion integral with imaginary part ImFﬁBP_W* (n-p, s). After that quark-
hadron duality is used to replace the integral on r.h.s. of dispersion relation (30) by an integral over the calculated

imaginary part Imepﬂﬁf*. Applying then the standard LCSR technique enables us to express the product of f,
and the B — p form factor in terms of the subtracted dispersion integral of the QCD spectral density. Returning
to the dispersion relation (30), and substituting this LCSR in the resonance term we notice that the limit p? — 0
can smoothly be taken, resulting in the desired B — ~ form factor for which the following expression is obtained
[125):

So oo
1 dS UL (a2 2 1 dS et
Fy(n-p) = ;/—mZImep " (n-p, s)e (s=mp)/M —l—;/?ImeP " (n-p,s), (31)
P
S0

and analogous expression for the axial form factor F4. Further analysis of these relations allows one to represent
it as a sum of the LO contribution and the needed power-suppressed soft overlap correction. In Ref. [82] this
approach was further developed, including higher-twist contributions to B-meson DAs.

An alternative LCSR. technique to address the power-suppressed effects in the B — ~/f7, amplitude uses a
correlation function with the photon DAs and B-meson interpolation current:

T,(p, q) = i/d4w ' {y(p)| T{a(@)m (1 — 75)b(x), mpb(0)iv5u(0)}0). (32)

The photon DAs emerging after factorizing this correlator describe long-distance photon emission, the so called
hadronic component of the photon. This approach should be put in one category with the LCSRs using light-meson
DAs, so that here a central role is played by a twist expansion of photon DAs worked out in Ref. [128]. A key
nonperturbative parameter in the leading-twist photon DA is the magnetic susceptibility of the quark condensate
[129] which describes the response of the QCD vacuum to an external electromagnetic field. A specific feature of
the LCSRs with photon DAs is that, apart from the long-distance photon emission encoded in these DAs, the
photon emission at short distances described by triangle heavy-light diagrams also contributes to the correlator.
Furthermore, these sum rules are universal with respect to heavy flavour, that is, it is possible to switch to the
charmed quark correlator with the same OPE and access also the radiative leptonic D — ~vfvy decay. At leading
order the LCSRs with photon DAs were obtained in the early papers [130-132], with an NLO improvement in more
recent works [133, 134]. Technically involved NLO gluon radiative corrections to the point-like photon contribution
were only recently computed in Ref. [135].

The four-body leptonic B — pujli, decay with three charged leptons in the final state (free of the helicity
suppression) belongs to the rare B-meson decay channels accessible at hadron collider, as opposed to the two-
body leptonic decay. The hadronic part of the B — puifv, decay amplitude, albeit formally described by the
same Eq.(27), where the real photon is replaced with a virtual one, is in fact far more complicated than for
B — ~lpy because: (i) there are now three independent form factors, (ii) the timelike photon with p? > 0
emitted from the light quark generates intermediate hadronic states dominated by resonances with p, w meson
quantum numbers. A factorization pattern for this hadronic amplitude is valid if the photon is spacelike, with
a virtuality of at least O(myAqcp) (a usual hard-collinear scale). In Ref. [136], applying the two-step matching
QCD — SCET| — SCETq; for the hadronic tensor, the factorized expressions for the off-shell B — ~* form factors
at the LP accuracy were obtained, including also the NLL resummation of the parametrically enhanced logarithms.
Subsequently, the power-suppressed contributions from four distinct sources have been computed with the same
factorization method at tree level. The results respect the constraints on the B — v*W™* form factors due to QED
gauge invariance of the electromagnetic interaction (see also Ref. [137]). The use of these form factors for various
decay observables at large timelike p?, above ground-state resonances, provides to a usual QCD factorization
approximation. A complementary study of this process from the hadronic side was also done recently in Ref.
[138], employing the vector-meson dominance ansatz and the z-series parametrization for the off-shell B — ~*
form factors. A more systematic approach combining the factorization formulas with dispersion relations and the
elements of LCSR technique is a perspective future task.

4.2 Radiative decays of the heavy vector mesons from LCSRs
To access these decays, we consider the vacuum-to-photon correlator (32) and retain only the vector b — u current,

considering it as an interpolation current for the B* meson. Matching this correlator to a double dispersion relations
in both B* and B channels yields LCSRs for the B* By and—after b — ¢ replacement—for the D* D~ “magnetic”
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Table 8 The LCSR predictions of the B* By coupling

coupling Ref. [141] (NLL) Ref. [142] (NLO)
Gpet Bty 1.44+022 1444558
gB-050~ —0.917912 —0.86 4 0.15
951059+ —0.74751% —0.9575 1

couplings determining the radiative decays B* — B~ and D* — D~. An early application of these sum rules
can be found in Ref. [139]. A more elaborated LCSR computation of these couplings at LO and in the twist-
four approximation was accomplished in Ref. [140]. The result was used to extract the value of the magnetic
susceptibility from the measured branching fraction BR(D*® — D%y), confirming an earlier determination with
the method of QCD sum rules [128]. Recently, the NLO QCD corrections to the hadronic photon contribution at
twist-two in the LCSRs were computed in Ref. [141]. In Ref. [142], the NLO QCD corrections to the short-distance
photon emission diagrams in these sum rules have been calculated. In Table 8, we present the two most recent
LCSRs predictions. Note that, in contrast to Ref. [142], the complete set of photon DAs at the twist-four accuracy
[128] was employed in Ref. [141], where one can find a detailed discussion and comparison with other theory
predictions.

4.3 B, 4 — v~ and B, 4 — ppiy decays

Among various rare decays of B mesons mediated by the FCNC b — s(d) transitions, the double radiative
Bg(qy — vy decays, despite a seemingly simple non-hadronic final state, are quite complicated processes from the
QCD point of view, with a rich hierarchy of effective operators and several contributing quark topologies. The LP
contributions to the two helicity form factors of B; 4 — 7y have been determined with the QCD factorization
approach at O(a;) [143] but without including the two-loop b — ¢y matrix elements of QCD penguin operators
[144, 145]. Factorization properties of the power-suppressed weak annihilation contributions stemming from the
current-current operators were explored at two loops in Ref. [146], where the one-loop short-distance functions
were also obtained.

A complete NLL computation of the By 4 — 77 decay amplitudes at the LP accuracy has been performed in
[147], by employing the two-loop RG evolution equation of ¢5(w, u) [100]. In the same paper, subleading-power
contributions from five distinct dynamical sources have been established at tree level in a factorized form, expressed
via the two- and three-particle B-meson DAs of higher twist. However, as explained in detail in Ref. [147], the
power-suppressed “resolved” photon contribution to the Bs 4 — 7y amplitude cannot be computed with the SCET
factorization formalism. Here is where the combination of OPE, LCSRs and dispersion relations discussed in the
context of the B — ~/v, decay, enters the stage. The following correlator of the effective operator O; and the
electromagnetic current with a virtual momentum ¢? < 0 was considered:

T75(p, q) = 2my [d*ze™ (0| T{j5™ (), GL(0)0uapbr(0)}|By) + [p < ¢, a < f]. (33)

From the results obtained in Ref. [147], we only mention that the power-suppressed soft contribution reveals a
destructive interference with the LP effect. Another type of the subleading power contribution to By 4 — 7y from
the soft gluon radiation off the quark loop has been recently computed [148] in terms of a factorization approach,
with a generalized soft function defined by the HQET matrix element of the non-local operator with quark-gluon
fields localized on different light-cone directions.

Even more important are the exclusive FCNC By s — pjiy decays. In particular, the angular distributions of
these radiative leptonic decays provide interesting observables linked to the effective couplings in the weak effective
b — g¢l Lagrangian. Albeit with an additional suppression by the QED coupling &em, the By, s — pjiy widths do
not suffer from the helicity suppression inherent to the purely leptonic By s — pfi decays.

A systematic investigation of the By s — pjiy form factors with an energetic photon has been carried out at LP
in the heavy quark expansion with the SCET factorization technique [149], thus going beyond previous works based
upon model-dependent approximations. In the same paper, the power-suppressed corrections were also computed
stemming from: (i) the photon radiation off the heavy quark, (ii) the subleading terms in the expansion of the hard-
collinear quark propagator, and (iii) the weak-annihilation diagrams with insertions of the four-quark operators.
However, similar to the situation with B — ~/¢, discussed above, there are two power-suppressed soft form factors,
which were pragmatically treated with the resonance @ factorization ansatz. Evaluating these contributions to the
off-shell B,(pg) — 7*(¢) ¥(k) form factors in the time-like ¢* region with the help of an OPE-controlled dispersion
relation remains an interesting task for the future.
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5 A brief guide to other applications

5.1 Form factors of A, — baryon transitions from LCSRs

Apart from many applications to B-meson decays, the method of LCSRs was also used to obtain the form factors
of semileptonic heavy-baryon decays at large hadronic recoil. Both versions of LCSRs were applied, based, either
(I) on the light-baryon (nucleon or strange hyperon) DAs or (II) on the heavy baryon DAs, the latter defined in
HQET.

With the first version of the method, the complete set of the Ay, — p form factors was computed in Ref. [150].
The vacuum-to-nucleon correlator (in the isospin symmetry limit)

M,(P, g) =i / dt ¢ (O[T, (0), ja(2)}IN(P)) (34)

was used, where j, is the weak b — w transition current and n,, is the interpolation current of the A, baryon.
For this correlator, the OPE in terms of nucleon DAs was obtained, achieving the twist-6 level. These DAs were
worked out in, e.g., Refs. [151, 152], aimed at the studies of LCSRs for the nucleon electromagnetic form factors.

In Ref. [150], the correlator (34) was matched to the hadronic dispersion relation in the variable (P — ¢)? and,
accordingly, the quark-hadron duality in the A, channel was applied. One of the novelties suggested in that work,
was the procedure to eliminate the unwanted “contamination” from the contributions of negative-parity heavy
baryons in the resulting sum rules. The advantage of the version I for baryonic LCSRs is the possibility to easily
switch to the charm sector by a b — ¢ replacement in the correlator. In this way, phenomenologically important
byproducts—the strong couplings A, ND®) and ¥.ND®*)—have also been computed in Ref. [150], applying the
technique with a double dispersion relation, similar to the one used for the strong couplings of bottom mesons
and discussed in section 2.1. Among other applications of this method, LCSRs for the semileptonic A, — A form
factors were obtained in Ref. [153], employing the A-baryon DAs [154] (see Ref. [155] for further discussions).

An alternative version II for the heavy-to-light baryonic form factors was first discussed in Ref. [156] at LO,
employing the Aj-baryon DAs in HQET worked out in many details in Ref. [157]. The NLO QCD corrections
to the ten independent A, — A helicity form factors were computed in the LCSR framework in Refs. [158,
159]. In particular, in Ref. [159] the factorization-scale independence of the Aj-to-vacuum correlator has been
verified explicitly at the one loop level. Extending the LCSR technique with the HQET heavy-baryon DAs to the
semileptonic A, — A, form factors will also appear soon [160].

In the future, the accuracy of heavy baryon form factors from LCSRs can be further increased. In the version 1
of the method, it is desirable to improve our knowledge of the nucleon and light hyperon DAs (e.g., from lattice
QCD). In the version II based on HQET and SCET technique, one should investigate additional perturbative
contributions. For example, it is anticipated [161, 162] that LP contributions to the heavy-baryon decay form
factors arise from the spectator scattering mechanism with two hard-collinear gluon exchanges. To prove that
within the LCSR framework, a computation of the two-loop diagrams in the underlying correlator is necessary.

5.2 Nonleptonic two-body decays of B-meson

Even the simplest two-body weak nonleptonic decays of B meson, such as B — 7w, are characterized by a rich
pattern of contributions to the decay amplitude with different quark topologies (emission, exchange, penguin,
annihilation etc.). An additional complication is caused by the hadronic final-state interactions in these decays.
In the current analyses of nonleptonic decays, QCD is systematically used only in the formation of the effective
Hamiltonian, taking into account virtual gluons at the energy-momentum scales between my, and my. A complete
QCD-based calculation of hadronic amplitudes relevant for nonleptonic B decays is considerably more challenging
than for semileptonic or radiative B decays, which are usually fully factorized into hadronic transition form factors.
A systematic approach to nonleptonic B decays, known as the QCD factorization (QCDF) [163, 164], exists in
the limit m, — oo. Within QCDF, two-body nonleptonic B decays are described with a reduced amount of
universal hadronic quantities, such as decay constants, B-meson transition form factors, as well as the light-meson
and B-meson DAs. However, despite many successful applications to describe nonleptonic decay widths, the CP
asymmetries predicted from QCDF generally differ from the corresponding experimental values, signalling that
the power suppressed effects of O(1/m;) are important in the phenomenological applications. A reliable estimate
of these effects demands a QCD-based method employing nonperturbative elements and retaining a finite b quark
mass.

LCSRs for the B — 7w decays were introduced in Ref [165]. The method is based on a vacuum-to-pion matrix
element correlating the B-meson- and pion-interpolating currents with an operator of the effective weak Hamilto-
nian. To avoid “parasitic” contributions of light intermediate hadronic states in the B-meson channel, an auxiliary
momentum is attributed to the effective vertex. The sum rule is obtained in three steps, applying: (i) dispersion
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relation and duality in the second pion channel, (ii) local duality approximation, that is, a transition from a space-
like value of the final-state invariant mass squared to its physical timelike value m%, and (iii) dispersion relation
and duality in the B meson channel. Using a finite b-quark mass allows one to quantify the O(1/my) corrections,
reproducing at the same time the QCDF results at m;, — oo. In particular, the purely factorizable part is naturally
reproduced where the B — 7 form factor is represented by the LCSR with the pion DAs. In addition, in Ref. [165]
a soft-gluon nonfactorizable contribution to the emission topology in B — 7w was estimated which is a typical
power suppressed effect not accessible in QCDF.

Subsequent uses of LCSRs for B — 77 included the gluonic chromomagnetic operator contribution [166], as
well as the charm penguin [167] and the annihilation topology [168] contributions. Importantly, the latter is not
divergent at a finite my, as it appears to take place in QCDF (see also a recent discussion in Ref. [169]).

Turning to other applications, the B-meson two-body decays into kaon and charmonia were also calculated using
LCSRs in Refs. [170, 171]. Quite recently, in Ref. [172] the soft nonfactorizable correction to the B — D decay
was obtained using a version of LCSRs with B meson DAs.

Assessing the perspectives of the LCSRs for nonleptonic decays, we have to take into account that this method
has an additional “systematic” uncertainty caused by applying the local duality approximation (the step (ii) in
the derivation described above in this subsection). Hence, the resulting sum rules are, in general, less accurate
than LCSRs for the B transition form factors presented in the previous sections. Still, the method has certain
perspectives, mainly because the amplitudes calculated from LCSRs involve power suppressed contributions not
accessible or inherently divergent in QCDF. A complete analysis of B decays into two pseudoscalar mesons, such
as B(y) — Km, KK is one of the perspective applications, especially in view of certain tensions between data and
QCDF results.

5.3 Nonlocal effects in B — K™ ¢t¢— decays

The B — K )¢+~ decays generated by the b — s/ ¢~ transitions with flavour-changing neutral currents (FCNC)
provide sensitive tests of the flavour sector in SM (for a recent review, see e.g., Ref. [173] in this volume). LCSRs
were used to provide hadronic input in these decays. For the simplest decay B — K/¢7£~, the full decay amplitude
in SM is described by the following formula:

_ G Qem x| 7
A(B(ptq) — K(p)tTe7) = Xy, v | Byt pt (CngK(q2>
V2 T
2(my +ms) 7 o (BK) 2) 7 + (2
4 2T R o + Y OiH + by, sl phC , 35
o 75K (q )2':1’2’“"6’8 (a°) Yu st D" Crof g (a°) (35)

where genuine FCNC contributions sensitive to new physics are given by the terms proportional to the effective
coefficients C7 9 10. The hadronic parts of these contributions are reduced to the B — K form factors fng
obtained from lattice QCD or from LCSRs. The remaining terms in Eq. (35) are expressed in terms of hadronic
matrix elements

K@ [ 'z {5 @), 0(0)Br+ 9) = pH " (), (36)

FEM

where O; are the contributing effective operators* and Ji" is the quark e.m. current. The B — K*{/ decay has
a more rich kinematical structure with three invariant amplitudes analogous to Eq. (35), each of them containing
hadronic contributions similar to the one in Eq. (36).

The nonlocal hadronic matrix elements (36) are known as “charm loops”, since they are dominated by a weak
b — ccs transition followed by a lepton pair emission via virtual photon: é&¢ — ~* — ¢t¢~. Depending on the
momentum transfer ¢, the intermediate c¢ pair either forms a virtual charm loop (at ¢ < 4m?) or transforms
to an on-shell charmonium resonances (at ¢* > m? / ¢)' In the region far below these resonances, there is still a

possibility to use QCD factorization, as it was done in Ref. [175]. However, with this method two problems arise:
the ¢c threshold explicitly enters observables instead of hadronic thresholds and the soft gluon exchanges between
the charm loop and the rest of the hadronic transition are not accessible.

In Ref. [176] a new method to obtain the charm loop contributions in B — K)¢+¢~ was suggested. The idea
was to calculate the amplitudes (36) at spacelike g2, using light-cone OPE for the charm loop and including the
soft-gluon contributions. For the latter, LCSRs with three-particle B-meson DAs were used. The result of the OPE
was then fitted at ¢ < 0 to a dispersion relation in the ¢?-variable, containing the .J/1 and 1(2S5) poles and a

4See e.g., Ref. [174] for definitions of these operators and their Wilson coefficients.
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certain ansatz for the integral over the spectral density of excited ¢c hadronic states. Finally, this relation provides
an estimate of nonlocal amplitudes at timelike ¢? up to charmonium threshold.

In Ref. [174] a complete calculation of the amplitudes (36) for B — K¢ ¢~ was done, followed by an update and
inclusion of B; modes in Ref. [41]. In these analyses, certain contributions were estimated using QCD factorization,
since their sum rule calculation is technically not feasible. More recently, in Refs. [177, 178] along with a further
update of nonlocal effects in B — K{¢*¢~ and B, — ¢£* ¢ decays, the LCSR for the soft-gluon contribution was
recalculated with an updated set of higher-twist B-meson DAs, yielding a significantly smaller effect.

Note that nonlocal effects in exclusive FCNC decays are not yet accessible in QCD on the lattice. Hence OPE-
and LCSR-based calculations combined with hadronic dispersion relations will remain the only available continuum
QCD tool. This combined approach, however, still has the following problems deserving dedicated studies: (i) the
calculation in the spacelike ¢? region is strictly speaking not a regular OPE, because the charm loop contribution
even at ¢> < 4m? is complex valued, hence contains intermediate ¢csg hadronic states (where § is a spectator quark
in the B-meson); (ii) the usual three-particle DAs of B meson are kinematically not well suited for the correlators
used for estimating soft-gluon contributions (see recent discussion in [148]). In this situation, an alternative method
of calculation is desirable, e.g. the use of LCSRs with the kaon, K* and ¢ DAs.

5.4 Decays of B meson into dark matter particles

The method of LCSRs can be easily extended to B-meson transition form factors and other hadronic matrix
elements emerging due to new interactions beyond SM. If a new particle is coupled to quarks and gluons via an
effective pointlike interaction (e.g., due to heavy mediators), the corresponding local operator can be inserted in
the vacuum-to-hadron correlator instead of an SM current, resulting in a sum rule for the B decay amplitude into
a hadron and a new particle. A recent example is the calculation of the B-meson decay rate into a proton and
dark antibaryon in Ref. [179]. This type of decays is predicted in the B-mesogenesis scenario introduced in Ref.
[180], where one can find all necessary details concerning the new physics aspects and the quark-level interactions
with dark particles.

In Ref. [179] the effective coupling between three quarks and dark antibaryon was correlated with the B-meson
interpolating current in the vacuum-to-nucleon correlator. The OPE with nucleon DAs was then used to the leading
twist-3 accuracy, and LCSR, was obtained after matching the OPE with the dispersion relation in the B-meson
channel. A nontrivial difference is observed between various versions of B-mesogenesis model in which the effective
interaction differs only by interchange of b and d quarks. The B — nucleon effective form factors calculated from
LCSRs were used to predict the branching ratios of the B decays into a proton and dark-matter antibaryon. An
important upgrade of this calculation will include the nucleon DAs up to twist-6 [181]. Recently, the same LCSR
method was used in Ref. [182] also for the B decay modes into other baryons and dark antibaryons. The predicted
decay rates are within the reach of the Belle-II experiment, where a final-state proton (or other baryon) and a
missing energy-momentum in the B decay serve as a signature.

6 Conclusion

The method of light-cone sum rules, after many years of successful development and plenty of topical applications,
has become a standard QCD-based tool to calculate hadronic matrix elements for b-quark decays in a form of
approximate analytic expressions with an improvable accuracy. In this review, we presented both main versions
of the LCSR technique, based on the light-meson and B-meson DAs. In particular, the B-meson transition form
factors and other exclusive B-decay amplitudes at large recoil of the final state are calculable with LCSRs, suc-
cessfully complementing the lattice QCD calculations. A broad variety of other prospective applications, from the
heavy baryon form factors to the B-decays into dark matter were also overviewed. We collected references to all
essential papers on the LCSR applications to heavy hadron physics. Having in mind the vast amount of literature
in this field, it is possible that some of the relevant publications are still overlooked.

We hope that this review will become useful, especially for young researchers who enter the field of QCD methods
in flavour physics, providing guidance to their future works on new interesting applications of QCD light-cone sum
rules.
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