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Among experimental processes for testing precisely the Standard Model (SM) and searching for
possible physics beyond the SM, rare bottom-hadron decays induced by the b — s and b — d
flavor-changing neutral currents attract a lot of attention. Radiative and semileptonic B-meson
decays with p°, w, and ¢ mesons in the final state like BY — p%(w)y, BY — p®(w)t*¢~, B® — ¢y,
and B® — ¢*(~, being mainly of pure annihilation-type topology, are of significant interest as in
the SM they are extremely suppressed and New Physics effects can increase substantially their decay
widths. Experimental searches of some of them were undertaken at the KEKB and LHC colliders.
The upper limit on the radiative decay branching fraction, 8(B° — ¢y) < 1.0 x 1077, obtained
by the Belle collaboration in 2016, was the only one for quite some time. In 2022, the LHCb
collaboration put the upper limit on its semileptonic counterpart, 8(B? — ¢u*u~) < 3.2x 107,
Here, we consider a theory of the annihilation-type semileptonic B — ¢£*¢~ decays, where ¢
is a charged lepton, and present SM theoretical predictions for their branching fractions based on
the Effective Electroweak Hamiltonian approach for the b — d¢*¢~ transitions. An impact of

theoretical models for the B-meson distribution amplitudes on these decays is also discussed.
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1. Introduction

An experimental observation of significant deviations from the SM predictions in rare decays
of bottom hadrons may lead to a New Physics discovery. At present, a majority of experimental
data on rare B-meson decays is in good agreement with the SM. In particular, the LHCb, CMS
and ATLAS collaborations at the LHC measured the branching fraction, Bexp(Bs — pu~) =
(3.01 + 0.35) x 1072 [1], of the ultra-rare annihilation-type B,-meson decay which is consistent
at 20~ with the SM prediction, By (By — pu~) = (3.65+£0.23) x 1072 [2]. These measurements are
also accompanied by intensive experimental searches of the B — u*u~ decay and PDG presents
the following average for its branching fraction: Bexp(B — ptu™) = (0.77}3) x 107'° [1]. Rare
semileptonic annihilation-type decays of B(()S)-mesons include B — ¢¢~¢* and B — p°(w)t~ ¢+,
where € = e, u, T is a charged lepton, under the assumption that the w- and ¢-mesons are the states
with the following quark content: w = (iiu + dd)/V2 and ¢ = 5s. We accept this approximation in
the theoretical analysis below. Their radiative counterparts, B — ¢y and B — p°(w)y, under the
same assumption about final mesons, have also annihilation-type topology. Due to the smallness of
their branching fractions, experimental limits only on such B°-meson decays are known at present:
B(BY = ¢y) <1.0x 1077 [3] and B(B® — ¢pu*u~) <3.2x 1070 [4].

The theoretical analysis of radiative annihilation-type B° — ¢y and By — p°(w)y decays,
including the w — ¢ mixing effect, was undertaken in [5], where predictions for the B;-meson indicate
a significant contribution from this effect. For semileptonic annihilation-type B — ¢+~ decay
we present Standard Model predictions, so far, without taking into account w — ¢ mixing, which
is postponed for another publication. We also estimate a dependence on the choice of theoretical
models for the B-meson distribution amplitudes entering decay width through their first inverse
moments.

2. The differential branching fraction of B® — ¢¢*¢~ decay

Calculations are done in the Effective Electroweak Hamiltonian approach [6, 7]. The effective
Lagrangian density for b — d flavor-changing neutral current (FCNC) transition is derived from
the SM Lagrangian by integrating out heavy particles — the top quark, W, Z and Higgs bosons as
well as photons and gluons with energies ~ my . It can be written as follows:

Le(x) = Lopp (x) + Loep(x) — HEZ (x), (1

where Lggp (x) and Locp(x) are usual QED and QCD Lagrangians for particles left in the theory.
The FCNC Hamiltonian, H? 4 describes the b — d transition:
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where G is the Fermi constant, C;(u) are Wilson coefficients, $;(u) are local b — d transition
operators, and V,, 4, are the Kabibbo-Kobayashi-Maskawa matrix elements. The standard %;(u)
basis includes 10 operators [7]. The leading-order contribution to the B — ¢{*¢~ decay amplitude
is given by the penguin operators 3 and Ps. This differs from the analysis of the B® — p%¢*¢~
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decay [8, 9], in which contributions from the annihilation diagrams, despite being subdominant, are
determined both tree and penguin operators.

In the B® — ¢¢*¢~ decay, the current with the b- and d-quarks determines the initial B-meson,
and the other, constructed from the s-quarks, is related with the final ¢ meson. As a result, the total
decay amplitude is factorized as the product of the ¢ meson decay constant, f4, and the B-meson
wave function defined on the light cone in the limit of a massless d-antiquark and infinitely heavy
b-quark. This wave function is determined by two B-meson distribution amplitudes (DAs), ¢ 2 (t)
and @5 (1), through the transition matrix element from the meson state to the vacuum [10]:

ifpmp

(Olgq(z) E(0,2) hy g(0)|B(v)) = —

| - - - 2
(1+9) {gof(r) s CAORIG] 2—} 75} . (3)
t Bar
where mp and fp are the B-meson mass and decay constant, respectively, ¢t = (vz) is the proper
time of the B-meson, E (0, z) is the Wilson line, which ensures the gauge invariance of the B-meson
interpolation current, v¥ = (1,0, 0, 0) is B-meson four-velocity in its rest frame, z* is a light-like
separation between quarks. The decay amplitudes include Fourier transforms of the DAs [8, 10], and
subleading DA, ¢Z (w), is related to the leading one, ¢Z (w), by the Wandzura-Wilczek relation [10]:

00 o) B ’
@2 (1) = / dwe 9B (w),  ¢P(w)= / %M. 4)
0 w

After the leading DA is specified, the subleading one can be calculated in this approximation.

The differential branching fraction of the B — ¢£*{~ decay can be written as follows:

dB GV V,,12a? 2o Mo N
a2 T anen melaleQad (1m_3m_3)
m2
x|C3 +4Cs[ (|45 (D) + Lz q2)|2], (5)
q* (1 - q*/mp)

where 7 is the B-meson lifetime, my is the ¢ meson mass, « is the fine structure constant,
Q4 = —1/3 is the relative charge of the d-quark, A(a, b, ¢) is the kinematical function [1]. The
differential branching fraction (5) depends also on the first inverse moments (FIMs), A;i(qz), of
the B-meson DAs, ¢3 (w), which are non-perturbative quantities [9]:

00 B
/lZ;I,i(CIZ) :‘/0‘ ¢i (w) dw _ (6)

w—q?*/mp —ie

where ¢ is the four-momentum squared of the lepton pair. Their momentum-dependence is
determined by a choice of DA theoretical models. From the number of models suggested [10-15],
we consider two — the Exponential model, known as Grozin and Neubert (GN) model, [10] and
Linear model, also called as KKQT model [11]. In numerical analysis, the first inverse moments
based on them are used to illustrate a variation due to a choice of the DA theoretical model.
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3. Numerical analysis of B — ¢(*(~ decay

Partially integrated branching fractions are measured at experiments and theoretical predictions
are desirable to work out in a similar form:

AB(Ghin < @* < qhax) = / —= dq*. (7)

We get estimates for the branching fraction in the interval ¢> € [1 GeV?, 8 GeV?], relevant for the
e*e” and u*u~ production, for the Exponential (GN) and Linear (KKQT) models:

ABN(1 GeV? < ¢* <8 GeV?) = (2.1718) x 10713,
ABKEQT(1 GeV? < g% < 8 GeV?) = (3.913) x 107, (8)

The results obtained demonstrate a strong dependence on the choice of the DA model. The
difference in the model predictions is of the order of the factorization scale uncertainty. Near the
lower bound of the interval, one can expect a long-distance contribution from the ¢ meson. Note
that the B® — ¢¢ decay is under experimental searches and the upper limit on its branching fraction,
B < 2.7 % 1078, is known at present [1]. Keeping in mind that the ¢ meson decay into the muon
pair is quite suppressed, B(¢ — ptu~) = (2.85 +0.19) x 107 [1], the ¢ meson contribution can
be a few times 107!2, but with shifting the lower cut it can be safely excluded. Here, we neglected
such a long-distance effect and its impact on the spectrum will be analyzed elsewhere.

The estimation of the total branching fraction due to the perturbative contribution is as follows:

Bn(B® — ¢ptt7) ~ 10712, 9)

which is three orders of magnitude lower than the upper limit obtained by the LHCb Collabora-
tion [4].

4. Summary and outlook

The theoretical analysis of the B — ¢¢~* decay in the leading order within the Effective
Electroweak Hamiltonian approach is presented. The branching fraction is perturbatively calculated
in the region of small g2 and its variation caused by a choice of the theoretical model of the B-
meson DAs is demonstrated explicitly. Theoretical prediction for the total branching fraction,
Bin(B® — ¢pL*C7) ~ 10712, agrees with the experimental limit, Bexp (B — ¢putu~) < 3.2x 107,
by the LHCb Collaboration [4]. A more precise prediction for the total branching fraction which
covers the entire kinematically allowed region is under derivation. Since the w— ¢ mixing affects the
BY — ¢y branching fraction, it is necessary to take into account this effect on the branching fraction
of the decay considered as well as to include into a consideration long-distance contributions.

Acknowledgments

I would like to thank Alexander Parkhomenko for useful discussions and valuable support.



SM theoretical predictions for B® — ¢+t~ decay Irina Parnova

References

[1] ParticLE DaTa GrouP collaboration, Review of Particle Physics, PTEP 2022 (2022)
083CO01.

[2] C. Bobeth, M. Gorbahn, T. Hermann, M. Misiak, E. Stamou and M. Steinhauser,
Bs.q — (" in the Standard Model with Reduced Theoretical Uncertainty, Phys. Rev. Lett.
112 (2014) 101801 [1311.0903].

[3] BELLE collaboration, Search for the decay B® — ¢y, Phys. Rev. D 93 (2016) 111101
[1603.06546].

[4] LHCB collaboration, Search for the decay B® — ¢u*u~, JHEP 05 (2022) 067
[2201.10167].

[5] H. Deng, J. Gao, L.-Y. Li, C.-D. Lii, Y.-L. Shen and C.-X. Yu, Study on pure annihilation
type B — Vy decays, Phys. Rev. D 103 (2021) 076004 [2101.01344].

[6] G. Buchalla, A.J. Buras and M. E. Lautenbacher, Weak decays beyond leading logarithms,
Rev. Mod. Phys. 68 (1996) 1125 [hep-ph/9512380].

[7] K. G. Chetyrkin, M. Misiak and M. Munz, Weak radiative B-meson decay beyond leading
logarithms, Phys. Lett. B 400 (1997) 206 [hep-ph/9612313].

[8] M. Beneke, T. Feldmann and D. Seidel, Systematic approach to exclusive B — V{*¢~, Vvy
decays, Nucl. Phys. B 612 (2001) 25 [hep-ph/0106067].

[9] M. Beneke, T. Feldmann and D. Seidel, Exclusive radiative and electroweak b — d and
b — s penguin decays at NLO, Eur. Phys. J. C 41 (2005) 173 [hep-ph/0412400].

[10] A. G. Grozin and M. Neubert, Asymptotics of heavy-meson form factors, Phys. Rev. D 55
(1997) 272 [hep-ph/9607366].

[11] H. Kawamura, J. Kodaira, C.-F. Qiao and K. Tanaka, B-Meson Light-Cone Distribution
Amplitudes in the Heavy-Quark Limit, Phys. Lett. B 523 (2001) 111 [hep-ph/0109181].

[12] V. M. Braun, D. Y. Ivanov and G. P. Korchemsky, The B meson distribution amplitude in
QCD, Phys. Rev. D 69 (2004) 034014 [hep-ph/0309330].

[13] S.J. Lee and M. Neubert, Model-independent properties of the B-meson distribution
amplitude, Phys. Rev. D 72 (2005) 094028 [hep-ph/0509350].

[14] G. Bell, T. Feldmann, Y.-M. Wang and M. W. Y. Yip, Light-Cone Distribution Amplitudes
for Heavy-Quark Hadrons, JHEP 11 (2013) 191 [1308.6114].

[15] T. Feldmann, P. Liighausen and D. van Dyk, Systematic parametrization of the leading
B-meson light-cone distribution amplitude, JHEP 10 (2022) 162 [2203.15679].


https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevLett.112.101801
https://doi.org/10.1103/PhysRevLett.112.101801
https://arxiv.org/abs/1311.0903
https://doi.org/10.1103/PhysRevD.93.111101
https://arxiv.org/abs/1603.06546
https://doi.org/10.1007/JHEP05%282022%29067
https://arxiv.org/abs/2201.10167
https://doi.org/10.1103/PhysRevD.103.076004
https://arxiv.org/abs/2101.01344
https://doi.org/10.1103/RevModPhys.68.1125
https://arxiv.org/abs/hep-ph/9512380
https://doi.org/10.1016/S0370-2693%2897%2900324-9
https://arxiv.org/abs/hep-ph/9612313
https://doi.org/10.1016/S0550-3213(01)00366-2
https://arxiv.org/abs/hep-ph/0106067
https://doi.org/10.1140/epjc/s2005-02181-5
https://arxiv.org/abs/hep-ph/0412400
https://doi.org/10.1103/PhysRevD.55.272
https://doi.org/10.1103/PhysRevD.55.272
https://arxiv.org/abs/hep-ph/9607366
https://doi.org/10.1016/S0370-2693%2801%2901299-0
https://arxiv.org/abs/hep-ph/0109181
https://doi.org/10.1103/PhysRevD.69.034014
https://arxiv.org/abs/hep-ph/0309330
https://doi.org/10.1103/PhysRevD.72.094028
https://arxiv.org/abs/hep-ph/0509350
https://doi.org/10.1007/JHEP11(2013)191
https://arxiv.org/abs/1308.6114
https://doi.org/10.1007/JHEP10(2022)162
https://arxiv.org/abs/2203.15679

	Introduction
	The differential branching fraction of B0 + - decay
	Numerical analysis of B0 + - decay
	Summary and outlook

