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1. Introduction

Rare B decays are excellent probes for New Physics (NP) searches. Given the current lack
of direct production for NP states at present experimental facilities, alternative avenues must be
explored to investigate potential extensions of the Standard Model (SM). One promising approach
involves the meticulous examination of rare processes, wherein the presence of NP effects as
intermediate, virtual states may become evident due to the already suppressed SM contribution.

Indeed, most of these rare B decays are mediated by Flavour Changing Neutral Currents
(FCNC), which are forbidden in the SM at tree-level. These processes occur at the loop-level and
are therefore very rare, being generally both GIM- and CKM-suppressed. This proceeding aim to
review the current theoretical status of the most promising rare B decays. Precise experimental
measurements are being confronted with accurate theoretical predictions in (and beyond) the SM,
contributing to the ongoing search for NP effects.

2. B, —>1v

The first class of decays here reviewed are the leptonic B, — 7v decays. While these processes
are not mediated by an FCNC, they are nevertheless considered rare ones due to helicity suppression.
Their Branching Ratio (BR) can be predicted in the SM in the following way:
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where G is the Fermi constant, 75+ and mp denote the B7, meson lifetime and mass, respectively,
and m, is the mass of the 7+ lepton. The main sources of theoretical uncertainty come from the
CKM elements |V,p| and the B; meson decay constants fBj,- Concerning the latter, the most
precise measurements to date come from Lattice QCD (LQCD) and read fp: = 427(6) MeV
and fp+ = 190.0(1.3) MeV [1]. Regarding the former, a long-standing discrepancy is currently
present among inclusive and exclusive determinations of both |V.p| and |V,;| [2]; however, the
unitarity of the CKM matrix allows for indirect extractions of these elements via global fits to all
the other decays feeding in the so-called Unitarity Triangle Analysis (UTA). The latest predictions
for these elements performed by the UTfit collaboration [3] read |V.p| = 42.22(51) X 1073 and
[Vup| = 3.70(11) x 1073, Using these input, the latest SM predictions for the two BRs read:

B(Bf — ttv)™ =2.29(9) x 1072, BB — v )™M =0.87(5) x 1074, (2)

Going beyond the SM, this class of decays is sensitive to additional contribution from both
vector and scalar currents, stemming from the NP operators

Oviry = (GL@®)YubL®) (TLYuVL) s Osyx) = (GrL)bL(R))(TRVL) - (3)

We will denote with C; the respective couplings. These decays are excellent probes for NP effects
coming from the scalar operators Og, ,, due to the induced lift of the helicity suppression:
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Such contributions typically arise in models involving an additional Higgs doublet and/or a scalar
Leptoquark (LQ) (for a study on current and future bounds see, e.g., Ref. [4]).
3. B, — uu

Another class of helicity suppressed decays, which are moreover mediated by FCNC, consists
of B, — upu decays. The SM BR for these transitions is described by
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where C ?(’)SM is the SM coupling associated to the axial current Q?o = 7¢(qryubr) (iy*ysp) and
myy is the W boson mass. Similarly to the previous case, also for this class of channels the main
sources of uncertainty stem from the CKM elements |V;,| and the B, meson decay constants fp,,
whose most precise determinations come from UTA analyses and LQCD, respectively. Concerning
the CKM elements, the latest determinations read |V, 4| = 8.59(11) x 1073 and |V;,| = 41.28(46) x
1073 [3]; for the decay constants, we have fp, = 190.5(1.3) MeV and fp_ = 230.1(1.2) MeV [1].
Using these input, we can give the most precise and updated SM predictions for the two BRs:

B(By — pt )™M =9.48(36) x 107! B(Bs — uu )M =3.47(14) x 1077, (6)

In the presence of NP effects, these class of decays is sensitive to additional contributions not
only to the axial operator present in the SM, but also to the additional (pseudo)scalar operators,
Qe My Qe Mp

Os = 4——(67LbR)(Ef), Qp = ——=(GLbr)(fyst), (7
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and to primed operators, obtained replacing Py (g) with Pg(r). The modified expression for the
BR, where the helicity suppression is again lifted in (pseudo)scalar contributions, reads
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The current agreement between the SM predictions and the experimental measurements in these
channels allows us to put stringent bounds on the involved NP couplings. We will comment on the
most phenomenologically interesting ones in Sec. 5, in the context of global fits to b — s¢{ data.

4. B— KWyy

In this section we will review the FCNC semi-leptonic decays B — K*)y7. They share the
same kind of theoretical uncertainties presented for By — uu decays in Sec. 3, with additional ones
stemming from the presence of form factors mediating the hadronic transitions present in these
channels. Indeed, the hadronic matrix elements can be parameterized for the two channels as

2 _ 2 2 _ 2
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The form factors fjy and f. involved in B — K transitions have been estimated via LQCD [5, 6]
and combined in Refs. [7, 8]. Concerning the form factors V, Ag, A; and A, mediating B — K*
transitions, an estimate by means of Light-Cone Sum Rules (LCSR) has been in given in Ref. [9],
which incorporates LQCD results from Ref. [10]. We have now all the elements to write down the
expression for the differential BRs, which read in the SM as [11]:
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where we have introduced the SM coupling CEM = —6.32(7) [11] defined as the universal, flavour-
diagonal part of the coupling Czj mediating the operator Oij = 22(SLyubr) (Viy* (1 =ys)v;). Fur-
thermore, A5 is a linear combination of the form factors A; and A, [10], and Ay = A(qz, m%, mjzw)
with M = K, K*, is the Killén-function defined as A(a, b, ¢) = a*> + b*> + ¢> — 2(ab + ac + bc). We

can give now the SM prediction for the integrated BRs of these decays [8, 12]:
B(B* — K*vv) = (4.44 +0.30) x 1079, B(B* - K**vy) = (9.8+1.4)x107%. (14

Given the impossibility to flavour-tag the neutrinos at colliders, it is customary to express NP
contributions to these channels as
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where we have introduced ng = 0, g+ = 3.33(7), and Cg is the coupling of the operator
Og = 72(5rYubr)(Viy*(1 = ys)v;). The Belle II collaboration recently measured for the first
time Ry = 5.4 + 1.5 [13], obtaining a result 2.90" larger than its SM prediction; when combined
with previous upper limits, this result yields RI"<17 = 2.8 + 0.8. Conversely, only upper limits
relative to the B¥ — K**vv decay have been reported to date, with the best being set by the Belle
collaboration at RI"(Z < 2.7 with 90% C.L. [14].

The interpretation of the potential excess observed by Belle II in the K* channel in terms of NP

effects is not trivial, once confronted with current limits present in the K** one [8, 12]. For instance,



B rare decays: theory overview Marco Fedele

an explanation in terms of a flavour-universal NP contribution to C;, would be clearly viable only
after a decrease of the discrepancy in the K* channel. Introducing non-universal contributions is
however strongly constrained by current data on ratios of muon to electron BRs in b — s transitions,
see Sec. 5; a non-universal component would have to be therefore predominantly connected to v.
Nevertheless, such components would yield, e.g. in a LQ scenario, to additional contributions in
b — c7v transitions, hence needing to confront with data and anomalies in that sector as well [15].

5. B— K"W¢t, B, — ¢tt

The following class of decays comprises rare semi-leptonic B decays involving charged leptons
in the final states, namely B — K™ ¢ and By — ¢L, with £ = e, u. Similarly to B — K®yy,
one of the main sources of uncertainty in these class of channels stem from the form factors, whose
number grows to three in the case of B — K transitions and to seven in the cases of B — K* and
By — ¢ ones, due to the inclusion of tensor matrix elements as well:

2fr(q%)
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Analogously to the previous class of decays, these additional form factors have been estimated
in the LQCD for the former case [5, 6], and in a combination of LQCD and LCSR for the latter
ones [9, 10].

However, a second source of uncertainty is introduced by non-local matrix elements involving
the four-quark operator QS = (5.yucr)(CLy*bL), particularly in proximity of the c¢ threshold,
that yields non-factorizable power corrections from the time-ordered product

(A ) _ _
ha(q®) = 6"—(2) / d*x €T (K*|T{jtn(x)Q5(0)}|B) , (18)
mpg

with j& (x) the electromagnetic (quark) current and A = {0, +, -} representing the helicity. While
considerable progress has been made in estimating (at least part of) these amplitudes using light-
cone sum rules [16, 17] and analyticity supplemented with perturbative QCD in the Euclidean
g region [18-20], calculating these hadronic contributions remains an open problem. Moreover,
hi(g*) can mimic the presence of NP effects in these channels as it enters in the amplitudes
as a Lepton Flavour Universal (LFU) shift to the coefficient C9 mediating the operator Qg =
72(SLyubr) (iy* ) [21], hence polluting the cleanness of the plethora of angular observables
that can be defined for these three- and four-body decays beyond the usual BRs [22, 23]. To this
end, Lepton Flavour Universality Violating (LFUV) ratios has been defined as Rg) = B(B —
K" uu)/B(B — K®ee) [24], where the uncertainties introduced by these non-local matrix
elements largely cancel out yielding to the clean theoretical prediction of Rg) = 1.00(1) [25].
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In the last decades an increasing number of so-called anomalies has been measured by the
LHCb collaboration, both in the BRs of B — K*)uu and By — ¢upu, and in angular analyses of
decays with vector mesons in the final state (see, e.g., Refs. [26-30] for the most updated results).
While all these measurements are potentially plagued by the presence of non-hadronic matrix
elements, a claim for NP effects coupled to the muon current was advocated due to observation by
the LHCD collaboration of under-abundance of muon productions in the measurements of LFUV
ratios Rg and Rk~ [31, 32]. However, after a recent re-analysis of LHCb data concerning these
ratios [33], there is no longer evidence for lepton-flavour violating NP effects in these channels [34].

Nevertheless, the presence of LFU NP effects in this channel cannot be excluded yet, particularly
in the context of global fits where all decays involving b — s¢€{ transitions are taken into account.
Indeed, remembering the constraints on Cjy coming from current data on By — pu mentioned in
Sec. 3, the presence of LFU NP effects in Cy is still not excluded, albeit with different significance
according to the treatment of non-local hadronic uncertainties [34-36].

6. b — sy

We conclude our review with the study of the radiative decays mediated by the b — sy
transition. Starting from the inclusive decay B — X7y, the SM prediction for its BR is based on
the equation

2
Vt*b Vis

Vcb

6e?
4n2C

Bsy = B(B = Xs¥)E,>E, = B(B — Xclv) [P(Eo) + N(Eo)], 19)

where Ey = 1.6 GeV, C is the so-called semi-leptonic phase-space factor, and P(E() and N (Ey) are
the perturbative and non-perturbative contributions to the decay, respectively. The latest prediction
for the former term is reaching the NNLO in QCD, combined with the most recent estimate for the
former one [37], yield to By, = (3.40+0.17) x 10~% [38], where the uncertainty stems from higher-
order effects (+3%), interpolation in m. (£3%), and parametric non-perturbative effects (+2.5%),
which are added in quadrature. This result is in perfect agreement with current experimental
measurements.

Of analogous interest are the associated exclusive decays B, — Vv, with V being a vector
meson like K* or ¢. For this class of decays it is possible to write the following observables:

GZ €2|V* Vv |2m3 m2 3
F thVrql Mg M m 12
B(By — Vy) =18, ——|1- =] AGP+|GHn©0),  (0)
1287 2
T'(B,(1) = Vy) =T(By(t) > Vy)
Acp(B,(1) = Vy) = —~ 1 1)

T(By(1) = Vy) +T(By(1) = Vy)

with C7 being the coupling of the operator Q7 = #mbi LOuy F*V bR, and corresponding to the
LO term of P(Ey).

A combined analysis of both inclusive and exclusive radiative B decays has been performed in
Ref. [39], where the overall agreement of all the SM predictions with experimental measurements
put very stringent constraints of potential NP effects in such channels.
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