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ABSTRACT: In light of the very recent updates on the Rx and Rg+ measurements from
the LHCb and Belle collaborations, we systematically explore here imprints of New Physics
in b — s¢T¢~ transitions using the language of effective field theories. We focus on effects
that violate Lepton Flavour Universality both in the Weak Effective Theory and in the
Standard Model Effective Field Theory. In the Weak Effective Theory we find a preference
for scenarios with the simultaneous presence of two operators, a left-handed quark current
with vector muon coupling and a right-handed quark current with axial muon coupling,
irrespective of the treatment of hadronic uncertainties. In the Standard Model Effective
Field Theory we select different scenarios according to the treatment of hadronic effects:
while an aggressive estimate of hadronic uncertainties points to the simultaneous presence
of two operators, one with left-handed quark and muon couplings and one with left-handed
quark and right-handed muon couplings, a more conservative treatment of hadronic matrix
elements leaves room for a broader set of scenarios, including the one involving only the
purely left-handed operator with muon coupling.
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1 Introduction

The past few years have brought us a thriving debate on the possible hints of New Physics
(NP) from measurements of semileptonic B decays. In particular, Flavour Changing Neu-
tral Current (FCNC) decay modes into multi-body final states, e.g. B — K®ete— and
Bs — ¢ 10~ bring forth a large number of experimental handles, see e.g. [1], that are ex-
tremely useful for NP investigations while also allowing to probe the Standard Model (SM)
itself in detail [2—6]. The inference of what pattern is being revealed by the experimental
observations is the crux of the debate.

Two distinct classes of observables characterize these semileptonic decays. The first is
the class of angular observables arising from the kinematic distribution of the differential
decay widths that have been measured at LHCb [7-13], Belle [14], ATLAS [15] and CMS [16—
18]. These observables, mostly related to the muonic decay channel, while being sensitive
to NP [6, 19-22] are besieged by hadronic uncertainties [23-28|. The latter, associated with
QCD long-distance effects — hard to estimate from first principles [29, 30] — can saturate
the measurements so as to be interpreted as possibly arising from the SM or can obfuscate
the gleaning of NP from SM contributions [31-33|. Therefore, in the absence of a complete
and reliable calculation of the hadronic long-distance contributions, a clear resolution of
this debate based solely on the present set of angular measurements is hard to achieve.
Improved experimental information in the near future [34] concerning, in particular, the
electron modes is a subject of current cross-talk between the theoretical and experimental
communities [35, 36], and may shed new light on this matter [37-39].

The second class of observables then becomes crucial to this debate. These are the
Lepton Flavour Universality Violating (LFUV) ratios that hold the potential to conclusively
disentangle NP contributions from SM hadronic effects. The latter are indeed lepton flavour
universal |2, 40]. Several hints in favour of LFUV have surfaced in the past few years
in experimental searches at LHCb [41, 42] and Belle [14]. These have led to a plethora
of theoretical investigations [43-159], all oriented towards physics Beyond the Standard
Model (BSM) able to accommodate such LFUV signals, mainly involving Z’ or leptoquark
mediators at scales typically larger than a few TeV and with some peculiar flavour structure
needed to avoid clashing with the stringent bounds from meson-antimeson mixing and from
other observables. Despite possible model-building challenges, the primary message here is
clear: a statistically significant measurement of LEUV effects in FCNCs such as b — st~
decays would herald the discovery of NP unambiguously [160-165].

In this work we focus on the progress of this debate with the new measurements of Ry
and Rp+ recently presented by the LHCb [166] and Belle collaborations [167]:

Br (Bt — KTptu™)

Ry [1.1,6] = — B 5 Krerer) 0.84610-050+0-00¢ (LHCD), (1.1)
Br(B — K*utpu~

Ry~ [0.045,1.1] = B:((B: K‘; +Z)) = 0.527038 1+ 0.05 (Belle), (1.2)

Ry [1.1,6] = 0967055 4 0.11 (Belle). (1.3)

The LHCD results combines the re-analysis of the 2014 measurement together with more



recent data, partially including the experimental information from Run II, and covers an
invariant dilepton mass ¢? ranging in [1.1,6] GeV2. The preliminary Belle measurement
also covers larger values of the dilepton invariant mass, which however are not used in
our analysis, as detailed below. While the central value of the measurement in eq. (1.1)
shifts towards the SM prediction |2, 40|, the statistical significance of the corresponding Ry
anomaly remains interesting, at the level of 2.50. On the other hand, the result in eq. (1.3)
slightly weakens the significance of the Ry« anomaly in this range of dilepton invariant
mass.

In an attempt to better disentangle SM hadronic uncertainties and to zoom in on the
importance of NP contributions, here we present a state-of-the-art analysis of b — sfT¢~
transitions where:

e We revisit our approach to QCD power corrections streamlined for efficiently cap-
turing long-distance effects, which are of utmost relevance in the interpretation of
the current experimental information on the B — K*u*p~ channel. We discuss
several novelties about our new parameterization of hadronic contributions, recently
introduced in [39];

e We make use of two distinct Effective Field Theory (EFT) frameworks, namely the
AB = 1 Weak Effective Hamiltonian and the Standard Model Effective Field Theory
(SMEFT). The former EFT allows us to obtain a better insight on the dynamics at
the decay scale, while the latter can offer a deeper link with BSM interpretations.

We review our theoretical framework in section 2, where we also present a fresh look at
the anatomy of R in light of the new LHCb measurement. We then provide a thorough
description of our analysis procedure in section 3. Finally, we collect and discuss all our
main results in section 4, supported also by appendix A and B. We present our conclusions
in section 5.

2 Theoretical framework

As an introduction to the basic ingredients of our analysis we start by reviewing the stan-
dard EFT for AB = 1 transitions, highlighting the distinction between short-distance and
hadronic contributions. We then move on to LEUV effects in terms of SM gauge-invariant
dimension-six operators, completing the EFT dictionary useful for understanding the results
we present in section 4.

2.1 Short distance vs long distance

The anatomy of B — K®¢T¢~ B — K*vy, By — ¢{T¢~ and B, — ¢ decays can be
inspected with an effective field theory of weak interactions for AB = 1 processes [168, 169].
The corresponding effective Hamiltonian can be split in two parts:

Hat = = e + Mo (2.1)



where the first “hadronic” term contains only nonleptonic operators:

4G

Hhad —
V2

Z Ap [QQZ{ + CoQh + Z CiP; + CSQSg] ; (2.2)

p=u,c i=3,....6

involving the following set of relevant operators up to dimension six:

Q) = (e Tpr) (P Trz),

Q3 = (S79pL)(PLY*dL)

Py = (Syubr) > gl@y™q)

Py = (37,7°1) Y (@' T%q) ,

Py = (S7amsbr) Y o(@"'7**7%q)

Ps = (517u1Yu27u3Tbr) Zq(ﬁ“lV“zV“sTa(I),
Qsg =\ 61 3mb8LU,wG“ bR . (2.3)

The second term features four-fermion operators constructed with leptonic and quark bi-
linears, together with the electromagnetic dipole operators,

4G
WY = \/f A {C(')Q(') +cQY + Q)  + VW + VoV, (2.4)

including, up to dimension six, the operators:

Q7 = i 3mb8LUWF“ br,

Qe _
Qov = Z(EL%bL)(E’YW),
7[8

Qe _
Q104 = *(SL’beL)(g’Y“”Y%)?

41
Qs = Ze(SLbR)W)
Qp = %(ELbR)(£7 f). (2.5)

Note that in eq. (2.5) we have omitted tensorial semileptonic structures under the reasonable
assumption that NP exhibits a mass gap above the electroweak (EW) scale [43]. We have
also omitted other hadronic operators that may arise beyond the SM, since we are focusing
on LFUV. The primed operators )} are obtained from eq. (2.5) substituting Pr 1, — P R
in the corresponding quark bilinears. Throughout the paper, CKM factors are defined as
N =V, Vi =V,Vi, with i = {u, ¢, t} = {1,2,3}.

The short-distance physics in egs. (2.1)-(2.5) is, in general, captured by the Wilson
coefficients (WCs), denoted as effective couplings C'"). Within the SM, at the dimension six
level, semileptonic chirality-flipped and (pseudo)scalar operators can be neglected, however
they are potentially relevant for the study of NP effects. In our analysis, we evaluate

SM WCs at the scale pup = 4.8GeV using state-of-the-art QCD and QED perturbative



corrections, both in the matching [170-172| and in the anomalous dimension of the operators
involved [172-175].! We note that the remaining theoretical uncertainty on the SM WCs,
at the level of few percent, can be neglected in this work.

In the absence of a unique UV complete model that can potentially be responsible for
the measured hints of anomalies in the b — s transitions, the formalism of the effective
Hamiltonian is extremely powerful. It allows to study the effects of BSM physics in a
model-independent manner, where the presence of NP effects manifests itself as (lepton-
flavour dependent) shifts of the WCs with respect to the SM values. On the basis of
previous global analyses which allow for LFUV effects [160-165, 177-181], in this paper
we allow for NP effects in C’éf)lé’:;,ﬁ. We do not consider the case of NP effects in dipole

operator coefficients oV

, since such a possibility is severely constrained by the inclusive
radiative branching fraction of B — Xy among other measurements [182] and it is anyway
irrelevant for LFUV. Moreover, in the following we also set aside the possibility of NP effects
entering in eq. (2.2), a case considered in the study by the authors of [71]. Our choice is,
once more, primarily driven by our focus on LFUV effects. On more general grounds, one
should stress that decoding LFU-conserving NP effects in current b — s data — a possibility
recently considered in [183] — may be a challenging task [184], especially in light of unknown
hadronic contributions.

Let us consider the B — K*¢T¢~ transition as an example for setting up our notation.
From the Hamiltonian defined in eq. (2.1), it is possible to write down seven independent
helicity amplitudes that, in full generality, describe a (pseudo)scalar particle decaying into
a vector state and a dilepton pair. These helicity amplitudes can be combined together to
define the decay branching ratio and the largest independent set of angular observables. In
the basis defined in [29], these structures within the SM can be schematically written as:

~ 2 19 ~
) {CQVLA + % [nzr:&TL,\ _ 16772h,\] } ,

~ mym, > msx
H) o« ChoViyn,  Hp x 22 b Cio (SL - mbSR> , (2.6)

with A = 0, +. The factorizable part of these amplitudes, namely the one involving matrix
elements of semileptonic local operators, is described by means of seven independent form
factors, ‘70,1, fo,i and S which are smooth functions of ¢>. In eq. (2.6) these are defined
following the convention described in appendix A of ref. [31]. In addition to form factors,
at first order in «, non-local contributions arise from the insertion of a quark current with
each of the operators appearing in eq. (2.2) [23, 29]. As a result, non-factorizable QCD
power corrections appear in H‘>} according to the hadronic correlator |30, 31, 179, 185]:

e ()

(@) = 25 [ dto (R T, (HE O B). 2.7
B

For the factorizable part, in the large-recoil region (i.e. low dilepton invariant mass
q?) two light-cone sum rule (LCSR) computations are currently available [176, 186]. These

!The scale pp is here set by the scale at which form factors have been computed [176].



results are in reasonable agreement with the extrapolation of the form factors computed
in lattice QCD at low recoil [187]. Moreover, the information on the same form factors is
enriched by a correlation matrix that keeps track of heavy-quark symmetry relations.

On the contrary, the theoretical estimate of non-factorizable terms — denoted here gener-
ically by h) — is not so well under control. For the processes of interest, the largest contribu-
tion arises from current-current operators involving charm quarks, specifically Q5 [23, 24],
not parametrically suppressed by CKM factors or small WCs. This charm-loop effect stem-
ming out of eq. (2.7) is therefore a genuine long-distance contribution: it implies potentially
sizable non-perturbative effects involving the charm quark pair with strong phases that are
very difficult to estimate. While at low ¢® hard-gluon exchanges in the charm-loop ampli-
tude can be addressed in the framework of QCD factorization (QCDF) [188], the evaluation
of soft-gluon exchange effects remains, in this context, the toughest theoretical task [189].
A detailed analysis of soft-gluon exchanges in B — K transitions has been performed in
ref. [24]. There these contributions turned out to be sub-dominant in comparison with
the QCDF estimate of the hard-gluon contributions, supporting previous results presented
in 23]

For B — K*, the only estimate of h) currently available is the one carried out in
ref. [23] using LCSR techniques in the single soft-gluon approximation, valid for ¢? < 4m?2.
The regime of validity of the result is then extended to the whole large-recoil region by
means of a phenomenological model based on dispersion relations. While an estimate of
the error budget is attempted in ref. [23], there are potentially large systematic effects,
related for instance to the lack of control over strong phases, that are difficult to quantify
reliably, in particular when approaching the c¢ threshold at ¢? ~ 4m? [31], close to the
J /¢ resonance where quark-hadron duality is questionable even in the heavy quark limit
[190]. Note that the same considerations also apply to the case of By — ¢¢*¢~, for which
a similar LCSR, evaluation of the charm-loop effect is still pending, leaving room also for
appreciable SU(3)r breaking effects [26].

Recently, renewed attempts to obtain a better grasp of the non-factorizable terms have
appeared in the literature [27, 28]. Both works turn out to be in agreement with the results
from ref. [23]. However, in ref. [27] — where h) is assumed to be well-described as a sum of
relativistic Breit-Wigner functions — the authors found a very similar result to the one in [23]
only in the case of vanishing strong phases, while quite different outcomes may be obtained
for different assumptions on the same phases. In turn, the authors of ref. [28] exploited
the analytic properties of the amplitudes in order to perform a conformal expansion of
h, isolating physical poles and ensuring unitarity. They use resonant data and additional
theoretical information at negative ¢ to fix the coefficients of the expansion, including
estimates of strong phases due to the presence of a second branch cut in the amplitude
(generated for instance by intermediate states with two charmed mesons), which represents
a challenge for the formalism as well as for the numerical estimate. Despite the quite good
agreement with the numerical result presented in [23], the coefficients obtained in [28| for
the z-expansion of h)y point to a poor convergence of the series, casting doubts on the actual
¢ shape of the hy functions if more terms were to be included in the expansion.

In this work, we are therefore well-motivated to consider the available LCSR estimates



on hy from ref. [23| with a certain degree of caution. To this end, we have already proposed
in refs. [31, 32, 164] a phenomenological expansion of h) in powers of ¢* in the large-recoil
region, inspired by ref. [30]. We use B — K*u*pu~ and B — K*y measurements in order
to constrain the coefficients of the expansion, and enforce the results from ref. [23] under
two different scenarios:

e A phenomenological model driven (PMD) approach, employing LCSR results extrap-
olated by means of dispersion relations in the whole low-¢? region for the decays;

e A phenomenological data driven (PDD) approach, taking into account LCSR results
only far from the cé threshold and exploiting the results in ref. [23] for ¢> = 0,1 GeV?,
with their phases and ¢? dependence inferred from experimental data.

It is important to note that the PDD approach entails a loss of constraining power in the
NP analysis, as some of the hadronic coefficients can mimic LFU NP effects, and therefore
should be considered as the most conservative approach towards the assessment of NP
effects. To better investigate the interplay between hadronic contributions and possible NP
ones, in this work we use a recent improvement of our parameterization for hy with the
expansion presented in [39]:

2y My = 2y, (0) ‘7L—(q2) (1) 2 (2) 4 6
h-(q°) = SWQmBTLf(q )hZ 7167T2m23h_ ¢ +hZq +0(q), (2.8)
my = ‘7L q2
he (@) = ~ g Tin (g - m;;nﬁ;h@q? 1O 0 4 hP gt + 0,
m ~ ‘7 3 5
hol(@) = =g Tro(a?)n - 16532(‘1 Lh0¢2 + hOVE + b () + 0D

This choice allows us to write the helicity amplitudes H‘)} in eq. (2.6) as

Hy { (Cg + h(_l)) Vi + 72223 [i:: <C7 T h(_o)> T
167212 qﬂ }
Hé,_ x { (Cg + h(_l)) ‘7[,.;. + TZQ% |:3nn: <C7 + h(_0)> TL_,_

1672 (R + n ¢ + n ¢*)| } ,

i:: (C’ + hm)) Tro

_16m24/¢? (hg’) +h q2>} } . (2.9)

2
H‘[}O({<09+h(1))VL0+TZB |:

With this definition for the hy-coefficients, it is manifest that h(,o) and hg) can be considered

as constant shifts to the WCs (77 9, hence indistinguishable from NP contributions to Q7. gv

(1)

Consequently, it is not possible to extract h(_o) and h:’ directly from data unless one



assumes the absence of NP effects. On the other hand, it is also not possible to ascertain
the presence of NP without a theory input for these hadronic effects. The advantage of the
parameterization in egs. (2.8)-(2.9) becomes clear when any of the remaining hjy-coefficients
turns out to be non-vanishing, since they likely spot purely hadronic contributions.? In
section 3 we report the details of the implementation of our PMD and PDD approaches for
non-factorizable contributions in the present numerical analysis.

2.2 The SMEFT perspective

Previous model-independent analyses of b — s¢™¢~ anomalies have essentially pointed to
O(10 TeV) NP for O(1) effective couplings in order to produce a ~ 25% shift of the SM
WC values of the semileptonic operators Qgy,104. The UV dynamics underlying these NP
effects is then expected to exhibit a reasonable mass gap with the SM theory. Hence,

a quite natural choice for deeper BSM insights is the gauge-invariant framework of the
SMEFT [191, 192].

NP imprints in b — s transitions in the context of SM gauge-invariant operators have
been extensively investigated in [43, 53, 193] and a systematic study of flavour physics
constraints from AF = 2 processes in the SMEFT has been recently performed in [194].
For b — s¢T¢~ anomalies, a dedicated analysis with SMEFT operators was already carried
out in ref. [74]. In what follows we proceed along the lines outlined in these works.® The
set of SU(2)r, x U(1)y invariant four-fermion operators in which we are mainly interested
in this study reads:

L (1)

U% = (Livu L) Q" Q1) ,

L (3) = =

'Lj(kgl = L TuT L )(Qk'yMTAQl)a

(L
(

zgkl = (QuQj)(ex'er) ,
= (LivuLj)(diy"dy)
= (&,
(Li

'ijl
Oy = (Eyues)(diydr)
O = )(ckaz) , (2.10)

A=123 are Pauli matrices (a sum over A in

where i, j,k,l = 1,2,3 are generation indices, 7
the equations above is understood), weak doublets are in upper case and SU(2), singlets

are in lower case.

The operators appearing in eq. (2.10) correspond to the set that matches at tree level
on the semileptonic operators in eq. (2.5) in an operator product expansion truncated at
dimension six. The SMEFT tree-level matching is naturally performed at the scale pgw ~
O(Myy). For BSM dynamics that distinguishes the lepton flavour ¢ = {e, u, 7} = {1,2,3}

?Note that this statement is accurate as long as NP effects do not feed any of the WCs in eq. (2.2).
3We are not going to take into account the SMEFT contributions to the CKM parameters recently
worked out in [195], since they cannot accommodate for LFUV effects.



in b — s transitions, the relations connecting ng/)l(] g p With the SMEFT basis are:*

Coe = N 00050 R5, Ry (Cégl) + Ci?glm + Cl?l?f) 5
Chro,e = N 6iedje Rop Ry (nge - 05%(” - C’é%@)) ,
Coo = N diedje (Cfflzza + Ci%:;) ;
5
Csy = —Cpy = N ditR3; Cfé;?Q ,
Oy = Chy = N sl (CH09)" (211)

Cio,e = Na 0iedje (Cz%s - C‘%g) )

(2

where we introduced the complex factor Ny = (7v?)/(eM\A?), with v?/2 = (HTH), H
being the SM Higgs doublet. For a NP scale A of 30 TeV one has |[Nj| ~ 0.7. The
rotation matrices appearing in eq. (2.11) assume a flavour diagonal structure in the charged
lepton sector, while they are given in a general form for the quark one: in particular,
R;; = V;; would imply a flavour structure where the up-quark Yukawa matrix is diagonal
and Q; = (w;ir, Vij d; )T, while R;; = d;; would imply alignment in the down-quark sector,
with Q; = (Vﬁ ULy djL)T.

The assumption on the orientation in flavour space can be very relevant in the investi-
gation of the constraints present in the SMEFT [194]. For the study of b — s transitions,
the call for a minimal set of operators involved in eq. (2.11) suggests the use of the basis
where the down-quark Yukawa matrix is indeed diagonal [43, 74, 193|. In this study we
adopt this working hypothesis, bearing in mind that a different underlying flavour structure
may lead to a richer set of constraints. See, e.g., the analyses carried out in refs. [84, 99, 136]
also addressing charged-current measurements in the realm of rare B decays.

Note that even under this assumption, the operators in eq. (2.10) may be, in principle,
testable in other interesting processes other than b — s/~ transitions. The most notable
opportunity may be offered by the channel B — K®vp [198], sensitive to the operators
composed of weak doublets in both lepton and quark currents. At the present experimental
sensitivity [199], this channel turns out to have a relatively mild interplay with b — sf* ¢~
measurements [84, 111]. Interestingly, with the advent of more data [34] one may hope to
distinguish NP effects of OL@® from the ones of OXQ" due to an accurately measured
light-lepton LFUV ratio in semileptonic b — ¢ transitions |54, 84]. Still, for the purposes
of our model-independent study, 05%(1,&7 i = {1,2}, are indistinguishable, as in ref. |74].
Without loss of generality, the set of operators in eq. (2.10) remains indeed the one primarily
sensitive to the measurements considered in this work.

Going beyond eq. (2.10), one may extend the discussion to the operators induced at
one-loop level that are a genuine product of the renormalization group evolution (RGE)
in the SMEFT [200, 201]. Equipped with the aforementioned assumption on the SMEFT

“Dimension-six operators made of Higgs doublets and quark bilinears should also appear [43], but yield
a lepton flavour universal contribution. Also, they are severely constrained both by EW and Higgs data,
see [196, 197], and by AF = 2 measurements [194]. They will not be further considered here.



flavour structure, in the leading-log approximation and leading expansion in the top Yukawa
coupling 1, the matching conditions induced by one-loop RGE read as:

Y \2 A ®) M
Cne = N (20) 1o () (CHE” — ClE™ — cit + Ci + i)

HEw

2 A (1) 3)
Croe = Na X <%r) 10g< > (CgL - P - 56—06%34‘0%3) , (2.12)

HEw

where we have reported again only contributions that matter for the discussion of LFUV
effects coming from dimension-six operators with Higgs doublet and lepton bilinears,

(1) 2 -
O™ = (H'iD,H)(Liy"Ly),
HL®) _ - 7oA
Op~ " = (H"%D,H)(L" 7" L),
<>
O}i¢ = (H'iD,H)(ener), (2.13)

together with semileptonic operators involving a right-handed top-quark current,

Ofths = (LevuLe)(isy"us)
Ojiss = (Eryuee)(uzy'us) . (2.14)

The expression in eq. (2.12) needs to be added to the tree-level matching already
given in eq. (2.11). Next-to-leading order SMEFT matching conditions, invoked to reduce
the matching-scale dependence on the overall result (and involving renormalization scheme-
dependent finite parts of one-loop diagrams), have been computed in refs. [193, 202]. Within
the leading-log approximation undertaken in this work, these corrections should be consid-
ered as sub-leading to the RGE-induced contributions given in eq. (2.12). Obviously, the
same ~ 25% shift of the SM WC Cy 19 needed for a qualitative explanation of b — s¢T¢~
anomalies, if obtained through the RG mixing in eq. (2.12), requires NP scales of O(TeV) for
O(1) couplings. Therefore, in these particular scenarios the underlying BSM physics should
be much closer to collider reach compared to cases in which the operators in eq. (2.11) are
directly generated by NP [93]. As already commented in ref. [74], operators appearing in
eq. (2.13) are particularly well constrained by EW precision observables [196, 197|, making
them irrelevant in the present context. Our analysis on SMEFT RGE-induced contributions
will then focus only on the operators listed in eq. (2.14) above. Note, however, that these
operators can also be constrained at the loop level by EW data, see refs. [129, 203]. We
dedicate our appendix B to the inspection of this set of operators, where we highlight a non-
trivial interplay between the assumption made on hadronic contributions in the analysis of
b — s¢T¢~ data and the information coming from EW precision measurements relevant in
this context [204].

2.3 New Physics effects in Rg

We wish to end this section reviewing the relevance of Ry for NP and its complementarity
with other present and possibly forthcoming LEFUV measurements, as Ry~ and Rg. This

~10 -



completes the stage setup for the presentation and discussion of the results collected in
section 4.

The ratio reported in eq. (1.1) can be reasonably approximated in terms of a simple
phenomenological formula. Since the minimum ¢?-value probed in the bin of interest is much
greater than light lepton masses and it is far from the light-cone region, one may neglect
effects proportional to m? and the contribution coming from the electromagnetic dipole
operator. Furthermore, one may also opt to neglect non-factorizable hadronic contributions
present in B — K/(*{~, retaining them as sub-leading effects, possibly supported by the
estimates illustrated in ref [24]. Then, up to percent level QED corrections discussed in
ref. [205], similarly to refs. [74, 160, 161, 165] we can express Rk in terms of NP Wilson
coefficients simply as:

Ri[1.1,6] ~ {1+ 0.23(Cy,, + Cy ) — 0.25(Cro, + Clo )
+ 0.057(Cy,,C4 . + C10,.Clo ) +0.029 [(Cou)* + (C5 ,)°

+ (Crou)* + (Clo)} /{1 41— e} (2.15)
or in terms of the WCs for the gauge-invariant combinations in eq. (2.10):
ed Qe Ld LQ
Rk[1.1,6] ~ {1 +ra [0-16(02223 + Cy) — 5.1(Chia3 + Coi33)

+ 13rp <02632302%622 + 052%305230 +6.67 ((05323)2 + (02%622>2

+ (Chha) + (C)?) |} {1+ a2 > 1]}, (2.16)
where in the last expression CeLgS = é—z%(l) C’eLZ%(S), ra = 103(v/A)? and )\ is approximated

as real. In both egs. (2.15) - (2.16) we also exploited the assumption of dealing with real NP
coefficients. Moreover, we have neglected the NP contribution of (pseudo)scalar operators:
while being constrained by B — T/~ measurements, these operators cannot address at the
same time other b — s¢*¢~ anomalies as the one(s) related to Ry+.° Finally, note that if
one would like to consider also tensor structures [44], a combined explanation of Ry and
Ry~ would not be possible [92], and embedding in UV models would be challenging [3, 43].

In fig. 1 we show the impact on Ry in the bin discussed so far of each of the operators
considered here in the WET (left panel), see eq. (2.15), and in the SMEFT (right panel),
see eq. (2.16). The range on the z-axis in fig. 1 covers O(1) effects relative to the short-
distance SM contributions. The SM limit is emphasized by the silver dot-dashed lines, and
the new Rpi measurement is represented by the horizontal orange band, drawn according
to experimental central value and standard deviation, see eq. (1.1).

It is clear from what is depicted for the WET that operators featuring both left-handed
and right-handed b — s currents are eligible for a satisfactory explanation of the measured
value of Rg. In particular, one cannot distinguish effective couplings related to left-handed
or right-handed b — s currents within operators that have the same leptonic structure,
since they constructively interfere in eq. (2.15). Moreover, as highlighted in the plot, the

SWithin the SMEFT, they cannot simultaneously explain the Ry anomaly as well.
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Figure 1: The impact on Rg of each of the NP operators in the two EFT frameworks
considered. The orange band highlights the new Ry measurement, while the dashed-dot
silver lines mark the SM value. In both panels the range on the x-axis covers up to O(1)
effects with respect to SM short distance. A NP scale of 30 TeV is assumed for the SMEFT,
that implies an extra factor |INA| =~ 0.7 to compare tree-level WCs against the SM one.

NP contribution required to explain the present Rx measurement is now about one fifth
of the SM one. Therefore, the linearized limit of eq. (2.15) may be a good approximation
in order to appreciate how LFUV effects actually probe the u — e combination of the
leptonic current. This fact is captured in the plot by the mirror-like behaviour of red-blue
and magenta-cyan line pairs with respect to the SM limit. In the same panel, axial and
vectorial leptonic effective couplings turn out also to be mirror-like as a reflection of the
SM result: C§™ ~ —CJy".

Similar considerations apply to the case of SMEFT operators with leptonic weak dou-
blets, requiring only about 15% of the SM WC value for Qgy,104 to accommodate Ry
within a NP scale of A = 30 TeV, yielding \CZLZ%M] ~ 0.8. However, the correlations
induced by the SU(2)r x U(1)y gauge symmetry no longer allow a full set of 8 different
viable solutions for the Rx anomaly. From the right panel of fig. 1, NP effects from SMEFT
operators featuring exclusively right-handed muonic currents are ruled out, while the elec-
tronic counterparts are still available at the expense of larger NP effects, 2 35% of the SM
short-distance physics for the same A = 30 TeV. Interestingly, among the RGE-induced set
of operators reported in eq. (2.14) we can then exclude O$¥s5.

The bottom line drawn from fig. 1 refers merely to the inspection of one single oper-
ator at a time contributing to Rx. However, in the broader picture offered by the whole
set of available b — s¢™/~ measurements, we may end up with observable quantities that
provide information on NP orthogonal to what outlined from the Ry anatomy. Of par-
ticular significance, the LFUV ratio Rx~ has been originally recognized in ref. [47] to be
a complementary probe of NP with respect to Rx. Indeed, while being very sensitive to
BSM physics, in the limit where the longitudinal polarization fraction in the B — K*¢*{~
channel were exactly equal to unity, Rg+ would be fully sensitive to destructive interference
between left-handed and right-handed b — s effective couplings, and hence complementary
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to what is depicted in eq. (2.15) for Rx. In the same spirit of ref. [165], one may then
look at the ratio of measured LFUV ratios, i.e. the Rg+ experimental value in the bin
[1.1,6] GeV? from [42, 167] over the new measurement of Ry from [166],

Ri+[1.1,6]/Rx[1.1,6] ~ 0.86 & 0.13, (2.17)

discovering a hint for non-zero effective couplings for the operators ng, 104> bart of eq. (2.4).
Moreover, going beyond LEUV observables, one may supplement the information of eq. (2.17)
with the measurements of B — K )t~ branching fractions and, most importantly, with
the related angular analyses. In particular, with the inclusion of the angular observable
P! — particularly sensitive to NP effects in the operator Qgy [178, 206] — one may end
up concluding that the new experimental value of Ry currently points to effects in both
left-handed and right-handed b — s currents of dimension-six operators built up with the
muonic vectorial current. As such, previously claimed minimal solutions for b — s¢*¢~
anomalies — involving only Qgy or O? — would now seem to be more disfavoured in view
of the need for NP effects also in right-handed currents.

Unfortunately, the above qualitative considerations remain subject to several uncer-
tainties. First of all, the longitudinal polarization fraction of B — K*¢*/~ in the bin of
interest is not equal to unity [207]: this fact already makes the Ry« observable less orthog-
onal to R in the study of NP [161]. Moreover, longitudinal and transverse polarization
fractions are sensitive to Aqep/my power corrections not fully under control [47, 161]. This
also suggests an experimental information that would be important to handle in the future:
the measurement of Ry Y[1.1,6], i.e. the ratio of longitudinal and transverse parts of the
B — K*{*¢~ amplitude in the ¢?-bin [1.1,6] GeV2. These quantities would be less sensi-
tive to unknown hadronic effects, and distinctively sensitive to NP effects in Cy 4 + Cg 14
combinations [161, 164]. Similar information could be extracted from By — ¢fT ¢~ as well.

Secondly, as already noted at the beginning of section 2, the same angular observ-
ables measured in B — K*u*pu~ are also affected by non-factorizable QCD effects. Only
corresponding LFUV combinations as the one proposed in ref. [35, 36] and recently re-
analyzed in [184] may help to disentangle genuine NP effects from hadronic contributions
theoretically not well-understood. At present, the only available measurement of this sort
is given by Belle [14] and it is (unfortunately) of limited statistical significance, but more
will certainly come in the next years [34].

In the end, a careful study of b — s/~ anomalies calls for a global analysis that can
go well beyond the qualitative picture highlighted above, taking care of all the aforemen-
tioned subtleties in a framework where a non-trivial interplay between genuine NP effects
and hadronic contributions is allowed. The analysis performed in this study, presented in
section 4, is precisely dedicated to make interpretations of the underlying NP scenarios
behind current b — s¢T¢~ anomalies as robust as possible.

3 Experimental and theoretical input

In this section we plan to review the baseline of our analysis, the experimental dataset
included, and the assumptions made throughout this work. In the present study we perform
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a global analysis on a comprehensive set of b — s/~ data with state-of-the-art theoretical
computations, within a Bayesian framework.

We adopt for this matter the public HEPfit package [208], whose Markov Chain Monte
Carlo (MCMC) analysis framework employs the Bayesian Analysis Toolkit (BAT) [209]. In
our MCMC analysis we vary from a minimum of 60 to a maximum of 80 parameters on a
case by case basis. Within the Metropolis-Hastings algorithm implemented in BAT, we set
up, for the scenarios presented in section 4, MCMC runs involving 240 chains with a total
of 2.4 million events per run, collected after an equivalent number of pre-run iterations.

We perform a Bayesian model comparison between different scenarios evaluating for
each of them an Information Criterion (IC). This quantity offers an approximation of the
predictive accuracy of the model [210], and it is characterized by the mean and the variance
of the posterior probability density function (p.d.f.) of the log-likelihood log L, see ref. [211],

IC = —2log L + 40120g£ , (3.1)

where the first term gives an estimate of the predictive accuracy (actually, an overestimate
since the same data have already been used in the fit), and the second term corrects for
the overestimate by adding a penalty factor which counts the effective number of fitted
parameters. Model selection between two scenarios proceeds according to the smallest
IC value reported and the extent to which a model should be preferred over another one
follows the canonical scale of evidence of ref. [212], related in this context to (positive) IC
differences. In the following section 4, for convenience we are going to present a discussion
based on AIC = ICgy; — ICNp.5 In particular, we quote in tables 1 and 2 for each NP
scenario the AIC value. We wish to stress that a larger value of AIC corresponds to a
better improvement of the model compared to the SM.

Regarding the experimental dataset considered in this study, we include all the most
recent measurements related to b — s¢*¢~ transitions that can have a valuable impact in
our global fit. We briefly list them below with some additional comments:

e All the angular observables and branching ratio information on B — K*u™p~ from
the experimental results obtained by LHCb [10, 13|, Belle [14], ATLAS [15] and
CMS [16, 17| collaborations. When available, we always take into account experimen-
tal correlations between the measurements performed in the same bin. Note that we
restrict here only to the large-recoil region, i.e. ¢* values below the .J/1 resonance,
excluding measurements in the (theoretically challenging) broad-charmonium region.

e B — K*eTe™ angular observables from LHCb in the available ¢2 bin, [0.002,1.12]
GeV? [11].

e Angular observables and branching ratio of Bs — ¢u™u~ provided by LHCb [12].

STt is interesting to perform a SM global fit in order to have reference values for the IC to compare
with. The fits yield an IC of 193 for the PDD approach, and 215 for the PMD one. Recalling that models
with smaller values for the IC are preferred, the PDD approach provides a better SM fit compared to the
PMD one, since anomalies in the angular analysis of B — K*upu~ can be accommodated through larger
long-distance contributions, see ref. [31].
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e Branching ratio of By — u™p~ measured by LHCb [213], CMS [214], and most
recently by ATLAS [215]. Note that we also employ the upper limit on By — eTe™
decay reported by HFLAV [216], useful for the study of NP coupled to electrons [81].

e Branching ratios for BH) — K() i+~ decays in the large-recoil region by LHCb [8].

e Branching ratios for the radiative decay B — K*y, from HFLAV [216], and for
Bs — ¢y as measured by LHCD [217]. While we are not going to consider NP effects
in dipole operators, these measurements are relevant in our PDD approach.

e LFUV ratios including the very recent updates: Ry~ in both ¢? bins, [0.045,1.1] GeV?
and [1.1,6] GeV? [42, 167], and the Ry measurement [166].

Concerning the inputs from the theory side, our analysis is characterized in particular
by the set of parameters defining form factors and non-factorizable hadronic contributions.
For the former we rely on the computation presented in [176] for B — K* and B; — ¢ am-
plitudes, as we take into account experimental information coming from both channels;” for
the B — K channel, we adopt lattice QCD results extrapolated from the zero-recoil region
to low-¢2 values as provided in ref. [218]. For all the form-factor parameters adopted in this
study we adopt multi-variate Gaussian distribution priors in order to include correlation
matrices reported in the relevant literature.

Regarding the non-factorizable part of the amplitudes, we include hard-gluon contribu-
tions following what already outlined in detail in our previous work [164], while we proceed
here differently for what regards our treatment of soft-gluon exchanges.

In the PMD approach, we do not expand eq. (2.7) in powers of ¢, but we directly
express it in terms of the phenomenological expression given by eq. (7.14) of ref. [23],2
and we flatly distribute all the involved parameters according to the ranges reported in
table 2 of the same reference. In order to allow for imaginary parts as well, each of the
three charm-loop amplitudes in ref. [23] is multiplied by a complex phase, flatly varying
each angle within |0, 27), yielding a total of 12 parameters to describe the non-perturbative
hadronic contributions within this approach.

In the PDD approach, correspondin%r )here to the parameterization in eq. (2.8), we allow

1

for flat priors on the absolute values of hy” coefficients and enforce as a theory weight in the
likelihood the results obtained at ¢> = 0,1 GeV? within the LCSR estimate of ref. [23]. The

following prior ranges are chosen in order to well determine the p.d.f. of each parameter:

52 € [0,0.1], K9] € [0,4], h)] & [0,0.0001],
n?| € [0,0.0001],  |n{"] €[0,0.0005], 1P| € [0,0.0001],
h$"| € [0,0.002], [A§"] € [0,0.0004], (3:2)

"The latest LCSR update from ref. [186], while providing an important independent cross-check of several
results present in [176], does not include the estimate of B; — ¢ matrix elements.

8In [164] we were power-expanding hy correlators and enforcing the numerical results obtained from
ref. [23] in the whole large-recoil region as theory weights in the likelihood. Our new procedure for the
PMD approach allows now to adopt the outcome of ref. [23] genuinely as a set of flat priors.
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i.e. a larger range for the above priors would not alter our results. Most importantly, each
of the coefficients related to the absolute values in eq. (3.2) has a corresponding complex
free phase. Therefore, our PDD approach is defined by a a total of 16 parameters. We
used the same set of parameters in eq. (3.2) to also describe the soft-gluon contributions
in the case of By — ¢, leaving possibly interesting SU(3)p-breaking effects to a future
investigation. Eventually, for B — K transitions we only include non-factorizable hadronic
effects coming from hard-gluon exchanges, motivated by the results of ref. [24].

We conclude this section mentioning that the rest of the SM parameters varied in our
analysis can be found in table 1 of ref. [164|, while for NP WCs, we adopt in general flat
priors in the range [-10, 10], assuming they are real. Note that some of the NP scenarios
here considered showed multi-modal p.d.f.s. In such cases we focused on the NP solution
closer to the SM limit, identified by CNF' = 0. Finally, we point out that all our findings for
the study of the SMEFT in section 4 assume a NP scale set to 30 TeV. In order to read out
SMEFT WCs at a different NP scale A, one needs to re-scale the results given in section 4
appropriately.

4 EFT results from the new Rig measurement

In this section we present our results. We perform several fits to the experimental mea-
surements listed in section 3, differentiated by the set of NP WC(s) considered. We employ
the PDD approach in all the scenarios examined, while exploring the PMD approach only
when it can provide a satisfactory fit to current data, i.e. when NP effects built up from
left-handed b — s currents coupled to vector-like (purely left-handed) muonic currents are
involved in the WET (SMEFT) formalism. The goodness of the fit is here evaluated by
means of the IC, defined in eq. (3.1), while the details of the PMD and PDD approaches
have been presented in section 2.1.

The primary goal of this analysis consists in the study of the interplay between the new
Ry measurement and NP. In particular, we investigate whether the update of Rx combined
with the current Rx+ measurement can actually have an impact on the viable solutions to
the anomalies in b — s transitions allowed by the previous Rg from Run I of LHC. To
this end, we report in tables 1 and 2 the results for the fitted values of the WCs in each of
the models scrutinized here, employing the WET and the SMEFT formalism respectively.
AIC values are also reported in the same table, marking the improvement with respect
to the SM, see the discussion following eq. (3.1) in section 3. Finally, results for what we
retain as key observables for our study are also reported in tables 3 and 4, differentiating
once again scenarios in the WET or in the SMEFT, respectively.

Our main results are illustrated here as follows. The posterior p.d.f.s obtained for NP
coefficients are shown in figures 2 - 9. Fig. 2 refers to scenarios where a single WC is taken
into account. Figs. 3 - 4 involve fits with two operators at the same time and correspond
to two popular benchmarks previously studied in literature. Figs. 5 - 8 correspond to 2D
scenarios where NP effects in the form of b — s right-handed currents are present. Finally,
in fig. 9 the result for the largest set of SM gauge-invariant operators probed by current
experimental data is presented.
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mean(rms) AIC

-1.20(27) 14
Coli

-1.21(16) 50
Ciote -0.87(24) 15
(PR (-1.61(48), -0.56(53)) 13
(-1.28(18), -0.27(34)) 48
-1.61(33), 0.72(34 17

(P, ) (-1.61(33) (34))

(-1.30(15), 0.53(24)) 54

) (-1.55(32), -0.44(14)) 24
(C Clos )

(-1.38(16), -0.37(12)) 61
Cloh, CeN ™) | (0.73(17), -0.04(24)) 17

)
)

(
(G5 (0.75(16), 0.04(17)) 16
(CoF,Cqd") | (1.51(38), -0.81(37)) 10
(CF,Cloe) | (1.36(32), 0.87(40)) 1
(CTE,Cox Ty | (-1.06(54), -0.46(46)) 12
(

)
Clo%, Crow) | (-1.01(28), 0.29(29)) 12

Table 1: Values of the WET WCs fit from data in all the considered scenarios along with
relative AIC. The gray rows highlight the PMD results when this approach can be used to
address the experimental data in a particular scenario. The PDD results are presented for
all cases. For the definition of the two approaches, see section 2.1.

For each considered scenario, we show both the posterior p.d.f.(s) of the NP WC(s)
obtained employing the previous measurement of Ry [41], and the new one from ref. [166].
This allows one to easily compare the impact of the new R measurement in our analysis.
Moreover, in order to have a further insight on the role of LFUV observables as Rx and Ry+,
we also provide in the same figures the joint probability distribution of these ratios extracted
from our fits. We give these results employing again either the 2014 measurement of Ry
or its 2019 update. Our attempt is to investigate whether scenarios previously capable of
addressing the anomalies in both the LFUV ratios remain viable after the Ry value recently
presented in [166].

4.1 New Physics in b — s left-handed currents

Let us start our discussion examining the simple situation where the underlying BSM
dynamics can be encoded in a single operator. We focus here on three different benchmarks,
namely we assume NP effects feed into a left-handed b — s current coupled to:

i) a vectorial muonic current, i.e. C’9 il

i1) a purely left-handed muonic current, i.e. CQLQC%} ;
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mean(rms) AIC

cra 0.75(14) 23
0.79(12) 37

. (0.78(18), 0.06(32)) 21
(C2LQ%37 CZQS22)

(0.94(12), 0.67(17)) 50
)

(C1i35, Caany) | (-0.51(29), 0.96(70)) 12

( ) 21
(C3a33, C5923)
(0.81(12), -0.19(29)) 35

(CI9, Chh) (0.81(15), -0.20(15)) 22

(0.80(12), -0.11(12)) 36
(CFS,, Chs) | (-0.08(73), -2.1(14)) 12
(CEL, cldy) | (-0.93(27), 0.39(27)) 12
(CS51,Ciths) | (-0.2(18), -1.3(18)) 8
(CSs,,CHLs) | (1.77(47),-0.18(24)) 9

Table 2: Values of the SMEFT WCs fit from data in all the considered scenarios along with
relative AIC. The gray rows highlight the PMD results when it can address the experimental
data in a particular scenario. The PDD results are presented for all cases. For the definition
of the two approaches, see section 2.1.

i) an axial electronic current, i.e. C{)E e

Leaving aside for a moment the role of LFUV ratios, one should note that within the PMD
approach: i) can provide an optimal outcome for the B — K*u*p~ angular analysis; i)
can provide a satisfactory description of the angular dataset (but worse than i), being at
the same time sensitive to observables as the forward-backward asymmetry measured for
B — KWputpu~ and the branching fraction of B — ptpu~); iii) badly fails to describe
such a complex experimental dataset as long as one does not allow for large QCD power
corrections as in the PDD approach [164].

From fig. 2 we can supplement this picture with the measurement of LFUV ratios.
We note how the impact of the Rx measurement can be particularly relevant for the final
outcome. Concerning case i), we see that the interplay of Rx and R~ does not favour
this scenario any longer within the 1o regions highlighted by the orange bands in the plot.
This is in contrast to the previous situation given by the 2014 measurement of Rg and
represented in fig. 2 by the vertical gray band. Most importantly, the tension arising in this
NP scenario when accounting for current LFUV ratio measurements is also evident in the
case of the PDD approach (right panel in the first row of the figure).

A different outcome arises from the inspection of the same fig. 2 together with the help
of the AIC in tables 1 - 2 for the NP scenario 4i). In this case, the description of LFUV ratios
Ry and R~ turned out to be optimal before the advent of the present Rx update. From the
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Figure 2: First row: probability density function (p.d.f.) for the WC C’é\’[f, where the
green-filled p.d.f. shows the posterior obtained in the PMD approach after the inclusion
of the updated measurement for Ry, while the red-filled p.d.f. is the analogous posterior
within the PDD approach (the dashed posteriors are the ones obtained employing the 201/
Ry measurement); the following panels report the combined 2D p.d.f. of the corresponding
results for Rix and Ry, where the colour scheme follows the one employed in the first
panel. The horizontal band corresponds to the 1o experimental region for Ry~ from [42],
while the two vertical bands corresponds to the previous and the current 1o experimental
regions for Ry . Second row: analogous to the first row, but relative to the WC CQLQ%%. Third

row: analogous to the first row, but relative to the WC C%fz .

AIC value in table 2 and the comparison with the one given in table 1 for the scenario i), we
can conclude that in the PMD approach the operator 052%3 is not so well supported by b —
s¢T¢~ data. In particular, the new Ry value is not addressed within the 1o experimental
uncertainty. This fact adds to the global information arising from the rest of the observables
in the fit: as a consequence, in the PMD framework NP effects in OQLQQ23 are now disfavoured
with respect to contributions present in Qgv,,. Interestingly, in the PDD approach the
comparison between these two scenarios is completely reversed: in particular, an inspection
of the corresponding AIC' shows how allowing for larger QCD power corrections makes i)
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one of the scenarios favoured by data within the PDD framework. Indeed, the set of angular
observables and the branching fraction of B — p*u~ can now perfectly coexist in this NP
scenario; the only tension remaining in the fit of 4) is then related to this new update for
R, shown in the right panel of central row in fig. 2, which as of now turns out to be a
very mild one.

Therefore, we wish to note that — beyond the importance of the present Ry update
— the assumptions made in the size of the hadronic contributions when comparing NP
scenarios turn out to be crucial. The most evident case of this sort is certainly 7). Within
a conservative approach to QCD power corrections in the B — K*¢T¢~ amplitude, this
scenario offers a perfectly viable fit to b — s¢T¢~ data. In particular, 7i) provides an
optimal description of LFUV ratios according to what depicted in the last row of fig. 2.
However, in terms of model comparison, it remains globally disfavoured with respect to
ii) in virtue of the information arising from the angular measurements of B — K*u* ™.
Indeed, while NP effects associated to 052%3 can actually ameliorate b — s¢T¢~ anomalies
as the ones related to the so-called P observable [178], the phenomenological viability
of NP effects encoded in the effective operator Q104 necessarily relies on large hadronic
contributions [164|, making 4ii) a less economic alternative to ). This is reflected by the
reported AIC: in the PDD approach the improvement of the SM fit provided by NP effects
as in 1) is several units of IC larger than the one provided by i), making ii) much more
favoured by the current experimental dataset.

As a bottom line for the inspection of NP effects in one single operator, in the PMD
approach the B — K*u™u~ angular analysis still greatly favours the presence of NP effects
from Qgyv,,, while more NP scenarios are viable with a more conservative approach to QCD
power corrections, and a particularly favoured one turns out to be 02L2Q23. Finally, we observe
how the three scenarios discussed so far may be distinguished with a future measurement
of transverse and longitudinal ratios in the ¢2-bin [1.1,6], quite robust against hadronic
uncertainties, see tables 3 - 4. Among 1), i), i) Ry 4[1.1,6] ~ 1.0 would favour NP
effects from Qgv,,, while R}, *7¢[1.1, 6] ~ 0.8 would point to BSM dynamics in 052%3, and a
measurement of RT *,¢[1.1, 6] ~ 0.7 would hint at NP in Q104

Let us now turn to the investigation of more complex cases, where BSM dynamics
is actually described by a pair of effective operators rather than just a single one. We
start focussing on the scenario where the effective couplings of interest turn out to be
(C’éﬁf , CéYeP ). Note from table 1 that the addition of a NP contribution coming from the
electron operator (Qgv,. does not strongly improve the fit obtained with Qgv,,: in terms of
AIC, both PMD and PDD approaches slightly penalize this scenario, underlying a marginal
improvement in the description of current data in correspondence to the addition of CéYeP .
This is also captured by the LEUV ratios in the right panels of fig. 3, where an improvement
is only seen in the value of Rx. Moreover, the prediction for longitudinal and transverse
components of Rx+ 4 remain essentially the same for the two scenarios 3.

Nevertheless, this NP benchmark is particularly illustrative of a study case where a
robust estimate of NP effects — i.e. as much orthogonal to hadronic effects as possible
— is actually feasible. It is indeed instructive to recast this case in the basis where NP
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Figure 3: 2D p.d.f. for the scenario with WCs (Cé\ff, CéYeP) and combined 2D p.d.f. of the
corresponding results for Ri and Ry~ in both the PMD and the PDD approaches, following
the colour scheme defined below fig. 2. In order to highlight the role of LEUV observables
in this scenario we show in the left panels the WCs in the p + e combination.

effective couplings come into the linear combinations (C’é\f f_ o Cé\f /f te). As already discussed
in sections 2.1 - 2.3 and highlighted e.g. in refs. [39, 219|, such a choice is naturally
driven by the presence of LFUV observables in the fit, that are maximally sensitive to
i — e combination at the linear level in the NP WCs for Qgy. At the same time, the
i — e combination is by definition free from hadronic uncertainties of any sort and the
determination of this effective coupling signals unambiguously the presence of NP, regardless
of the approach chosen for the inclusion of hadronic contributions in the analysis. The
independence from the approach taken for QCD power corrections is evident from the
comparison of the two panels on the left column of fig. 3: going from the PMD to the PDD
approach, NP in the p+e direction gets diluted by hadronic effects, while the determination
of the u — e WC consistently differs from 0 at more than 3o.

We then move to the inspection of cases where heavy new degrees of freedom can gener-
ically couple the left-handed b — s current to both vectorial and axial leptonic structures
or, from the BSM perspective drawn in the SMEFT, to both left-handed and right-handed
leptonic currents. These NP scenarios generalize the specific benchmarks ), i), i) dis-
cussed at the beginning of the section. Left and central columns in figure 4 report the result
for the PMD and PDD approach in the case where NP effects lie in the muonic mode only,
while the PDD approach for the case of the electronic mode is given in the right column.
Comparing with what already illustrated for i), i), i), with the help of tab. 2 and the

second row of fig. 4 we can easily conclude that NP contributions from 052%3 - 02%822 are
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Figure 4: 2D p.d.f. for the scenario with WCs (C{F, CRF) and combined 2D p.d.f. of the
corresponding results for R and Ry~ in both the PMD and the PDD approaches, following
the colour scheme defined below fig. 2. We show the result in the SM gauge-invariant
language, for both the muonic (left and central column) and electronic (right column) case.

still favoured by data, slightly improving the description of Rx with respect to the minimal
case 1) in the PMD approach, and the minimal case i) in the PDD approach. Moreover, the
case where NP effects arise from the pair OlLlQ23 - 0%311 is not favoured over the simpler axial
electronic proposal denoted here as 4ii). Interestingly, from table 4 we can also observe that
a measurement of the transverse component of the ratios Rx~ 4 for these scenarios would
be quite indicative. Indeed, the prediction of these LFUV observables from NP effects in
03535 - Oy, points to RY. ,[1.1,6] ~ 0.95 and R}. ,[1.1,6] ~ 0.85 in the PMD and PDD
approach respectively, compatible among each other only at the 1o level, and different from
the ones obtained for i) and 7). On the contrary, the corresponding LFUV prediction from
the electronic pair considered here would not be distinguishable from what assessed already
in 4i). Finally, from the same table 4 we also highlight that the study of NP effects from
the full set of four operators OZLgS - O%}K with ¢ = {1,2}, would not change the important
phenomenological interplay found for the pair 021‘2%3 - 0%622, but would quite distinctively
predict transverse ratios R}(*7 ¢[1.1, 6] ~ 0.75, independently of the hadronic approach con-
sidered. We postpone a thorough discussion on the analysis of these four operators all
together to appendix B, where we study them in the context of the loop-generated effects
reported in eq. (2.12), and where we also emphasize the possible connections of b — sf* ¢~
anomalies with EW precision physics [196, 197, 204].

4.2 New Physics in both b — s left- and right-handed currents

We continue our discussion of 2D scenarios reaching one of the highlights of this study in
relation to the new Ry measurement and what outlined in section 2.3: the investigation
of NP effects entering both b — s left-handed and right-handed currents in dimension-six
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Figure 5: First row: 2D p.d.f. for the scenario with WCs (C'gﬂ ,C’I NP) and combined
2D p.d.f. of the corresponding results for Rk and Rg+ in both the PMD and the PDD
approaches, following the colour scheme defined below fig. 2. Second row: analogous to the
first row, but relative to the WC(Cs (C’évf, C’{’évf). Third row: analogous to the first row, but

in the PDD approach only and relative to the WCs (C%IZ, Cy NP) and (C%Z, Ci’gf).

semileptonic operators. Indeed, from the discussion following eq. (2.17) we recall that as
long as Rk~ can be retained to have a role quite complementary to the one of R as a
probe of NP, the new measurement appearing in eq. (1.1) — supplemented by the current
one for Ry~ in the same bin of ¢? — hints at new heavy degrees of freedom coupled to b — s
right-handed currents. As we show in what follows, this conclusion remains subject to the
taming of non-factorizable hadronic contributions.

We start by considering NP effects in vectorial and axial muonic currents and de-
scribed by means of the WET formalism, namely the pairs of NP WCs: (C’9 " ,C' NP),
(ory i ,C{é\f f ), (CRE o Cy NP) and (CYY o Cié\f HP). The two former scenarios are generaliza-
tions of the study case i), and are allowed both in the PMD and PDD approaches, while the
latter two can satisfactorily address b — s¢T¢~ anomalies only within the PDD approach.
Results for all these scenarios can be found in fig. 5. As first highlighted by the trend in
the reported AIC and further depicted by Ri - Ri+ plots, the inclusion of right-handed
b — s effective couplings allows for an overall better description of data. In particular,
from the inspection of the central row in figure 5 the scenario involving the operators Qgv,
and Q) A provides the best match here to the newly measured Rg together with Ry«
in the ¢2-bin [1.1,6] GeV2. Moreover, it yields an optimal description of By — uu~ and
of the whole angular analysis at the same time — independently of the hadronic approach
undertaken — and hence stands out in table 1 as the study case with the highest AIC
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Figure 6: First row: the first two panels show 2D p.d.f. for the scenario with WCs
(CéYeP, Cé’fevp) and the combined 2D p.d.f. of the corresponding results for Rix and Ry~ in
the PDD approaches, following the colour scheme defined below fig. 2, while the last two

panels show the same for the scenario with WCs (Cé\fep, Ci’[])j[ep). Second row: analogous to

the first row, but relative to the WCs (C{\éi, Cé’gp) and (C%i, Ci’(ﬁp).

in both PMD and PDD approaches. This result comes together with the prediction for
R 4[1.1,6] ~ 1 in the scenarios with the pairs Qgv,, - éV(loA),u' We also note that the
prediction of the longitudinal ratio unfortunately does not allow to single out within errors
the NP case of Qgv,, - Qév,u with respect to Qov,. - Q' -

A different prediction for the transverse and longitudinal LFUV ratios is instead ob-
tained for the pairs Q104 - QéV(lOA),,u’ approximately giving Rj.. ,[1.1,6] ~ R ,[1.1,6] ~
0.75. We note that the non-trivial interplay between hadronic physics — addressing here
the B — K*u*pu~ angular analysis — and the experimental weights of the measured LFUV
ratios and of Br(Bs — ptp™) lead overall to a lower AIC value for these two scenarios
with respect to the case of Qgv,, and Q/IOA,/.L (see table 1).

A similar very good description of measured LFUV ratios is also obtained in the 2D
scenarios with NP effects in the electron channel only, described by means of the WET
formalism, namely (C3%, Cg2"), (O, o), (CRE,CgT ) and (CfE, Cv). In these
scenarios, NP cannot provide a satisfactory explanation of the angular dataset for the
B — K*ut = decay: therefore, they are viable only within the PDD approach. Results for
these scenarios are reported in fig. 6, that capture indeed the very good description of Ry~ -
R in the ¢%-bin [1.1,6] GeV? in all the four cases at hand. However, comparing the AIC
in table 1, none of these models turns out to be competitive with NP effects coming from
Qov,u - @ A,y Operators. Looking again at table 3, one can still find a particular footprint
of these scenarios via the prediction of longitudinal and transverse ratios. In particular, the
two cases where C’E],Yf is involved predict a quite large transverse ratio, Rf(*’ ¢[1.1, 6] ~ 0.95,
while the two scenarios where C{\éfz is present point to RT. *7¢[1.1,6] ~ 0.7. The four
scenarios here discussed qualitatively go along with the same picture drawn for the pairs
QoA - ng(loAm: they turn out to be less competitive than the case of Qgv,, and Qg ,-

We now proceed considering NP effects in left-handed and right-handed muonic cur-
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Figure 7: First row: 2D p.d.f. for the scenario with WCs (02%23,026523) and combined
2D p.d.f. of the corresponding results for Ri and Ry~ in both the PMD and the PDD
approaches, following the colour scheme defined below fig. 2. Second row: analogous to the
first row, but relative to the WCs (052%3, CHL.).

rents employing the gauge-invariant language of the SMEFT. In particular, we first focus
on the scenarios (C’QLQ%?,, C545) and (C’QLQ%, CKL.), that are generalizations of the study case
ii), therefore viable both in the PMD and in the PDD approach. Their results are shown
in fig. 7. Similarly to what found above for the pairs Qi04,, - Qév(loA),u and Qgy (104),e -

/9V(10 A)er in these scenarios — in spite of the Rx update — the presence of right-handed
currents has an overall marginal phenomenological impact. These conclusions are corrob-
orated by the values of AIC, slightly penalizing these scenarios in comparison with the
study case 4i): a marginal improvement in the description of data is indeed obtained at the
cost of model complexity in the fit. We eventually point out that the prediction for the
longitudinal and transverse LFUV ratios are quite similar within these NP cases, yielding
in particular Rj.. ,[1.1,6] ~0.8.

In the spirit of studying the interplay between left-handed and right-handed currents
in the SMEFT framework, one may investigate also the viability of the above scenarios
replacing the role carried out by OQLQQ23 with the one of 0%622. However, eq. (2.16) implies
that the 2D scenario (C’Q%GZQ, C$4,5) cannot explain the measured value of R, since both
coefficients contribute to the ratio with upward shifts, in contrast with what is required
to account for the experimental data. On the other hand, considering Cksb, as the NP
term responsible of effects stemming from right-handed currents, positive solutions for this
coefficient produce downward shifts in Ry, potentially making the (0%622, C2L2d23) scenario
a viable solution for this LFUV ratio anomaly, see right panel in fig. 1. However, as shown
e.g. in ref. [160], downward shifts in Ry induced by Clg. correspond to upward shifts in
Ry« therefore, since 02%622 always contributes positively to this second ratio as well, also
this second scenario cannot be considered viable in order to simultaneously address the
anomalies in the two LFUV ratios.

Similar results are obtained in the last set of 2D scenarios, involving NP effects in
electron channel described by means of the SMEFT formalism, namely (Cﬁgg,Cf‘ﬁg),
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Figure 8: First row: the first two panels show 2D p.d.f. for the scenario with WCs
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in the PDD approaches, following the colour scheme defined below fig. 2, while the last two
panels show the same for the scenario with WCs (C’fgém), C’ffé?)), Second row: analogous

to the first row, but relative to the WCs (C2Q?)611a C5dys) and (C’%en, CHd.).

(Cﬁ%,Cﬁd%), (C’%en,Cﬁl%) and (C%en,Clle%). It is interesting to note that, contrarily
to what observed for the corresponding muonic case, both scenarios involving the opera-
tor 0523611 are here allowed, due to the opposite direction of the contribution induced by
such operator in the electron sector as shown in eq. (2.16). Once again, addressing the
information stemming from the angular dataset for the B — K*u*u~ decay requires these
scenarios to be considered only in the PDD approach. The results for these fits, reported in
fig. 8, show a good description of R and Ry~ in all the considered cases. However, once
again the AIC values reported in table 2 imply that none of these models is favoured in
comparison with the scenarios featuring NP effects in 052%3.

We conclude this section briefly discussing the case where all the SMEFT operators are
inspected all together. Indeed, the experimental dataset at hand allows us to perform a fit
for NP effects present in all the 12 tree-level SMEFT operators, switching on simultaneously
the following effective couplings: CELZ%, %EM, C’KLKCQI:)), C’z%g, CKLZ%Q and Cégg Q, with ¢ =
{1,2}. For the sake of completeness, in this scenario we also include scalar operators,
particularly constrained by the available experimental information on B, — ¢t/~. We
report the results of our fit in the PMD and PDD approaches in fig. 9. Most importantly,
we observe that in both approaches 05223 is found to be different from 0: at the ~ 6o
level in the PMD approach, at more than 3¢ in the PDD one. For the PMD framework
we also note that NP effects in 0%622 are singled out at the ~ 50 level. These findings
pretty much reflect what already outlined from table 2, where the preferred scenario in the
PDD approach is indeed the one featuring only C’QLQ%, while in the case of a more aggressive
approach to QCD power corrections one needs to require also the presence of 0%622 in order
to accomplish an overall good description of data within the SMEFT. It is finally worth
pointing out that the results of key observables as longitudinal and transverse LFUV ratio
reported in table 4 are here compatible with R}{; [1.1,6] 2 0.7 within 1o errors.
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5 Conclusions

In this study we investigated the impact of the very recent Rx and Rg+ measurements
on NP in b — s¢T{~ transitions. We focused on the study of New Physics effects related
to Lepton Flavour Universality violation. We have explicitly shown that an aggressive or
conservative approach to hadronic matrix elements may drastically modify the conclusions
drawn from the updated b — s/~ global analysis. A set of key messages can be extracted
from our comprehensive study, performed both in the Weak Effective Theory and in the
Standard Model Effective Field Theory:

e in the WET a preference for NP coupled to both left-handed quark currents with
vector muon coupling and to right-handed quark currents with axial muon coupling
stands out regardless of the treatment of hadronic uncertainties;

e in the SMEFT different scenarios are able to address present experimental information
depending on the treatment of hadronic effects undertaken; aggressive estimates of
hadronic uncertainties point to the simultaneous presence of left-handed quark and
muon couplings and left-handed quark and right-handed muon couplings; a more
conservative analysis leaves room for a broader set of scenarios, including the case of
the single purely left-handed operator with muon coupling;

e LFUV effects in the electron sector provide a good description of current R (.) mea-
surements, but an overall satisfactory description of experimental results can be ob-
tained only within a conservative approach to QCD effects; within this framework,
these NP scenarios are not favoured over ones featuring muon couplings.

We look forward to strengthening and improving our conclusions with the help of
forthcoming experimental results: a) novel LFUV data from Bs — ¢¢*t¢~, that would
corroborate the current ones for B — K*¢*{~; b) possible measurements of LFUV ratios
as R?{ o in the ¢>-bin [1.1,6] GeV?2, that may help to further disentangle the different NP
effects highlighted in this work, see tables 3 - 4; ¢) new measurements of lepton-flavour
dependent angular observables as in ref. [14], that would also help to single out heavy new
dynamics from standard hadronic physics.
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A Highlights on current and future measurements

In this appendix we collect a subset of the interesting measurements related to the set of
b — s¢T¢~ anomalies, namely Ry, Rg~ (for this one both low-¢? bin, [0.045,1.1] GeV?,
and the central one, [1.1,6] GeV?), and the two interesting bins of P} falling in the region
towards the .J /1 resonance. Most importantly, we show the prediction in the ¢ bin [1.1,6]
relative to Ry and to the transverse and longitudinal ratios R}’I; and R;L. In the first row
of tables 3-4 we report the experimental measurement (when available), with statistical and
systematic errors combined and symmetrized. In particular, concerning both bins of R+
and the critical bins of P!, we limit ourselves to report the experimental measurements of
LHCD only, the most precise ones currently available for these observables. In the following
rows, we give the values obtained for each of the mentioned observables in all the scenario
described in section 4. Table 3 is relative to the scenarios investigated within the WET
framework, while table 4 refers to the ones described within the SMEFT framework.
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Figure 10: Global fit of RGE-induced contributions (A =1 TeV ) from eq. (2.14) constrained
by b — stT0~ data within the PMD (green) and PDD (red) approach, including the new
Ry measurement. 16-th, 50-th, 84-th percentile for marginalized distributions is shown.

B Top-quark operators for b — s¢T£~ anomalies

As anticipated in section 2.2, in this appendix we detail the fit results for the interesting
scenario related to loop-generated effects relevant for b — s¢*¢~ anomalies from dimension-
six gauge-invariant effective operators involving right-handed top quarks, see eq. (2.14).

The SMEFT operators of interest enter in our analysis according to the matching
condition reported in eq. (2.12): they do not mix into WET operators with right-handed
b — s currents, but contribute only to WCs of Qgy,104. Consequently, a quite important
observation can be drawn from what is already illustrated in section 2.3: the new Ry
measurement, on general grounds, disfavours scenarios with WET operators involving only
left-handed b — s currents. As we found in section 4, it is nevertheless important to note
that once hadronic corrections are treated conservatively, such a hint for NP contributions
to primed operators in the WET gets weakened. Hence, C’é\fg effects from top-quark loops
remain particularly appealing in light of the new Ry measurement.

The fit of the full set of top-quark SMEFT operators involved is shown in fig. 10. In
green we show the result within the PMD approach, while in red we present the PDD one.
In the former approach, we find evidence for NP at more than the 6o level in the operator
OL. together with the far-reaching evidence for a non-zero contribution from O§% too,
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Figure 11: 2D p.d.f. for the scenario with WCs (CLY,, C¢ks) in both the PMD and the
PDD approach, following the colour scheme defined below fig. 2. EW constraints on these
scenario from Z — {70~ measurements [204] are shown in light blue. The resulting region
obtained from the combined information of EW and b — s¢T¢~ data is highlighted in fuchsia.

and a minor role played by the two operators related to the electron mode. This outcome
falls within the expectations of what has been repeatedly observed in the present study
for the B — K*u*u~ angular analysis. In the PDD approach, the interplay between the
two muonic operators redistribute the effects amongst the whole set of four operators in
adjustment of possible large hadronic effects in the B — K*¢™¢~ amplitude. The WC of
0% is still well-determined at more than 40, the other ones are compatible with the SM
limit within 2.

The overall goodness of the fit is exactly the same as for the case of the tree-level
SMEFT scenario delineated by the set (052%3’1123, 0523622’2311), inspected in section 4. Iden-
tical considerations hold in particular for the observables presented in table 4. Within the
PDD approach, such scenario adequately describes the current dataset, as in the right panel
of fig. 4. On the other hand — if a more restrictive role needs to be assigned eventually to
QCD power corrections — the LHCb update on Rg would actually disfavour this scenario
in comparison with alternatives featuring NP effects in right-handed b — s currents too.

We wish to conclude this analysis with a focus beyond the realm of the b — s constraints
that we have entertained so far. As first noted in ref. [129], the top-quark operators can
be sensitive at the loop level to LEP-I measurements, mainly via the modification of the
Z-boson decay rate and the corresponding left-right leptonic asymmetries. A convenient
language in order to easily capture these modifications of Z-boson properties is given by
the parameters [595612] ¢+¢— scrutinized in ref. [204]. In the leading-log approximation and
at the leading order in the top Yukawa coupling, the contribution that these parameters
can receive from OZLZZ’;U via RGE in the SMEFT is [200]:

e Y v\ u
697 Tee = 3 (25 ) log (A puew) Cs (B.1)
v 2
69710 = 3 () log (A pusw) Ciss
Lu,eu

In fig. 11 we show the constraints on the WCs of O3 coming from EW data. We
focus on the muon and electron sector separately, mapping what is given in equation (4.6)
of ref. [204], using the correlations given in appendix B of their work and noting that the
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two sets [5956}3}66 and [5956}3] up are weakly correlated. The resulting bounds are shown
as 1,2,30 contours in light blue in the C’g%g - Cfjss plane. They are obtained assuming
A =1 TeV and evaluated at a matching scale pgyw close to the top-quark mass to possibly
minimize the overall matching-scale dependence |74, 220]. In the same figure, we also show
the joint probability distribution obtained for the same WCs from the analysis of b — s/~
data. As usual, we restrict the analysis of the electron mode to the PDD framework only,
in virtue of the information arising from the B — K*pupu angular observables. Eventually,
we also highlight in fuchsia the region obtained combining flavour data of interest with the
aforementioned LEP-I results.

The outcome depicted in fig. 11 is pretty informative. On the left and central panel,
a mild tension stands out between the highest probability region controlled by the Z —
uTp~ data and the one identified by the global b — s¢™¢~ analysis. As a result of the
interplay between the two experimental handles, a very different outcome for NP is expected
depending on the hadronic assumptions involved. In the PDD approach, one may end up
looking for NP effects mainly in 02%“33, with a minor role played by the operator O$5;4
possibly identified by C5535 > 0; in the PMD approach the presence of the latter is actually
ensured by CS5; < 0 at the 30 level. Lastly, the right panel of fig. 11 clearly shows
how LEP-I measurements are precise enough to strongly constrain such a possibility with
top-quark operators.

To sum up, the relevance of ng“ in the story of b — s¢™¢~ anomalies turns out to be
that the coupling to muons is still allowed by EW data and remains interesting as long as
the hint for NP effects in right-handed b — s currents — as a mild implication of the present
Rg update — will not be further corroborated by other new measurements. An important
caveat here is that the assumption regarding the absence of tree-level contributions in the
EW fit that may easily relax the Z — ¢/~ constraints shown in fig. 11. A more refined
analysis will be presented elsewhere.
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