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Abstract In light of the very recent updates on the Rg and
R g+ measurements from the LHCDb 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 Uni-
versality both in the Weak Effective Theory and in the Stan-
dard Model Effective Field Theory. In the Weak Effective
Theory we find a preference for scenarios with the simulta-
neous presence of two operators, a left-handed quark current
with vector muon coupling and a right-handed quark cur-
rent 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 pres-
ence 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 oper-
ator 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
Neutral Current (FCNC) decay modes into multi-body final
states, e.g. B — K®¢te— and B, — pote, bring forth
a large number of experimental handles, see e.g. [1], that are
extremely 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 experimen-
tal observations is the crux of the debate.

Two distinct classes of observables characterize these
semileptonic decays. The first is the class of angular observ-
ables arising from the kinematic distribution of the differ-
ential 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 prin-
ciples [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]. There-
fore, 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 mea-
surements is hard to achieve. Improved experimental infor-
mation in the near future [34] concerning, in particular, the
electron modes is a subject of current cross-talk between the
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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 contribu-
tions 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—161], all oriented towards
physics Beyond the Standard Model (BSM) able to accom-
modate such LFUV signals, mainly involving Z’ or lepto-
quark mediators at scales typically larger than a few TeV and
with some peculiar flavour structure needed to avoid clash-
ing 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 LFUV effects in FCNCs such
as b — s€T¢~ decays would herald the discovery of NP
unambiguously [162-167].

In this work we focus on the progress of this debate with
the new measurements of Rx and Rk recently presented by
the LHCb [168] and Belle collaborations [169]:

Br (B+ — K+,U,+,u_)
Br (Bt — Ktete)
= 0.846 5083 014 (LHCD) M
Br (B — K*utu™)
Br (B — K*e"‘e_)

= 0.52103¢ £ 0.05 (Belle), )
Ri+[1.1,6] = 0.967053 £ 0.11 (Belle). 3)

Rk [1.1,6] =

Rg+[0.045,1.1] =

The LHCb result combines the re-analysis of the 2014 mea-
surement together with more recent data, partially includ-
ing the experimental information from Run II, and covers
an invariant dilepton mass ¢ ranging in [1.1,6] GeVZ. 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) shifts towards the SM predic-
tion [2,40], the statistical significance of the corresponding
Rk anomaly remains interesting, at the level of 2.5¢. On the
other hand, the result in Eq. (3) slightly weakens the signifi-
cance of the R+ anomaly in this range of dilepton invariant
mass.

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

@ Springer

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

— We make use of two distinct Effective Field Theory (EFT)
frameworks, namely the AB = 1 Weak Effective Hamil-
tonian 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 Sect. 2, where we
also present a fresh look at the anatomy of Rg in light of
the new LHCb measurement. We then provide a thorough
description of our analysis procedure in Sect. 3. Finally, we
collect and discuss all our main results in Sect. 4, supported
also by Appendix A and Appendix B. We present our con-
clusions in Sect. 5.

2 Theoretical framework

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

2.1 Short distance vs long distance

The anatomy of B — K®¢t¢=, B — K*y, By — ¢LT0~
and By — ¢y decays can be inspected with an effective field
theory of weak interactions for AB = 1 processes [170,171].
The corresponding effective Hamiltonian at the scale pup ~
my, can be split in two parts:

= 1
HAB=! = Hhad 15T 4)

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

. 4G
Hef = —= D Ap[a of + €205
\/E p=u,c
£ Y an+aow), )
i=3,...,6
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involving the following set of relevant operators up to dimen-
sion six:

O = GryuTpL)(pLy" T by1) .

Q5 = GLyupL)(PLY"bL) .

Py = GLyubr) Y ¢@Gy"q).

Py =Gy Tbr) Y _4(qy"Tq),

Ps = (SLYu1Yu2Vu3br) Zq(é)/m)/”27/“3q),

Ps = (SLyu1Vu2vu3TbL) Zq(éV“IV“Zy“3T“q),

[ ag _ v
QSg = meSLO';wG br. (6)

The second term features four-fermion operators constructed
with leptonic and quark bilinears, together with the electro-
magnetic dipole operators,

sy 4Gr D00 4 o 4 0o
Hef‘f = — f)\’t |:C7 Q7)/ + C9 Q9V + C]O Q]OA
+e0f +cpop]. »

including, up to dimension six, the operators:

(04 _
Q7y =4/ ﬁmbsLO‘p,vFuva >

a _ -

Qoy = ﬁ(SLyMbL)(EVME)s
a _ -

Qo4 = 4—e(smbL)<£y“y56),
T
[0 _ -

Qs = 4—e(sLbR)<a),

T

0p = Z—e(iLbRxc’y%). ®)
TT

Note that in Eq. (8) 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 opera-
tors Q; are obtained from Eq. (8) substituting Pr 1, — Pr.r
in the corresponding quark bilinears. Throughout the paper,
CKM factors are defined as A; = V, Vj, = V, V5, with
i={u,cty=1{1,2,3}.

The short-distance physics in Egs. (4)—(8) is, in general,
captured by the Wilson coefficients (WCs), denoted as effec-
tive 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 i = 4.8 GeV using state-of-the-art QCD and QED
perturbative corrections, both in the matching [172—174] and

in the anomalous dimension of the operators involved [174—
177]." 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 anoma-
lies in the b — s transitions, the formalism of the effec-
tive 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 LFUYV effects [162-167,179-183], in this paper we allow
for NP effects in the WCs of the operators Qg’)lf)’:;’f.f . We do
not consider the case of NP effects in dipole operator coef-
ficients Cé/), since such a possibility is severely constrained
by the inclusive radiative branching fraction of B — X,y
among other measurements [184] and it is anyway irrele-
vant for LFUV. Moreover, in the following we also set aside
the possibility of NP effects entering in Eq. (5), a case con-
sidered in the study by the authors of [73]. 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 pos-
sibility recently considered in [185] — may be a challenging
task [186], especially in light of unknown hadronic contri-
butions.

Let us consider the B — K*¢t¢~ transition as an
example for setting up our notation. From the Hamiltonian
defined in Eq. (4), it is possible to write down seven inde-
pendent 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

~ m 2 ~

H} « :CgsMVL,\ + —5 [ﬂC7SMTLA - 167T2h/\” ,
q mp

A SM{y memp sm (T s <
HAO(C10 VL}L, HPO(TCIO SL—m—SR s
b

©)

! The scale u is here set by the scale at which form factors have been
computed [178].

2 In the present work, while we treat the SM short distance with all
available quantum corrections included, for the NP WCs we neglect the
running induced by gauge couplings. Consequently, they stay constant
from the scale they have been generated, with the notable exception of
the SMEFT contributions arsing only at one-loop via RGE, see Sect. 2.2
and Appendix B.

3 Here we do not include the negligible contributions to C g,)P from the
SM for clarity.
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with A = 0, . The factorizable part of these amplitudes,
i.e. the one involving matrix elements of semileptonic local
operators, is described by means of seven independent form
factors, Vo,i, TO,:I: and S which are smooth functions of q2. In
Eq. (9) these are defined following the convention described
in Appendix A of Ref. [31]. In addition to form factors, at first
order in o, non-local contributions arise from the insertion of
aquark current with each of the operators appearing in Eq. (5)
[23,29]. As aresult, non-factorizable QCD power corrections
appear in H& according to the hadronic correlator [30,31,
181,187]:

n(A) S _

hi(q%) = Z—Z/d“x (KT (L (x)YH™d(0)}| B) .
B

(10)

For the factorizable part, in the large-recoil region (i.e. low
dilepton invariant mass ¢2) two light-cone sum rule (LCSR)
computations are currently available [ 178, 188]. These results
are in reasonable agreement with the extrapolation of the
form factors computed in lattice QCD at low recoil [189].
The information on the same form factors is enriched by a
correlation matrix that keeps track also of heavy-quark sym-
metry relations as discussed in section 2.2 of Ref. [178].

On the contrary, the theoretical estimate of non-factorizable
terms — denoted here generically by h; — is not so well
under control. For the processes of interest, the largest con-
tribution arises from current—current operators involving
charm quarks, specifically Qf [23,24], not parametrically
suppressed by CKM factors or small WCs. This charm-
loop effect stemming out of Eq. (10) is therefore a gen-
uine long-distance contribution: it implies potentially siz-
able non-perturbative effects involving the charm quark pair
with strong phases that are very difficult to estimate. While
at low g2 hard-gluon exchanges in the charm-loop ampli-
tude can be addressed in the framework of QCD factorization
(QCDF) [190], the evaluation of soft-gluon exchange effects
remains, in this context, the toughest theoretical task [191]. A
detailed analysis of soft-gluon exchanges in B — K transi-
tions has been performed in Ref. [24]. There these contribu-
tions 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 &, currently available
is the one carried out in Ref. [23] using LCSR techniques
in the single soft-gluon approximation, valid for g% < 4mg.
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 poten-
tially 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 cc threshold at

@ Springer

q* ~ 4mZ [31], close to the J /v resonance where quark—
hadron duality is questionable even in the heavy quark limit
[192]. Note that the same considerations also apply to the
case of By — ¢£T£~, 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 litera-
ture [27,28]. Both works turn out to be in agreement with
the results from Ref. [23]. However, in Ref. [27] — where
h) 1is 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 ampli-
tudes in order to perform a conformal expansion of 4, , isolat-
ing physical poles and ensuring unitarity. They use resonant
data and additional theoretical information at negative g2 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), point to a poor convergence of the series, casting doubts
on the actual g2 shape of the 4, 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 %, from Ref. [23] with a
certain degree of caution. To this end, we have already pro-
posed in Refs. [31,32,166] a phenomenological expansion
of hy, in powers of ¢? in the large-recoil region, inspired by
Ref. [30]. Weuse B — K*u*pu~ and B — K*y measure-
ments in order to constrain the coefficients of the expansion,
and enforce the results from Ref. [23] under two different
scenarios:

— A phenomenological model driven (PMD) approach,
employing LCSR results extrapolated by means of dis-
persion relations in the whole low-g? region for the
decay;

— A phenomenological data driven (PDD) approach, taking
into account LCSR results only far from the cc thresh-
old and exploiting the results in Ref. [23] for g> = 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 there-
fore should be considered as the most conservative approach
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towards the assessment of NP effects. Eventually, we also
highlight that — differently from what done in Ref. [193]
— the extraction of the hadronic coefficients in the PDD
approach relies essentially on the experimental information
stemming from the same ¢2 region where our phenomeno-
logical expansion is used. To better investigate the interplay
between hadronic contributions and possible NP ones, in this
work we use a recent improvement of our parameterization
for h; with the expansion presented in [39]:

ho(g?) = —— - TL—(gHh? - Yg;—,fjghﬂ) 2
+ h(f)q“ +0(q%).

hea)) = — g Tegnt - 1;;55,2 Vg
+h + hSqu +hPq* +0@°).

ho(q*) = _8712;:13 Tro(gHh” — —fgﬁgﬁ% Mg?

FnP e @i ro@dh.  an

This choice allows us to write the helicity amplitudes H} yin
Eq. (9) as

H; o<{ (cSM+ ) 7

[Z”b (CSM +h<0>)

+ 28
B

— 167%h? 4]}
q
2
O({<C95M h“)>v ] [m;, (CSM h(O)) -
q* Lmp
—167* (h + P g + 1P o) }} ,

2
~ m% [ 2m

0‘{ <C9SM + h(_1)> Vio + —B[—b <C7SM hw)) Tro
mp

q2
— 1672 /g (n” +ni" q?) “ :

With this definition for the £, -coefficients, it is manifest
that h@ and hg) can be considered as constant shifts to the
WCs C?l})", hence indistinguishable from NP contributions to

X
<+

X
<o

12)

0O7y,9v. Consequently, it is not possible to extract 7 and
n 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 Eqgs. (11)-
(12) becomes clear when any of the remaining 4 -coefficients
turns out to be non-vanishing, since they likely spot purely

hadronic contributions.* In Sect. 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€1€~
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
Qov,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 [194,195].

NP imprints in b — s transitions in the context of SM
gauge-invariant operators have been extensively investigated
in [43,53,196] and a systematic study of flavour physics con-
straints from AF = 2 processes in the SMEFT has been
recently performed in [197]. For b — s€7¢~ anomalies, a
dedicated analysis with SMEFT operators was already car-
ried out in Ref. [76]. In what follows we proceed along the
lines outlined in these works.? The set of SU(2); x U(1)y
invariant four-fermion operators in which we are mainly
interested in this study reads:

055“) = (LiyuL)(Oxy" Q1)
05,%(3) = (Livut* L) (Qry"t* Q)
03,; (Qivu @)y e,
ljk, = (LivuL ) (dey™d),

1jkl (el Vuej)(dky'udl)

LedQ

Oij = (Liej)(dr Q1) , (13)

where i, j,k,l = 1,2,3 are generation indices, 7A=123

are Pauli matrices (a sum over A in the equations above is
understood), weak doublets are in upper case and SU (2)[,
singlets are in lower case.

The operators appearing in Eq. (13) correspond to the set
that matches at tree level on the semileptonic operators in
Eq. (8) in an operator product expansion truncated at dimen-
sion six. The SMEFT tree-level matching is naturally per-
formed at the scale ugpw ~ O(Myw). For BSM dynamics
that distinguishes the leptonflavour £ = {e, u, t} = {1, 2, 3}

4 Note that this statement is accurate as long as NP effects do not feed
any of the WCs in Eq. (5).

5 We are not going to take into account the SMEFT contributions to
the CKM parameters recently worked out in [198], since they cannot
accommodate for LFUV effects.
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in b — s transitions, the relations connecting the WCs of
Qg)lo g p to the ones in the SMEFT-operator basis are:®

CQ‘Z =Na (CZLE%U + CeLeg;) + Czwz) )

N =N (cBi -l - i)
Cé’?P =Na (Cfgﬂ + Cz%s) ;

;(FE =Na ( £023 Cem) )

Cse = _CPe =Na CeszezréQ ’
O = = (el a

where we introduced the complex factor
Ny = (@v?)/ (e A?),

with v2/2 = (HTH), H being the SM Higgs doublet. For a
NP scale A of 30 TeV one has [N4| >~ 0.7. Equation (14) is
valid in the basis where charged lepton and down-type quark
Yukawa couplings are diagonal. This choice simplifies the
analysis by avoiding lepton flavour violation and constraints
from quark flavour transitions other than b — .

Note that even under this assumption, the operators in
Eq. (13) may be, in principle, testable in other interest-
ing processes other than b — s€*t¢~ transitions. The
most notable opportunity may be offered by the chan-
nel B — K®™yb [201], sensitive to the operators com-
posed of weak doublets in both lepton and quark cur-
rents. At the present experimental sensitivity [202], this
channel turns out to have a relatively mild interplay with
b — s¢T¢~ measurements [86,113]. Interestingly, with
the advent of more data [34] one may hope to distinguish
NP effects of OL2” from the ones of 0L2" due to an
accurately measured light-lepton LFUV ratio in semilep-
tonic b — ¢ transitions [54,86]. Still for the purposes

of our model-independent study, 0”2Q3 , 1 = {1,2}, are
indistinguishable, as in Ref. [76]. Wlthout loss of general-
ity, the set of operators in Eq. (13) remains indeed the one
primarily sensitive to the measurements considered in this
work.

Going beyond Eq. (13), one may extend the discussion
to the operators induced at one-loop level that are a gen-
uine product of the renormalization group evolution (RGE)
in the SMEFT [203,204]. Equipped with the aforementioned
assumption on the SMEFT flavour structure, in the leading-
log approximation and leading expansion in the top Yukawa

© Dimension-six operators made of Higgs doublets and quark bilinears
should also appear [43], but yield a lepton flavour universal contribution.
They are severely constrained both by EW and Higgs data, see [199,
200], and by AF = 2 measurements [197]. They will not be further
considered here.

@ Springer

coupling y;, the matching conditions induced by one-loop
RGE read as:

Ve A HL® HLO
= NaA ( ) log [ (c e
9 e ArM\ og P i o
H L
— G+ Gyt C§Z33) ;
Vi A ) ®
Cloe=Nak (4 ) log <—) (CZL -Ccpt
MEW
—Cl° = Ciys + Cee33) (15)
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)(L¢y"Ly),
3) g =
Ot = (H'iD, H)(Liy"t*Ly),
oll* = (H'iD, H)@Ey"er), (16)

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

oLy = (LoyuLo)@sytus),
0233 = (é@VueZ)(ﬁ3yﬂu3) . (17)

The expression in Eq. (15) needs to be added to the tree-
level matching already given in Eq. (14). Next-to-leading
order SMEFT matching conditions, invoked to reduce the
matching-scale dependence on the overall result (and involv-
ing renormalization scheme-dependent finite parts of one-
loop diagrams), have been computed in Refs. [196,205].
Within the leading-log approximation undertaken in this
work, these corrections should be considered as sub-leading
to the RGE-induced contributions given in Eq. (15). Obvi-
ously, the same ~ 25% shift of the SM WC Cy 19 needed
for a qualitative explanation of b — s€*¢~ anomalies, if
obtained through the RG mixing in Eq. (15), 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. (14) are directly generated by NP [95].
As already commented in Ref. [76], operators appearing in
Eq. (16) are particularly well constrained by EW precision
observables [199,200], making them irrelevant in the present
context. Our analysis on SMEFT RGE-induced contributions
will then focus only on the operators listed in Eq. (17) above.
Note, however, that these operators can also be constrained
at the loop level by EW data, see Refs. [131,206]. We ded-
icate our Appendix B to the inspection of this set of opera-
tors, where we highlight a non-trivial interplay between the
assumption made on hadronic contributions in analysis of
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b — s€T£~ data and the information coming from EW pre-
cision measurements relevant in this context [207].

2.3 New Physics effects in Rx

We wish to end this section reviewing the relevance of Ry
for NP and its complementarity with other present and possi-
bly forthcoming LFUV measurements, as Rg+ and Ry. This
completes the stage setup for the presentation and discussion
of the results collected in Sect. 4.

The ratio reported in Eq. (1) can be reasonably approxi-
mated in terms of a simple phenomenological formula. Since
the minimum ¢2-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 presentin 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. [208], similarly to
Refs. [76,162,163,167] we can express Rk in terms of NP
WCs simply as:

Ri[1.1,6]
~ {1 +0.23(C3% + €50 — 0.25(C, + Chosn)

+ 0.057(CH N + O, €l +0.029 [ ()

SV

(13)

+ D+ (D + (i)

or in terms of the WCs for the gauge-invariant combinations
in Eq. (13):

Rg[1.1, 6]
~ {1+ ra [0.16(Ceh; + C85) = 5.1(Clhs + B0
+ 13ra <C2223 Cm + C2223C2Lz%%>
+ 6.6r4 ((C53* + (C85)? + (Clhy)
+ @)} i+ a2}, (19)
where in the last expression CELZ% = CZLZ%” Cng%(})s

4 = 103(v/A)? and A, is approximated as real. In both
Egs. (18) and (19), we assume real NP coefficients. Notice
that, in the cases at hand, quadratic terms are suppressed

as (a A2)2 while linear terms with dimension-eight oper-
ators are suppressed as a_ﬁ' Therefore, we can meaning-

fully retain the quadratic terms. 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£7¢~ anoma-
lies as the one(s) related to Ry«.’ Finally, note that if one
would like to consider also tensor structures [44], a combined
explanation of Rx and Rg+ would not be possible [94], and
embedding in UV models would be challenging [3,43].

In Fig. 1 we show the impact on Rk in the bin discussed
so far of each of the operators considered here in the WET
(left panel), see Eq. (18), and in the SMEFT (right panel),
see Eq. (19). The range on the x-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 Rg measurement is represented by the horizontal
orange band, drawn according to experimental central value
and standard deviation, see Eq. (1).

Itis 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 cur-
rents within operators that have the same leptonic structure,
since they constructively interfere in Eq. (18). Moreover,
as highlighted in the plot, the NP contribution required to
explain the present Rx measurement is now about one fifth
of the SM one. Therefore, the linearized limit of Eq. (18)
may be a good approximation in order to appreciate how
LFUYV effects actually probe the © — 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: C9SM ~ —C IS(I)VI

Similar considerations apply to the case of SMEFT oper-
ators with leptonic weak doublets, requiring only about 15%
of the SM WC value for Qgy_ 104 to accommodate Rg within
a NP scale of A = 30 TeV, yielding [C},%;"| ~ 0.8. How-
ever, the correlations induced by the SU (2);, x U (1)y gauge
symmetry no longer allow a full set of 8§ different viable solu-
tions 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 electronic
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. (17) we can then exclude 03555.

The bottom line drawn from Fig. 1 refers merely to the
inspection of one single operator at a time contributing to
Rk . However, in the broader picture offered by the whole
set of available b — s€T¢~ measurements, we may end
up with observable quantities that provide information on

7 Within the SMEFT, they cannot simultaneously explain the Ry
anomaly as well.
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Fig. 1 The impact on Rg of each of the NP operators in the two EFT
frameworks considered. The orange band highlights the new Rg mea-
surement, while the dashed-dot silver lines mark the SM value. In both

NP orthogonal to what outlined from the Rx anatomy. Of
particular significance, the LFUV ratio Rg~ has been origi-
nally recognized in Ref. [47] to be a complementary probe of
NP with respect to R . Indeed, while being very sensitive to
BSM physics, in the limit where the longitudinal polarization
fraction in the B — K*€T£~ channel were exactly equal to
unity, Rg+ would be fully sensitive to destructive interfer-
ence between left-handed and right-handed b — s effective
couplings, and hence complementary to what is depicted in
Eq. (18) for Rk. In the same spirit of Ref. [167], one may
then look at the ratio of measured LFUYV ratios, i.e. the Rg+*
experimental value in the bin [1.1,6] GeV? from [42,169]
over the new measurement of Rg from [168],
Ri+[1.1,6]/Rk[1.1,6] ~ 0.86 £ 0.13, (20)
discovering a hint for non-zero effective couplings for the
operators Qg 1o4- Part of Eq. (7). Moreover, going beyond
LFUV observaibles, one may supplement the information of
Eq. (20) with the measurements of B — K ®) 1+ 1~ branch-
ing fractions and, most importantly, with the related angu-
lar analyses. In particular, with the inclusion of the angu-
lar observable P — particularly sensitive to NP effects in
the operator Qoy [180,209] — one may end up concluding
that the new experimental value of Rx currently points to
effects in both left-handed and right-handed b — s currents
of dimension-six operators built up with the muonic vecto-
rial current. As such, previously claimed minimal solutions
for b — s£* ¢~ anomalies — involving only Qgy or OL2 —
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 uncertainties. First of all, the longitudinal
polarization fraction of B — K*£*£~ in the bin of interest
is not equal to unity [210]: this fact already makes the Rgx
observable less orthogonal to Ry in the study of NP [163].
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panels the range on the x-axis covers up to O(1) effects with respect to
SM short distance relatively to the low-energy scale j, ~ mj,. SMEFT
contributions are assumed to be generated at the NP scale of 30 TeV

Moreover, longitudinal and transverse polarization fractions
are sensitive to Agcp/mp, power corrections not fully under
control [47,163]. This also suggests an experimental infor-
mation that would be important to handle in the future: the
measurement of R;i‘ [1.1, 6],1.e. theratio of longitudinal and
transverse parts of the B — K*¢*¢~ amplitude in the ¢>-
bin [1.1,6] GeVZ. These quantities would be less sensitive
to unknown hadronic effects, and distinctively sensitive to
NP effects in Co ot Cé’ 10 combinations [163,166]. Similar
information could be extracted from By — ¢£ £~ as well.

Secondly, as already noted at the beginning of Sect. 2,
the same angular observables measured in B — K*utu~
are also affected by non-factorizable QCD effects. Only
corresponding LFUV combinations as the one proposed in
Ref. [35,36] and recently reanalyzed in [186] may help to
disentangle genuine NP effects from hadronic contributions
theoretically not well-understood. At present, the only avail-
able 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 inter-
play between genuine NP effects and hadronic contributions
is allowed. The analysis performed in this study, presented in
Sect. 4, is precisely dedicated to make interpretations of the
underlying NP scenarios behind current b — s£7£~ anoma-
lies as robust as possible.

3 Experimental and theoretical input

In this section we plan to review the baseline of our analy-
sis, the experimental dataset included, and the assumptions
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made throughout this work. In the present study we perform
a global analysis on a comprehensive set of b — s€1€~
data with state-of-the-art theoretical computations, within a
Bayesian framework.

We adopt for this matter the public HEPfit pack-
age [211], whose Markov Chain Monte Carlo (MCMC)
analysis framework employs the Bayesian Analysis Toolkit
(BAT) [212]. In our MCMC analysis we vary from a min-
imum of 60 to a maximum of 80 parameters on a case by
case basis. Within the Metropolis-Hastings algorithm imple-
mented in BAT, we set up, for the scenarios presented in
Sect. 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 dif-
ferent scenarios evaluating for each of them an Information
Criterion (IC). This quantity offers an approximation of the
predictive accuracy of the model [213], and it is character-
ized by the mean and the variance of the posterior probabil-
ity density function (p.d.f)) of the log-likelihood log L, see
Ref. [214],

IC = —2log L + 401%g£ , (21)

where the first term gives an estimate of the predictive accu-
racy (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. [215], related in this context to (pos-
itive) IC differences. In the following Sect. 4, for con-
venience we are going to present a discussion based on
AIC =1Cgsy — ICnP S1n particular, we quote in Tables 1
and 2 for each NP scenario the Al C value. We wish to stress
that a larger value of AIC corresponds to a better improve-
ment 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:

8 It is interesting to perform a SM global fit in order to have reference
values for the /C to compare with. The fits yield an /C of 193 for the PDD
approach, and 215 for the PMD one. Recalling that models with smaller
values for the /C are preferred, the PDD approach provides a better SM
fit compared to the PMD one, since anomalies in the angular analysis
of B — K*utu™ can be accommodated through larger long-distance
contributions, see Ref. [31].

Table 1 Values of the WET WCs fit from data in all the considered
scenarios along with relative A7 C. The italic values 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 Sect. 2.1

Mean (rms) AlC
ey —1.20Q27) 14
—1.21(16) 50
Cive —0.87(24) 15
(@) (—1.61(48), —0.56(53)) 13
(— 1.28(18), — 0.27(34)) 48
(©3®. cihh (— 1.61(33), 0.72(34)) 17
(— 1.30(15), 0.53(24)) 54
(CXP. o (— 1.55(32), —0.44(14)) 24
(— 1.38(16), — 0.37(12)) 61
(€N, i) (0.73(17), — 0.04(24)) 17
€N, Clo) (0.75(16), 0.04(17)) 16
()P, ¢t (1.51(38), —0.81(37)) 10
(CP, i) (1.36(32), 0.87(40)) 11
(€N €520 (— 1.06(54), —0.46(46)) 12
(€N, Cro®y (—1.01(28), 0.29(29)) 12

Table 2 Values of the SMEFT WCs fit from data in all the considered
scenarios along with relative A/ C. The italic values 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 Sect. 2.1

Mean (rms) AlC
Crs 0.75(14) 23
0.79(12) 37
(€8, ¢ (0.78(18), 0.06(32)) 21
(0.94(12), 0.67(17)) 50
€15, c5D (—0.51(29), 0.96(70)) 12
(k8. csd ) (0.74(15), 0.16(33)) 21
(0.81(12), —0.19(29)) 35
(Cy35. Chb) (0.81(15), —0.20(15)) 2
0.80(12), — 0.11(12)) 36
(CLe, ced ) (—0.08(73), —2.1(14)) 12
(€15, CED (—0.93(27), 0.39(27)) 12
€2, ced (=0.2(18), — 1.3(18)) 8
(€8S, Ch (1.77(47), —0.18(24)) 9

— All the angular observables and branching ratio informa-
tion on B — K*u*u~ 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 experimental correlations between the

@ Springer
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measurements performed in the same bin. Note that we
restrict here only to the large-recoil region, i.e. ¢> val-
ues below the J /vy resonance, excluding measurements
in the (theoretically challenging) broad-charmonium
region.

— B — K*eTe™ angular observables from LHCb in the
available g2 bin, [0.002, 1.12] GeV?2 [11].

— Angular observables and branching ratio of By —
¢~ provided by LHCb [12].

— Branching ratio of By — "~ measured by LHCb
[216], CMS [217], and most recently by ATLAS [218].
Note that we also employ the upper limit on By — e*e™
decay reported by HFLAV [219], useful for the study of
NP coupled to electrons [83].

— Branching ratios for B — K™+~ decays in the
large-recoil region by LHCb [8].

— Branching ratios for the radiative decay B — K*y,
from HFLAV [219], and for By — ¢y as measured by
LHCb [220]. While we are not going to consider NP
effects in dipole operators, these measurements are rele-
vant in our PDD approach.

— LFUV ratios including the very recent updates: Rg+ in
both ¢2 bins, [0.045, 1.1] GeV? and [1.1, 6] GeV? [42,
169], and the Rx measurement [168].

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 [178] for
B — K* and B; — ¢ amplitudes, as we take into account
experimental information coming from both channels”; for
the B — K channel, we adopt lattice QCD results extrapo-
lated from the zero-recoil region to low-¢ 2 values as provided
in Ref. [221]. For all the form-factor parameters adopted in
this study we adopt multi-variate Gaussian distribution pri-
ors in order to include correlation matrices reported in the
relevant literature.

Regarding the non-factorizable part of the amplitudes, we
include hard-gluon contributions following what already out-
lined in detail in our previous work [166], while we proceed
here differently for what regards our treatment of soft-gluon
exchanges.

In the PMD approach, we do not expand Eq. (10) in powers
of g2, but we directly express it in terms of the phenomeno-
logical expression given by Eq. (7.14) of Ref. [23],!° and we

9 The latest LCSR update from Ref. [188], while providing an important
independent cross-check of several results present in [178], does not
include the estimate of By — ¢ matrix elements.

10 1n [166] we were power-expanding h; 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.

@ Springer

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, 277), yielding a total of 12
parameters to describe the non-perturbative hadronic contri-
butions within this approach.

In the PDD approach, corresponding here to the parame-
terization in Eq. (11), we allow for flat priors on the absolute
values of hg’) coefficients and enforce as a theory weight in
the likelihood the results obtained at g* = 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 param-
eter:
1h®] e [0, 0.0001],

Y1 e0.011, 20,4,

nL) € 10,0.00011, 11" € 10,0.00051, (22| € [0,0.0001],
1) € 10,0.0021, 188" € [0,0.0004], (22)

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. (22) has a corresponding com-
plex free phase. Therefore, our PDD approach is defined by
a a total of 16 parameters. We used the same set of param-
eters in Eq. (22) to also describe the soft-gluon contribu-
tions in the case of By — ¢, leaving possibly interesting
SU (3) p-breaking effects to a future investigation. Eventu-
ally, for B — K transitions we only include non-factorizable
hadronic effects coming from hard-gluon exchanges, moti-
vated by the results of Ref. [24].1

We conclude this section mentioning that the rest of the
SM parameters varied in our analysis can be found in table 1
of Ref. [166], 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.fs. In such cases we focused on the NP solution
closer to the SM limit, identified by CN?' = 0. Finally, we
point out that all our findings for the study of the SMEFT in
Sect. 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 Sect. 4 appropriately.

4 EFT results from the new Rg measurement

In this section we present our results. We perform several fits
to the experimental measurements listed in Sect. 3, differenti-
ated by the set of NP WC(s) considered. We employ the PDD

T Nevertheless, we have tested explicitly for the case of the scenario
involving CQ’ /f that introducing the equivalent of the PDD approach
also for the B — K channel does not have a relevant impact on the
results of our fit.
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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) formal-
ism. The goodness of the fit is here evaluated by means of
the IC, defined in Eq. (21), while the details of the PMD and
PDD approaches have been presented in Sect. 2.1.

The primary goal of this analysis consists in the study of
the interplay between the new Rx measurement and NP. In
particular, we investigate whether the update of Rx com-
bined with the current Rg» measurement can actually have
an impact on the viable solutions to the anomalies in b — s
transitions allowed by the previous Rx from Run I of LHC.
To this end, we report in Tables 1 and 2 the results for the fit-
ted 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 fol-
lowing Eq. (21) in Sect. 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 poste-
rior p.d.f.s obtained for NP coefficients are shown in Figs. 2,
3,4,5,6,7,8and 9. Figure 2 refers to scenarios where a sin-
gle WC is taken into account. Figures 3 and 4 involve fits with
two operators at the same time and correspond to two pop-
ular benchmarks previously studied in literature. Figures 5,
6, 7 and 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.

For each considered scenario, we show both the posterior
p.d.f.(s) of the NP WC(s) obtained employing the previous
measurement of Rg [41], and the new one from Ref. [168].
This allows one to easily compare the impact of the new Rk
measurement in our analysis. Moreover, in order to have a
further insight on the role of LFUV observables as Rk and
Rk, we also provide in the same figures the joint proba-
bility distribution of these ratios extracted from our fits. We
give these results employing again either the 2014 measure-
ment of Rk or its 2019 update. Our attempt is to investi-
gate whether scenarios previously capable of addressing the
anomalies in both the LFUV ratios remain viable after the
Rk value recently presented in [168].

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:

NP .
9>

(ii) a purely left-handed muonic current, i.e. CZLZ% ;
(iii) an axial electronic current, i.e. C%P -

(i) a vectorial muonic current, i.e. C

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 "~ angular anal-
ysis; (ii) can provide a satisfactory description of the angu-
lar dataset (but worse than (i), being at the same time sen-
sitive to observables as the forward-backward asymmetry
measured for B — K® T~ and the branching fraction
of B — ptu™); (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 [166].1?

From Fig. 2 we can supplement this picture with the mea-
surement 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
Rk and Rk~ 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 Rx 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 measure-
ments 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 and 2
for the NP scenario (ii). In this case, the description of LFUV
ratios R and Rk turned out to be optimal before the advent
of the present R update. From the A7 C 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
OZLZ% is not so well supported by b — s£7 £~ data. In partic-
ular, the new Rk value is not addressed within the 1o exper-
imental uncertainty. This fact adds to the global information
arising from the rest of the observables in the fit: as a conse-
quence, in the PMD framework NP effects in Osz% are now
disfavoured with respect to contributions present in Qoy ;.
Interestingly, in the PDD approach the comparison between
these two scenarios is completely reversed: in particular, an
inspection of the corresponding A/ C shows how allowing
for larger QCD power corrections makes (ii) one of the sce-
narios favoured by data within the PDD framework. Indeed,
the set of angular observables and the branching fraction of
B — T~ can now perfectly coexist in this NP scenario;
the only tension remaining in the fit of (ii) is then related to

12 Electron LFUV couplings arising from a Z’ mediator may be also
probed by atomic-physics data [222].
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Fig. 2 First row: probability density function (p.d.f.) for the WC Cg{ﬁ,

where the green-filled p.d.f. shows the posterior obtained in the PMD
approach after the inclusion of the updated measurement for R, while
the red-filled p.d.f. is the analogous posterior within the PDD approach
(the dashed posteriors are the ones obtained employing the 2014 Rg
measurement); the following panels report the combined 2D p.d.f. of
the corresponding results for Rx and Rk, where the colour scheme

this new update for Rx, 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 Rg update — the assumptions made in the size
of the hadronic contributions when comparing NP scenar-
ios turn out to be crucial. The most evident case of this sort
is certainly (iii). Within a conservative approach to QCD
power corrections in the B — K*¢T¢~ amplitude, this
scenario offers a perfectly viable fit to b — s¢*£~ data.
In particular, (iii) 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*utu~.
Indeed, while NP effects associated to 02L2%3 can actually
ameliorate b — s€*¢~ anomalies as the ones related to the
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follows the one employed in the first panel. The horizontal band corre-
sponds to the 1o experimental region for Rk« from [42], while the two
vertical bands corresponds to the previous and the current 1o exper-
imental regions for Rg. Second row: analogous to the first row, but

relative to the WC CZLZ%. Third row: analogous to the first row, but
relative to the WC C%P .

so-called P observable [180], the phenomenological via-
bility of NP effects encoded in the effective operator Q104 .
necessarily relies on large hadronic contributions [166], mak-
ing (iii) a less economic alternative to (ii). This is reflected
by the reported AIC: in the PDD approach the improvement
of the SM fit provided by NP effects as in (ii) is several units
of IC larger than the one provided by (iii), 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™pu~
angular analysis still greatly favours the presence of NP
effects from Qoy ,, while more NP scenarios are viable
with a more conservative approach to QCD power correc-
tions, and a particularly favoured one turns out to be OZLZ%.
Finally, we observe how the three scenarios discussed so far
may be distinguished with a future measurement of trans-
verse and longitudinal ratios in the qz—bin [1.1, 6], quite
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robust against hadronic uncertainties, see Tables 3 and 4.
Among (i), (ii), (iii) Rg. ,[1.1,6] =~ 1.0 would favour
NP effects from Qoy ;. while Ry, 4[1.1,6] = 0.8 would

point to BSM dynamics in OZLZ%, and a measurement of
R}w[l.l, 6] ~ 0.7 would hint at NP in Q104 c.

Letus now turn to the investigation of more complex cases,
where BSM dynamics is actually described by a pair of effec-
tive operators rather than just a single one. We start focussing
on the scenario where the effective couplings of interest turn
out to be (Cgﬁ, CEE). Note from Table 1 that the addi-
tion of a NP contribution coming from the electron operator
Qv . does not strongly improve the fit obtained with Qgy ,:
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 Cg“;. This is also captured by the LFUV ratios in
the right panefs of Fig. 3, where an improvement is only seen
in the value of Rk . Moreover, the prediction for longitudinal
and transverse components of Rk« 4 remain essentially the
same for the two scenarios 3.

Nevertheless, this NP benchmark is particularly illustra-
tive 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 effective couplings come into the lin-
ear combinations (C&’ 5_2, Céi’ /f 1) As already discussed in
Sects. 2.1-2.3 and highlighted e.g. in Refs. [39,223], such a
choice is naturally driven by the presence of LFUV observ-
ables in the fit, that are maximally sensitive to u — e com-
bination at the linear level in the NP WCs for Qgy. At the

same time, the ;© — 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 evi-
dent 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  + 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 generically couple the left-handed
b — s current to both vectorial and axial leptonic struc-
tures 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), (ii), (iii)
discussed at the beginning of the section. Left and central
columns in Fig. 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), (ii), (iii), with the help
of Table 2 and the second row of Fig. 4 we can easily
conclude that NP contributions from OQLZ%—OZQ;22 are still
favoured by data, slightly improving the description of Rg
with respect to the minimal case (i) in the PMD approach,
and the minimal case (ii) in the PDD approach. Moreover,
the case where NP effects arise from the pair OIL 1%3_02%(;1
is not favoured over the simpler axial electronic proposal
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Fig. 5 First row: 2D p.d.f. for the scenario with WCs (Cg{ﬁ, C;,IZP) ative to the WCs (Cgﬁ, C;‘éﬁ). Third row: analogous to the first row,

and combined 2D p.d.f. of the corresponding results for Rx and Rg+ in but in the PDD approach only and relative to the WCs (C%P 7 C;NP)

both the PMD and the PDD approaches, following the colour scheme e NP) 9
an !

defined below Fig. 2. Second row: analogous to the first row, but rel- 10,2 =10,
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denoted here as (iii). Interestingly, from Table 4 we can also
observe that a measurement of the transverse component of
the ratios R« ¢ for these scenarios would be quite indica-
tive. Indeed, the prediction of these LFUV observables from
NP effects in 0,,9;-0533, points to RE. ,[1.1,6] ~ 0.95
and R}*ﬁ[l.l, 6] ~ 0.85 in the PMD and PDD approach
respectively, compatible among each other only at the lo
level, and different from the ones obtained for (i) and (ii). On
the contrary, the corresponding LFUV prediction from the
electronic pair considered here would not be distinguishable
from what assessed already in (iii). Finally, from the same
Table 4 we also highlight that the study of NP effects from the
full set of four operators 0;6%—02%2 ¢ with £ = {1, 2}, would
not change the important phenomenological interplay found
for the pair OQLZ%—OZQ;ZZ, but would quite distinctively pre-
dict transverse ratios R}*’ ¢[1.1, 6] ~ 0.75, independently
of the hadronic approach considered. We postpone a thor-
ough 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. (15), and where
we also emphasize the possible connections of b — s£1£~
anomalies with EW precision physics [199,200,207].

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 Rg measure-
ment and what outlined in Sect. 2.3: the investigation of NP
effects entering both b — s left-handed and right-handed
currents in dimension-six semileptonic operators. Indeed,
from the discussion following Eq. (20) we recall that as long
as Rg+ can be retained to have a role quite complementary
to the one of Rk as a probe of NP, the new measurement
appearing in Eq. (1) — supplemented by the current one for
Rg+ 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 described by means of the WET

formalism, namely the pairs of NP WCs: (CS{I}Z, C;”IZP),

(P Cloim (CNF,. €50y and (CNY . C1o'h). The two
former scenarios are generalizations of the study case (i), and
are allowed both in the PMD and PDD approaches, while the
latter two can satisfactorily address b — s£7£~ 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 A1 C and further depicted by Rx—R+ plots, the
inclusion of right-handed » — s effective couplings allows
for an overall better description of data. In particular, from the

inspection of the central row in Fig. 5 the scenario involving

the operators Qoy ,, and Q1 A provides the best match here
to the newly measured Ry together with Rg+ in the ¢2-bin
[1.1,6] GeV?2. Moreover, it yields an optimal description of
By — p e~ 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 A7 C in both PMD and PDD approaches. This result
comes together with the prediction for RY, ¢[1.1, 6] >~ 1in
the scenarios with the pairs Qg Vsll_QéV(loA’),pL' We also note
that the prediction of the longitudinal ratio unfortunately does
not allow to single out within errors the NP case of Qgy ,—
Q/QV,/L with respect to Q9V,M_Q/10,;r

A different prediction for the transverse and longi-
tudinal LFUV ratios is instead obtained for the pairs
0104,1=Qoy 104y, u» APPrOXimately giving Ry. ,[1.1, 6] =
Rk*, ¢[1.1, 6] >~ 0.75. We note that the non-trivial inter-
play between hadronic physics — addressing here the B —
K*puT 0~ angular analysis — and the experimental weights
of the measured LFUYV ratios and of Br(B; — u ™) lead
overall to a lower AIC value for these two scenarios with
respect to the case of Qgy ,, and Q,10A,u (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 for-
malism, namely (C)?, c§%%), ()P, cii'h). (P, c§h")
and (C{\g’)‘,, Ci‘é\f ). In these scenarios, NP cannot provide
a satisfactory explanation of the angular dataset for the
B — K*u*u~ 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
Rg+—Rk in the q2-bin [1.1,6] GeV? in all the four cases at
hand. However, comparing the A7 C in Table 1, none of these
models turns out to be competitive with NP effects coming
from Qov ,—0/, 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 particu-
lar, the two cases where C g{ E is involved predict a quite large
transverse ratio, R%,ﬂ (p[l.l, 6] ~ 0.95, while the two scenar-
10s where C%I’De is present point to RT*,d)[l.l, 6] >~ 0.7. The
four scenarios here discussed qualitatively go along with the
same picture drawn for the pairs QlOAaM_QéV(loA),u: they
turn out to be less competitive than the case of Qoy,, and

/10A, n

‘We now proceed considering NP effects in left-handed and
right-handed muonic currents employing the gauge-invariant
language of the SMEFT. In particular, we first focus on the
scenarios (CZLZ%, CSgB) and (CZLZ%, C2L2‘123), that are gener-
alizations 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 Q104,,—

Q/QV(IOA),M and Q9V(1OA)~€_Q/9V(10A),2’ in these scenarios
— in spite of the Rx update — the presence of right-handed
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Fig. 6 First row: the first two panels show 2D p.d.f. for the scenario
with WCs (C g{l:, C;’EP) and the combined 2D p.d.f. of the correspond-

ing results for Rg and Rk in the PDD approaches, following the colour
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Fig. 7 First row: 2D p.d.f. for the scenario with WCs (Csz%, C;gB)
and combined 2D p.d.f. of the corresponding results for Rx and Rg+ in
both the PMD and the PDD approaches, following the colour scheme

currents has an overall marginal phenomenological impact.
These conclusions are corroborated by the values of AIC,
slightly penalizing these scenarios in comparison with the
study case (ii): 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 longi-
tudinal and transverse LFUV ratios are quite similar within
these NP cases, yielding in particular R}w’[l.l, 6] ~ 0.8.
In the spirit of studying the interplay between left-handed
andright-handed currents in the SMEFT framework, one may
investigate also the viability of the above scenarios replacing
the role carried out by Oszg3 with the one of 02%32. However,
Eq. (19) implies that the 2D scenario (C2Q3622, C§‘2123) cannot
explain the measured value of Rk, since both coefficients
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defined below Fig. 2. Second row: analogous to the first row, but relative
to the WCs (C1,25, CLbo)

contribute to the ratio with upward shifts, in contrast with
what is required to account for the experimental data. On
the other hand, considering C2L2dz3 as the NP term responsi-
ble of effects stemming from right-handed currents, positive
solutions for this coefficient produce downward shifts in R,
potentially making the (C2Q3€22, C21‘2dz3) scenario a viable solu-
tion for this LFUV ratio anomaly, see right panel in Fig. 1.
However, as shown e.g. in Ref. [162], downward shifts in Rg
induced by CZLZ‘J23 correspond to upward shifts in Rg=«: there-
fore, since C2Q3e22 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 LFUYV ratios.
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Fig. 8 First row: the first two panels show 2D p.d.f. for the scenario

3

with WCs (Cﬁg3 R Cf"f23) and the combined 2D p.d.f. of the corre-
sponding results for Rx and Rk in the PDD approaches, following
the colour scheme defined below Fig. 2, while the last two panels show

Similar results are obtained in the last set of 2D sce-
narios, involving NP effects in electron channel described
by means of the SMEFT formalism, namely (C lL 1%, C f‘li23),
(C1%3 Clihy). (€511, Cffs) and (CH . Cfhy). s inter-
esting to note that, contrarily to what observed for the cor-
responding muonic case, both scenarios involving the oper-
ator 02%611 are here allowed, due to the opposite direction
of the contribution induced by such operator in the elec-
tron sector as shown in Eq. (19). Once again, addressing
the information stemming from the angular dataset for the
B — K*utu~ decay requires these scenarios to be con-
sidered only in the PDD approach. The results for these fits,
reported in Fig. 8, show a good description of Rx and R+
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 021‘2%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 oper-
ators, switching on simultaneously the following effective
couplings: CeLz%’ C2Q3$ze’ Ciths Citrss CszezLéQ and Cﬁ%{ °,
with £ = {1, 2}. For the sake of completeness, in this scenario
we also include scalar operators, particularly constrained by
the available experimental information on By — £7£~. We
report the results of our fitin the PMD and PDD approaches in
Fig. 9. Most importantly, we observe that in both approaches
Cé‘z% 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 02%32
are singled out at the ~ 5o level. These findings pretty much
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)
,C 1L1d23)' Second row:
analogous to the first row, but relative to the WCs (Cz%e] 1, C T‘IJZS) and

0 Ld
(Czail’ Ciizs)

reflect what already outlined from Table 2, where the pre-
ferred scenario in the PDD approach is indeed the one fea-
turing only CZLZ%, while in the case of a more aggressive
approach to QCD power corrections one needs to require
also the presence of CZQ_QEZ in order to accomplish an over-
all 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] ~ 0.7 within lo
errors.

5 Conclusions

In this study we investigated the impact of the very recent R
and R g+ measurements on New Physics (NP)inb — s¢* ¢~
transitions. We focused on the study of NP effects related
to Lepton Flavour Universality violation (LFUV). We have
explicitly shown that an aggressive or conservative approach
to hadronic matrix elements may drastically modify the con-
clusions drawn from the updated » — s£7 £~ global analysis.
A set of key messages can be extracted from our comprehen-
sive study:

— 1in the considered “WET scenarios”, i.e. the cases where
NP contributions do not necessarily stem a priori from
SU2)L, ® U(l)y gauge-invariant operators at high
energies, a preference for NP coupled to both left-
handed quark currents with vector muon coupling and
to right-handed quark currents with axial muon cou-
pling stands out regardless of the treatment of hadronic
uncertainties;
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— in the instance of “SMEFT scenarios”, namely when
NP effects are explicitly correlated by SU (2); @ U(1)y
gauge invariance in the UV, several distinct cases are
able to address present experimental information depend-
ing 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;

— LFUV effects in the electron sector provide a good
description of current Ry measurements, but an over-
all satisfactory description of experimental results can
be obtained only within a conservative approach to
QCD effects; within this framework, these NP scenar-
ios are not favoured over ones featuring muon cou-
plings.

We look forward to strengthening and improving our con-
clusions with the help of forthcoming experimental results:
(a) novel LFUV data from By, — ¢£7¢~, that would cor-
roborate the current ones for B — K*£1¢~; (b) possible
measurements of LFUV ratios as RE? o in the q2-bin [1.1,6]

GeV?, that may help to further disentangle the different NP
effects highlighted in this work, see Tables 3 and 4; (c) new
measurements of lepton-flavour dependent angular observ-
ables as in Ref. [14], that would also help to single out heavy
new dynamics from standard hadronic physics.
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Appendix A: highlights on current and future measure-
ments

In this appendix we collect a subset of the interesting
measurements related to the set of b — s£T£~ anoma-
lies, namely Rk, Rg+ (for this one both low-q2 bin,
[0.045,1.1] GeV?2, and the central one, [1.1,6] GeVz), and the
two interesting bins of P{ falling in the region towards the
J /¥ resonance. Most importantly, we show the prediction
in the ¢ bin [1.1,6] relative to R and to the transverse and
longitudinal ratios R?; and Rg’]‘. In the first row of Tables 3
and 4 we report the experimental measurement (when avail-
able), with statistical and systematic errors combined and
symmetrized. In particular, concerning both bins of R+ and
the critical bins of PZ, we limit ourselves to report the exper-
imental measurements of LHCb 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 Sect. 4. Table 3 is
relative to the scenarios investigated within the WET frame-
work, while Table 4 refers to the ones described within the
SMEFT framework.

Appendix B: Top-quark operators for b — s¢t{~
anomalies

As anticipated in Sect. 2.2, in this appendix we detail
the fit results for the interesting scenario related to loop-
generated effects relevant for b — s€7£~ anomalies from
dimension-six gauge-invariant effective operators involving
right-handed top quarks, see Eq. (17).

The SMEFT operators of interest enter in our analysis
according to the matching condition reported in Eq. (15): they
do not mix into WET operators with right-handed b — s
currents, but contribute only to WCs of Qogy 104. Conse-
quently, a quite important observation can be drawn from
what is already illustrated in Sect. 2.3: the new Rk measure-
ment, on general grounds, disfavours scenarios with WET
operators involving only left-handed b — s currents. As
we found in Sect. 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, Cgfll)o effects from top-quark
loops remain particularly appealing in light of the new Rg
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 60 level in the operator 02L2“33, together with the far-
reaching evidence for a non-zero contribution from 0575,
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Table 3 Experimental measurements with symmetrized errors (for
Rg+ and PS/ we report the LHCb ones) and results from the fit for
key observables in the WET scenarios considered here. The italic val-

ues highlight the PMD results when experimental data can be well
described within the approach. The PDD results are presented for all

cases. For the definition of the two approaches, see Sect. 2.1

Ri[1.1,6]  Rg<[0.045,1.1] Rg«[1.1,6]  Pi[4,6] P{6, 8] RE[1.1,6]  RE.[1.1.6] Ry[1.1.6] RI[1.1.6] RE[1.1.6]
Exp. 0.850(59)  0.680(93) 0.71(10) —030(16)  —0.51(12) - - - - -
c® 0.762(43)  0.889(12) 0.845(38)  —0.441(59) —0.558(76) 1.032(22)  0.783(48)  0.851(39)  1.039(25)  0.787(48)
0.767(25)  0.889(8) 0.833(17)  —0.472(46) —0.616(43) 1.029(15)  0.771(25)  0.838(18)  1.037(20)  0.773(25)
Ny, 0.807(46)  0.841(23) 0.733(58)  —0.462(59) —0.552(77) 0.726(58)  0.736(59)  0.732(59)  0.729(57)  0.733(60)
(CP.ChP)  0.802(56)  0.895(13) 0.869(45)  —0436(59) —0.564(76) 1.036(22)  0.812(57)  0.874(45) 1.042(25)  0.816(57)
0.807(56)  0.896(12) 0.865(44)  —0.456(50) —0.606(44) 1.030(16)  0.810(55)  0.869(44) 1.037(20)  0.813(55)
(CP.cgN 0818(51)  0.828(34) 0.708(72)  —0.445(60) —0.561(79) 1.042(47)  0.619(80)  0.714(74)  1.045(50)  0.623(81)
0.845(46)  0.860(16) 0.771(28)  —0471(47) —0.627(44) 1.050(24)  0.690(38)  0.779(28)  1.054(26)  0.695(37)
(CP Cloy 0.822(46)  0.831(25) 0.703(57)  —0459(61) —0567(79) 1.016(29)  0.617(63)  0.712(57)  1.029(34)  0.620(64)
0.845(35)  0.845(17) 0.731(36)  —0.497(48) —0.646(45) 1.024(18)  0.649(43)  0.739(35) 1.039(23)  0.650(44)
(CNP,.C5N) 0.831(52)  0.859(22) 0.774(55)  —0482(64) —0.552(83) 0.755(43)  0.782(64)  0.776(54)  0.764(42)  0.781(63)
(€, CIoF) 0.826(50)  0.859(18) 0.773(46)  —0.483(64) —0.553(83) 0.752(42)  0.781(53)  0.775(46) 0.761(40)  0.780(53)
(P c5NP) 0.853(59)  0.818(41) 0.697(88)  —0.453(60) —0.540(78) 0.972(56)  0.622(95)  0.705(89)  0.984(59)  0.628(96)
(CYP.Cio®y 0.851(58)  0.809(41) 0.671(86)  —0.456(60) —0.544(78) 0.923(59)  0.601(90)  0.676(87) 0.942(59)  0.602(91)
(CNP..CsR") 0.840(60)  0.813(43) 0.670(85)  —0.464(59) —0.555(77) 0.682(68)  0.652(94)  0.670(84) 0.685(68)  0.650(93)
(CNP.Clo®y  0.841(60)  0.806(42) 0.663(85)  —0.465(59) —0.557(77) 0.688(66)  0.654(95)  0.663(85)  0.693(66)  0.651(96)

Table 4 Experimental measurements with symmetrized errors (for
R+ and P5 we report the LHCb ones) and results from the fit for
key observables in the SMEFT scenarios considered here. The italic

values highlight the PMD results when experimental data can be well
described within the approach. The PDD results are presented for all

cases. For the definition of the two approaches, see Sect. 2.1

Rg[1.1,6] Rg<[0.045,1.1] Rg«[1.1,6] P{[4.6] P.[6, 8] Rg-[1.1,6]  RE.[1.1,6]  Ry[l.1,6] Rf[1.1,6] RE[1.1,6]
Exp. 0.850(59)  0.680(93) 0.71(10) —-030(16)  —051(12) - - - - -
Cr3s 0.764(41)  0.860(13) 0.771(38)  —0471(63) —0.555(83) 0.836(30)  0.748(40)  0.775(37) 0.846(29)  0.749(41)
0.746(36)  0.857(12) 0.754(34)  —0.670(28) —0.764(30) 0.799(28)  0.741(36)  0.754(34)  0.803(27)  0.739(36)
(€52, ¢85, 0.76049)  0.860(14) 0.770(39)  —0.469(63) —0.556(82) 0.844(64)  0.744(42)  0.774(39) 0.855(64)  0.745(42)
0.728(34)  0.871(13) 0.781(36)  —0.511(53) —0.650(47) 0.947(51)  0.729(35)  0.784(36)  0.957(52)  0.731(35)
(ch%. ¢ 081955  0.827(32) 0.705(72)  —0.469(60) —0.560(77) 0.68(11) 0.720(63)  0.703(74)  0.68(11)  0.715(65)
(C33:, Chy)  0.773(46)  0.858(14) 0.76738)  —0.472(63) —0.552(82) 0.839(31)  0.742(42)  0.771(38)  0.851(30)  0.742(42)
0.738(37)  0.858(12) 0.758(34)  —0.653(38) —0.754(34) 0.804(28)  0.744(36)  0.758(34)  0.806(27)  0.743(36)
(CH2,, CHA) 0.805(52)  0.834(24) 0.714(56)  —0.478(64) —0.547(83) 0.81935)  0.680(63)  0.719(55) 0.831(34)  0.681(63)
0.775(49)  0.842(20) 0.724(47)  —0.693(38) —0.786(39) 0.792(29)  0.704(53)  0.724(47)  0.796(28)  0.702(53)
(€13, Ciy)  0.837(59)  0.819(44) 0.672(90)  —0.463(59) —0.553(77) 0.71(10) 0.644(90)  0.670(92)  0.726(99)  0.636(93)
CH8 CHL)  0.844(59)  0.807(41) 0.679(84)  —0.457(59) —0.548(77) 0.784(57)  0.629(93)  0.681(84) 0.791(56)  0.630(93)
(CE5,.Cihy)  0.857(62)  0.816(44) 0.692(92)  —0.468(60) —0.558(77) 0.81(35) 0.67(12) 0.690(94)  0.82(37)  0.66(12)
(€. CHay)  0.856(59)  0.825(41) 0.716(87)  —0.481(59) —0.578(76) 0.590(75)  0.77(10) 0.729(87)  0.590(75)  0.76(10)
(Ch35. €25, 0.806(56)  0.845(29) 0.743(69)  —0.477(63) —0.584(83) 0.71(16) 0.768(61)  0.744(70)  0.71(17)  0.765(62)
Crigy €51
0.805(55)  0.849(26) 0.763(59)  —0.495(54) —0.648(48) 0.71(16) 0.795(54)  0.761(61)  0.72(16)  0.790(54)
All 0.838(60)  0.792(48) 0.638(89)  —0.475(65) —0.558(83) 0.66(32) 0.70(19) 0.641(90)  0.67(33)  0.70(19)
0.838(60)  0.793(49) 0.650(89)  —0.508(57) —0.660(53) 0.60(28) 0.77(23) 0.642(90)  0.61(29)  0.75(21)

@ Springer
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Fig. 11 2D p.d.f. for the scenario with WCs (Cz%y C{s3) in both
the PMD and the PDD approach, following the colour scheme defined
below Fig. 2. EW constraints on these scenario from Z — £7¢~ mea-

too, 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™ ™ angular analysis. In the PDD approach,
the interplay between the two muonic operators redistribute
the effects amongst the whole set of four operators in adjust-
ment of possible large hadronic effects in the B — K*£1¢~
amplitude. The WC of 052”33 is well-determined at more than
40, the other ones are compatible with O within 2o

surements [207] are shown in light blue. The resulting region obtained
from the combined information of EW and b — s¢*¢~ data is high-
lighted in fuchsia

The overall goodness of the fit is exactly the same as for the
case of the tree-level SMEFT scenario delineated by the set
(02ng3 1123 02%;2 2311)» inspected in Sect. 4. Identical con-
siderations 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 Rx would actually disfavour this scenario in com-

@ Springer



719 Page 22 of 27

Eur. Phys. J. C (2019) 79:719

parison with alternatives featuring NP effects in right-handed
b — s currents too.

Eventually, as first studied in Ref. [224], and recently
reviewed in light of Ry anomalies in [131], the top-quark
operators can be sensitive at the loop level to LEP-I mea-
surements, 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 modi-
fications of Z-boson properties is given by the parameters
[ngeR]guf scrutinized in Ref. [207]. In the leading-log
apprbximation and at the leading order in the top Yukawa
coupling, the contribution from O l%';” via RGE is [203]:

v
4 A
v
A7 A

2
69710 = 3 ( ) log (A/pew) CHAy

Ze 2
[8g7ee =3 () log (A/uew) Cils; - (B.1)

In Fig. 11 we show the constraints on the WCs of O ZLZ'Q’;”
coming from EW data. We focus on the muon and electron
sector separately, mapping what is given in equation (4.6) of
Ref. [207], using the correlations given in Appendix B of their
work and noting that the two sets [ng“’R]ee and [(ng“’R],m
are weakly correlated. The resulting bounds are shown as
1,2,30 contours in light blue in the CZLZ§3—CZ§‘33 plane. They
are obtained assuming A = 1 TeV and evaluated at a match-
ing scale ugw close to the top-quark mass to possibly mini-
mize the overall matching-scale dependence [76,193]. 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 aris-
ing from the B — K™*puu angular observables. Eventually,
we also highlight in fuchsia the region obtained combin-
ing 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 — pu™ ™
data and the one identified by the global > — s£7 £~ analysis.
As aresult of the interplay between the two experimental han-
dles, 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 0%, with
a minor role played by the operator O35,; possibly identi-
fied by C5533 > 0; in the PMD approach the presence of
the latter is actually ensured by C33;; < 0 at the 30 level.
Lastly, the right panel of Fig. 11 shows how LEP-I measure-
ments strongly constrain such a possibility with top-quark
operators.

To sum up, for OL,LZ'%’;” and b — s€1T¢~ anomalies the
coupling to muons is allowed by EW data and remains inter-
esting as long as the hint for NP effects inright-handed b — s
currents — as a mild implication of the present Rgx update —

@ Springer

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 eas-
ily relax the Z — £1£~ constraints. A more refined analysis
on this aspect will be presented elsewhere.
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