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Abstract Following the updated measurement of the lep-
ton flavour universality (LFU) ratio Rx in B — K/ decays
by LHCb, as well as a number of further measurements, e.g.
Rk~ by Belle and By — uu by ATLAS, we analyse the
global status of new physics in b — s transitions in the
weak effective theory at the b-quark scale, in the Standard
Model effective theory above the electroweak scale, and in
simplified models of new physics. We find that the data con-
tinues to strongly prefer a solution with new physics in semi-
leptonic Wilson coefficients. A purely muonic contribution
to the combination C9 = —Cg, well suited to UV-complete
interpretations, is now favoured with respect to a muonic
contribution to Cy only. An even better fit is obtained by
allowing an additional LFU shift in C9. Such a shift can be
renormalization-group induced from four-fermion operators
above the electroweak scale, in particular from semi-tauonic
operators, able to account for the potential discrepancies in
b — c transitions. This scenario is naturally realized in the
simplified U; leptoquark model. We also analyse simplified
models where a LFU effectin b — s€/ is induced radiatively
from four-quark operators and show that such a setup is on
the brink of exclusion by LHC di-jet resonance searches.

1 Introduction

In recent years, several deviations from standard model (SM)
expectations have been building up in B-decay measure-
ments. While each of them could be a first sign of physics
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beyond the SM, statistical fluctuations or underestimated
experimental or theoretical systematic uncertainties cannot
be excluded at present. These deviations — or “anomalies” —
can be grouped into four categories that have very different
experimental and theoretical challenges:

(i) Apparent suppression of various branching ratios of
exclusive decays based on the b — sup flavour-
changing neutral current (FCNC) transition [1,2]. The
uncertainties are dominated by the limited knowledge
of the B to light meson hadronic form factors [3-5].

(i) Deviations from SM expectations in B — K*u™u~
angular observables [6-9] (also based onthe b — suu
transition), where form factor uncertainties are much
smaller than for the branching ratios, but hadronic
uncertainties are nevertheless significant [10,11].

(iii)) Apparent deviations from p-e universality in b — s£€¢
transitions in the processes B — K¢{ and B — K*¢¢
(viathe p/eratios Rk [12] and R+ [13], respectively).
Here the theoretical uncertainties are negligible [14] and
the sensitivity is only limited by statistics at present.

(iv) Apparent deviations from t-u and t-e universality in
b — clv transitions [15-21]. Uncertainties are dom-
inated by statistics, with non-negligible experimental
systematics but small theoretical uncertainties [22-25].
(Note that e-p¢ universality in b — c{v transitions is
tested to hold at the percent level [26-28].)

While the deviations in (i) and (ii) could be alleviated by more
conservative assumptions on the hadronic uncertainties, it is
tantalizing that a simple description in terms of a single non-
standard Wilson coefficient of a semi-muonic operator like
(syPPLb)(juy,u) or (5y” PLb)(fy, Pr) leads to a consis-
tent description of (i), (ii), and (iii), with a best-fit point that
improves the fit to the data by more than five standard devi-
ations compared to the SM (for a single degree of freedom)
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[29-34]. Moreover, it was shown that simplified models with
a single tree-level mediator can not only explain (i), (ii), and
(iii), but even all four categories of deviations simultaneously
without violating any other existing constraints [35—40].

Taken together, these observations explain the buzz of
activity around these deviations and the anticipation of
improved measurements of the theoretically clean ratios Rx
and Rg+. The purpose of this article is to examine the sta-
tus of the tensions after inclusion of a number of updated or
newly available measurements, in particular:

e The new measurement of Rx by the LHCDb collaboration
combining Run-1 data with 2 fb~! of Run-2 data (corre-
sponding to about one third of the full Run-2 data set).
The updated measurement finds 411t

¢ = DRB = Kpp) _ ) g46+0060+0016
BR(B — Kee) 90TV _0.054-0.014
for 1.1GeV? < g% < 6GeV?, )

where the first uncertainty is statistical and the second
systematic, and ¢? is the dilepton invariant mass squared.
The SM predicts lepton flavour universality, i.e. R%M is
unity with uncertainties that are well below the current
experimental sensitivities. While the updated experimen-
tal value is closer to the SM prediction than the Run-1
result [12], the reduced experimental uncertainties imply
a tension between theory and experiment at the level of
2.50, which is comparable to the situation before the
update.

e The new, preliminary measurement of Rx+ by Belle [42].
Averaged over BT and B decays, the measured Rg+
values at low and high ¢ are?

BR(B — K*up)
BR(B — K*ee)
~ [0.90%077 £0.10, for 0.1GeV? < g2 < 8GeV?,
~ 1181933 £0.10, for 15GeV? < g% < 19GeV?.

(@)

RK* =

' In our numerical analysis, we use the full one-dimensional numerical
likelihood provided in [41], which is markedly non-Gaussian, rather
than symmetrizing the uncertainties in (1).

2 Belle provides also results for the g2 bins [0.045, 1.1] GeV? and
[1.1, 6] GeV2. The data from these bins is contained in the q2 bin [0.1, 8]
GeV? used in our analysis, except for the region between 0.045 GeV?>
and 0.1 GeVZ, which, however, is affected by relatively large theoretical
uncertainties due to its proximity to the di-muon kinematical threshold
[14]. We also include the q2 bin [15, 19] GeV?, which is integrated
over a sufficiently large q° range to make theoretical predictions in
this kinematic region valid. For a detailed discussion of the operator
product expansion and violation of quark hadron duality at high ¢2, see
e.g. [43-45].

@ Springer

Given their sizable uncertainties, these values are com-
patible with both the SM predictions (R;’(l\iI approximately
unity) and previous results on Rk from LHCb [13]

BR(B — K*uuw)

‘BR(B — K*ee)

_ [0.6610:0 £0.03, for0.045GeV? < ¢ < 1.1GeV?,
~0.691045 £0.05, for 1.1GeV? < ¢ < 6GeV?,

3)

RK* =

that are in tension with the SM predictions by ~ 2.5¢ in
both ¢2 bins.

e One further, important piece of information included in
our study is the 2018 measurement of By — uu by
the ATLAS collaboration [46], that we combine with the
existing measurements by CMS and LHCb [47-49].

e Finally, we discuss possible connections to the anoma-
lies in the b — cfv decays. We take into account the
latest updates of Rp and Rp+ from Belle [50,51] which,
compared to previous results, have central values closer
to the SM predictions. Taking into account these updates,
the latest world averages from HFLAV are [52]

Rp = 0.340 £+ 0.027 + 0.013,
Rp+ = 0.295 + 0.011 + 0.008, 4)

corresponding to a combined deviation from the SM by
3.1o.

In this paper we will explore the implications of all these,

as well as other data, to be described in fuller detail in the

next section, in the context of global fits to effective-theory
new-physics scenarios, whether at the weak scale or at higher

scales, identify those scenarios that lead to a good descrip-

tion of the data, and discuss possible realizations in terms of

simplified new-physics models.

Our numerical analysis is entirely based on open-source
software, notably the global likelihood in Wilson coeffi-
cient space provided by the smelli package [53], built on
flavio [54] and wilson [55]. As such, our analysis is
easily reproducible and modifiable.

The rest of this work is organized as follows.

e In Sect. 2, we describe our statistical approach and the
experimental measurements we employ in our numerical
analysis.

e In Sect. 3, we perform a global analysis of b — £/ tran-
sitions, first in the weak effective theory (WET) below
the electroweak (EW) scale, then in the SM effective field
theory (SMEFT) above the EW scale, which allows us to
extend the discussion to the charged-current deviations
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and to incorporate constraints from electroweak precision
tests and other precision measurements.

e In Sect. 4, we discuss a number of specific simplified
new-physics (NP) models that are favoured by the current
data, assuming the deviations to be due to NP.

e Sect. 5 contains our conclusions.

2 Setup

Our numerical analysis is based on a global likelihood func-
tion in the space of the Wilson coefficients of the WET
valid below the EW scale, or the SMEFT valid above it.
Theoretical uncertainties (for observables where they cannot
be neglected) are treated by computing a covariance matrix
of theoretical uncertainties within the SM and combining it
with the experimental uncertainties (approximated as sym-
metrized Gaussians, using the same procedure as in previous
studies by some of us [29,30,56—-59]). The main assumption
in this approach is that the sizes of theory uncertainties are
weakly dependent on NP, which we checked for the observ-
ables included. This approach was first applied to b — s€¢
transitions in [59]. The theoretical uncertainties in exclusive
B-decay observables stem mainly from hadronic form fac-
tors, which we take from [3] for B to light vector meson
transitions and from [5] for B — K, as well as unknown non-
factorizable effects that are parametrized as in [3,54,59] (and
are compatible with more sophisticated approaches [10, 11]).
Additional parametric uncertainties (e.g. from CKM matrix
elements) are based on f£lavio v1.3 with default settings
[54]. For more details on the statistical approach and the
list of observables and measurements included, we refer the
reader to [53].

Here we highlight the changes in observables sensitive to
b — s transitions included with respect to the recent global
analyses [29,30] by some of us.

e We include the LHCb update of Rk [41] (cf. footnote 1)
and the new, preliminary measurement of Rg+ by Belle
[42]. The Belle results are available for various qz—bin
choices, separately for B* and B decays and in an
isospin averaged form. In our numerical analysis we use
the 0.1GeV? < ¢> < 8GeV? and 15GeV? < ¢? <
19 GeV? bins, separately for B* and B? decays.

e We include the new ATLAS measurement of By —
wt ™ [46], that we combine with the CMS and LHCb
measurements [47-49]. This combination is discussed in
detail in Appendix A. Our combination is in slight ten-
sion with the SM prediction of BR(B; — u*u™) by
approximately 2o

e We include the updated LHCb measurement of forward-
backward asymmetries in A, — ALTL™ [60] as well as

its branching ratio [61]. For the theory predictions of the
baryonic decay we follow [62,63].

e Here we are working with the global likelihood described

in [53] (i.e. including as many observables sensitive to
the Wilson coefficients as possible), while in [29] we
focused on observables sensitive to the b — s€ tran-
sition only. This means e.g. that we also include all the
observables sensitive to the b — sy, g dipole transitions
studied in [64]. In addition, the global likelihood also
includes observables that do not directly depend on the
Wilson coefficients of interest but whose theory uncer-
tainties are strongly correlated with those of the directly
dependent observables. This is in particular relevant for
the b — suu observables. In our figures, we indicate the
set of observables consisting of b — sup, b — sy, g,
and other correlated observables as “b — suu & corr.
obs.”.
Like in the previous analysis [30] by some of us, we again
include the LFU differences of angular observables’ D P
and D Py To this end, we have added them to the global
likelihood in version 1.3.0 of the smel11 package.

3 Effective-theory analysis

Having at hand the global likelihood in the space of NP
Wilson coefficients, L(é ), we perform a numerical analy-
sis within effective field theories, the WET and the SMEFT,
by discussing in detail certain, well-motivated, one- and two-
coefficient scenarios (see e.g. [66]), and collecting a fuller set
of them in Appendix E. This analysis proceeds in two steps:

1. We first investigate the Wilson coefficients of the WET
at the b-quark mass scale. This analysis can be seen as an
update of earlier analyses (see e.g. [29—34]) where our
considered scenarios have already been discussed. Such
analysis is completely general within our assumed one-
or two-coefficient assumption, and barring new particles
lighter than the b quark (see e.g. [67-70]).

2. Next, we embed these results into the SMEFT at a scale
A above the electroweak scale. This is based on the
additional assumptions that there are no new particles
beneath A and that EW symmetry breaking is approxi-
mately linear (see e.g. [71]). This allows us to correlate
NP effects in b — s££, within a general, common for-
malism, with other sectors like EW precision tests or
b — c transitions (cf. [53,72-74]).

? Dp =Py 5(B— K*utpu")— Py (B — K*e*e). The observ-
ables P‘{’S are defined in [65].

@ Springer
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3.1 b — s£f observables in the WET

We start by investigating the constraints on NP contributions
to the |[AB| = |AS| = 1 Wilson coefficients of the WET at
the b-quark scale up, ~ my, that we take to be 4.8 GeV. We
work with the effective Hamiltonian
bstl bstl bstl

Hete ™ = Hepr, sm + Hetr, np » 5
where the first term contains the SM contributions to the
Wilson coefficients. The second term reads

Ml = =N (Ch o8+ cfop

+ Z Z (Cf"‘“ OibsUZ _i_clgbsze Oi/bsu’)> +he.,

l=e,;ti=9,10,S,P
(6)

with the normalization factor
4G F 62

—VpVi——. 7
ﬁ th [5167_[2 ( )

The dipole operators are given by*

N =

m
08 = 22 5o, PrbYF™ 025 = 22 (5o, PLEYFMY
e e

®)

where oV = %[y“, y"], and the semi-leptonic operators

05" = Gyu PLb)Ey™0), 0" = 5y, Prb)(Ey"0)

©
0N = GyuPLb) By yst),  OfF™" = Gy Prb)(Ey"ys0)
(10)
ngll — n’lb(iPRb)(EZ) , 03{”“ = mb(EPLb)(EZ) s
(11)
Olll)xll — mb(EPRb)(EVSZ) , Ozmﬁ = mb(EPLb)(EVSZ) .
(12)

We have omitted from Hi"f}e%m semi-leptonic tensor opera-
tors, which are not generatea at dimension 6 in theories that
have SMEFT as EW-scale limit, as well as chromomagnetic
and four-quark operators. Even though the latter can con-
tribute via one-loop matrix elements to b — s££ processes,
their dominant effects typically stem from renormalization
group (RG) evolution above the scale w;, and we will discuss
these effects in the SMEFT framework in the next section.
For the same reason, we have constrained the sum over lepton
flavours to e and p: semi-tauonic WET operators can con-
tribute via QED RG mixing, but their direct matrix elements
are subleading [75].

4 The sign of the dipole coefficients C;/) are fixed by our convention
for the covariant derivative D, = 9, +ieQy A, + igsTAG;}.

@ Springer

3.1.1 Scenarios with a single Wilson coefficient

We now consider the global likelihood in the space of the
above Wilson coefficients. We start with scenarios where
only a single NP Wilson coefficient (or a single linear com-
bination motivated by UV scenarios) is nonzero. The best-fit
values, 1 and 20 ranges, and pulls for several such scenarios
are listed in Table 1. For the 1D scenarios, the pull in o is
defined as

1 - .
pull = \/Ax2, where — EAXZ =1InL(0) — In L(Cresi fit) -

(13)

We make the following observations.

e Like in previous analyses, two scenarios stand out,
namely a shift to Cg””‘ by approximately —25% of its
SM value (CSM(/Lb) ~ 4.1), or a shift to the combina-
tion Co*** = —CP"* by approximately —15% of its
SM value. However, at variance with previous analyses,
it is the second scenario, rather than the first one, to have
the largest pull. Given our assumptions about hadronic
uncertainties, the pull exceeds 6o . The main reason why
the combination ng F=—C f(s)”“ performs better is the
~ 20 tension in BR(B; — ), which remains unre-
solved in the Co*""* scenario. We will comment further
on this finding in Appendix C.

e New physics in Ci’é“ " alone also improves the agree-
ment between theory and data considerably. However,
tensions in B — K*uu angular observables remain in
this scenario.

e Muonic scenarios with right-handed currents on the

quark side, Cébw ® and Cl%w " or the lepton side,

CoM = P do not lead to a good description of
the data.

e Scenarios with NP in bsee Wilson coefficients only, while
able to accommodate the discrepancies in Ry, do not
help for the rest of the data. Given the pulls in Table 1,

such scenarios are, all in all, less convincing.

The scalar Wilson coefficients C[;;’;,M and C/Sb/sﬁ " are

strongly constrained by the By — pu decay. In theories
that have SMEFT as their EW-scale limit, they satisfy the
constraint [77]°

bsup bsjp ibsppe _ ~rbspp
comt = _ch clsm = chsur,

. (14)

In this case, they cannot lead to significant modifications
in semi-leptonic b — suu transitions [76]. However, the

5 Discussions of the case where the relations (14) are violated can be
found in [71,78]. For a detailed numerical study, including also tensor
operators, see Ref. [79].
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Table 1 Best-fit values, 1 and

Coeff. Best fit lo 20 Pull

20 ranges, and pulls

(cf. Eq. (13)) between the bsjup

best-fit point and the SM point G —-0.97 [-1.12, —0.81] [—1.27, —0.65] 5.90

for scenarios with NP in a single Céb‘w“ +0.14 [—0.03, +0.32] [—0.20, +0.51] 0.80

Wilson coefficient (or Wilson Cham +0.75 [+0.62, +0.89] [+0.48, +1.03] 570

coefficient combination). For "

the scalar Wilson coefficients, (olveaa —0.24 [—0.36, —0.12] [—0.49, +0.00] 2.00

we show the SM-like solution, — phsune _ choiun +0.20 [+0.06, +0.36] [~0.09, +0.52] L4o

while also a sign-flipped b b

solution is allowed, see [76] Cy' = —C*" —0.53 [-0.61, —0.45] [-0.69, —0.37] 6.60
Chsee +0.93 [40.66, +1.17] [+0.40, +1.42] 3.50
Cipsee +0.39 [+0.05, +0.65] [—0.27, +0.95] 1.20
Chsee —0.83 [—1.05, —0.60] [—1.28, —0.37] 3.60
Cibsee —0.27 [—0.57, —0.02] [—0.84, +0.26] L1
Clsee = chyee —1.49 [—1.79, —1.18] [—2.05, —0.79] 3.20
Chsee = —Cbsee +0.47 [+0.33, +0.59] [+0.20, +0.73] 3.50
(c’s’w = —c’,’f”*‘) x GeV —0.006 [—0.009, —0.003] [—0.014, —0.001] 2.80
(C'Sb”“‘ = c}’,’”‘“) x GeV —0.006 [—0.009, —0.003] [—0.014, —0.001] 2.80

preference of the combination discussed in Appendix A for
a suppressed By — ptu~ branching ratio means that a
destructive interference of these Wilson coefficients with the
SM contribution to the leptonic decay can lead to a moderate
improvement of the likelihood.

3.1.2 Scenarios with a pair of Wilson coefficients

Next, we consider the likelihood in the space of pairs of
Wilson coefficients. The results in Table 1 suggest that NP
in both CJ*** and CY3** ought to give an excellent fit to
the data. The left plot of Fig. 1 shows the best fit regions
in the Cg‘m "o Cf(‘;“ " plane. The orange regions correspond
to the 1o constraints from b — suu observables (includ-
ing By — uTu) and observables whose uncertainties
are correlated with those of the » — suu observables
(cf. last point in Sect. 2). In blue we show regions corre-
sponding to the 1o (right plot) and 20 (left plot) constraints
from the neutral-current LFU (NCLFU) observables Ry,
R+, Df;{» and Dps. In the right plot, the 1o constraints
from only Ry (purple) and only Rg+ (pink) are shown.
The combined 1 and 20 region is shown in red. The dot-
ted contours indicate the situation without the Moriond-2019
results for Rx and Rg=. The best fit point Cgm“ ~ —0.73
and Cf(s)”” ~ 0.40 has a /Ax?2 = 6.6, which, corrected
for the two degrees of freedom, corresponds to a pull of
6.30. In this scenario a slight tension between Ry and
Rg+ remains, as it predicts Ry =~ Rg+ while the data
seems to indicate Rx > Rg=+. In addition, there is also a
slight tension between the fit to NCLFU observables and

the fit to b — sup ones, especially in the Cgm " direc-
tion.

Overall, we find a similarly %ood fit of the data in a sce-
nario with NP in Cgm " and C(; "M The scenario is shown
in the right plot of Fi%. 1. The best fit values for the Wil-
son coefficients are Cg""*"* ~ —1.06 and Céb‘w "~ 0.47.
The \/Ax? = 6.4 corresponds to a pull of 6.0c. Inter-
estingly, in this scenario a non-zero C;bm " is preferred at
the 20 level. The right-handed quark current allows one to
accommodate the current experimental results for the LFU
ratios, Rx > Rg=. This scenario cannot address the ten-
sion in BR(By — ™). It predicts BR(By — utu™) =
BR(B; — ptu)sm.

Other two-coefficient scenarios (including dipole coeffi-
cients, scalar coefficients, and electron specific semileptonic
coefficients) are discussed in Appendix E.

3.1.3 Universal vs. non-universal Wilson coefficients

In view of the updated R gy measurements, which are closer

to the SM prediction than the Run-1 results, our fit in ng“

and C f(s)“ " shows a tension between the fit to NCLFU observ-

ables and the fit to b — s/ ones, especially in the Cg‘m H

direction. Therefore, it is interesting to investigate whether
lepton flavour universal new physics that mostly affects
b — suu observables but none of the NCLFU observables
is preferred by the global analysis. In Fig. 2 we show the like-
lihood in the space of a LFU contribution to Cg vs. a purely
muonic contribution to the linear combination C9 = —Cjj,
i.e. we consider a two-parameter scenario where the total NP

@ Springer
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S
—— NCLFU observables 2o S
—— b— sup & corr. obs. 1o flavio.®
159 —— global 10, 20
1.0 1
/
2 /
X /
/
/
/
0.0 -
/ AN
/ AN
/ AN
/ AN
—0.5 1 / / N\
/ AN
AN
/
T T T T A
—1.5 -1.0 -0.5 0.0 0.5
bspp
C‘9

Fig. 1 Likelihood contours of the global fit and several fits to subsets
of observables (see text for details) in the plane of the WET Wilson
coefficients Co™"* and CL3"* (left), and CU*** and CJ*™"* (right).
Solid (dashed) contours include (exclude) the Moriond-2019 results for

Wilson coefficients are given by®

Chmt = AChMH 4 cyniv., (1)
Cgsee — CSS'L"L' — aniv. , (16)
chmt — _achH, (17)
chsee = cbstt = 0. (18)
The best fit values in this scenario are C;‘“iv' = —0.49 and

ACSS““ = —0.44 with a /A x2 = 6.8 that corresponds to a
pull of 6.50. The updated values of Ry favour a nonzero
lepton flavour universal contribution to Cy in this scenario.
One qualification is in order at this point. It is conceivable
that a new effect in Cy, and all the more the aniv. contribu-
tion discussed above, is mimicked by a hadronic SM effect
that couples to the lepton current via a virtual photon, for
example charm-loop effects at low ¢ and resonance effects
at high ¢, see e.g. [81-83]. In our analysis, this possibility
is taken into account in the uncertainty attached to the rele-
vant observables that contribute to the (yellow) b — sup
region in Fig. 2. Specifically, non-factorizable effects are
parameterized as in [59] which, at 1o, envelops the hadronic

6 Such decomposition was adopted for the first time in [80], to which
we refer the reader for additional scenarios beyond the one we consider.
We note that a shift in C%’iv' would not produce a good overall fit. This
may be appreciated from Fig. 1 (left). A C %‘iv' shift would only move
the (yellow) b — sup region vertically, hence it would not help reach
better agreement with the (blue) NCLFU region. We therefore set non-
muonic Cjq contributions to zero for simplicity.

@ Springer

—— Rk~ lo
3.0 1 Ri Ax? =1
—— NCLFU observables 1o
—— b— sup & corr. obs. 1o
259 —— global 10, 20
2.0 A
5
£, 15
1.0
0.5
0.0
-3.0 —2.5 -2.0 -1.5 -1.0 —0.5 0.0
bspip
CQ

Rk and Rg+. As Rk only constrains a single combination of Wilson
coefficients in the right plot, its 1o contour corresponds to Ax? = 1.
For the other fits, 1 and 2o contours correspond to A X2 ~ 2.3and 6.2,
respectively

0.0 flavio |

3
=
32
&}
I
Il
3
3
RN AN
O e /
4 Bl PO
—1.0 1
—— NCLFU observables 30
194 —— b—spp & corr. obs. 1o

—— global 10, 20

—-1.5 -1.0 -0.5 0.0 0.5

univ.
C’9

Fig. 2 Likelihood contours from NCLFU observables (Rg and
D P4/5), b — sup observables, and the global fit in the plane of a

lepton flavour universal contribution to C;"’iv‘ = Cg“”, V¢, and amuon-
specific contribution to the linear combination C9 = —Cg (see text for
details). Solid (dashed) contours include (exclude) the Moriond-2019
results for Rg and Rg+

effects identified in [10,84]. With such ‘standard’ procedure
(adopted e.g. also in [85-87]), the global fit in Fig. 2 requires
anon-SM Cg™"" shift at slightly more than lo.
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More conservative assumptions about the aforementioned
hadronic uncertainties would not impact any of the observ-
ables that have been updated since Moriond 2017, when some
of us performed a detailed study [29] of enlarged hadronic
uncertainties, building on a similar study in Ref. [59]. By
assuming non-form-factor hadronic uncertainties that are
doubled with respect to the assumption denoted above as
‘standard’ and used in the present study, the global fit would
be compatible with a vanishing NP contribution to Cg‘ni"' at
the 1o level.

With the above qualification in mind, in the following
Sections we will address the question whether the above

. . . . b
scenario, with a muon-specific contribution, AC9W "

-C fg” s plus auniversal contribution, C, gni"' ,can be justified
from the UV point of view, assuming that both contributions
are due to new physics. We start from a general discussion of
how such contributions can arise in the SMEFT (Sect. 3.2)
and discuss in detail how a lepton-flavour universal NP effect,
Cg“iv', can arise from RG effects in Sect. 3.3.

3.2 The global picture in the SMEFT

In this Section we summarize the interpretation of the above
results within the SMEFT. In contrast to the discussion in
WET at the b-quark scale, more Wilson coefficients become
relevant in SMEFT due to RG mixing above [88-90] and
below [91,92] the EW scale. Due to the pattern of Wilson
coefficients preferred by the global fit, we focus on SMEFT
Wilson coefficients that either contribute to the semimuonic
Wilson coefficients in the form Cgb‘m K= —Ci’g“ * or induce
a LFU effect in Cé’s”. Our notation in the following will be
such that ¢ refers to leptons below the EW scale and / to the
lepton doublets above the EW scale. Furthermore, we will
work in a basis where generation indices for RH quarks are
taken to coincide with the mass basis [93], which can be done
without loss of generality.

The direct matching contributions to Cog 19 at the EW scale
are well known [94,95],

2N Y = [Cyelanii + [Cly Niins + [ Niis — ¢z,
(19)

2N CR = [Cyelosii — [C,(ql)]iizs - [Cl(;)]ii23 +cz.
(20)

where the normalization factor A/ is defined in (7), the Z
penguin coefficient cz is

cz =[Ci)Nas +[C5) 13 . 1)

and¢ =1 —4s5} ~ (.08 is the accidentally suppressed vector
coupling of the Z to charged leptons. Using the notation of

[96], the corresponding operators are given by

[0gel3ii = (G2v,q3) (€iyter), (22)
[01(41)15123 = iyul))@2v"q3)
(0023 = Uiyt 1)@y 43) (23)
01 = (0iD. o) ("
[0y 123 = (0'iDue)(q2v"q3) ,

Oox = (07 i D o) (G ir! 24
[Ogql23 = (9'iD,@)(q2v" T q3) » (24)

where ¢;, and [; are the left-handed SU (2); doublet quarks
and leptons and e; are the right-handed lepton singlets, ¢ is
the SM Higgs doublet, and 7/ are the Pauli matrices.
Equations (19) and (20) highlight the well-known fact that
a LFU contribution to Cy 19 induced by the SMEFT coeffi-

cients [C(E,lq’3)]23 (yielding a flavour-changing sbZ coupling)
bstil;

is not preferred by the data since it leads to |C}, "' | >
|C§SW" |. Likewise, the coefficient [Cy.]23;; alone leads to
Cgﬂ" i=c ?3@@,- that is in poor agreement with the data as

well. Thus, if the dominant NP effect in Cg "I does not stem
from an RG effect but a direct matching contribution, it must
involve one of the SMEFT Wilson coefficients [C 1(3’3)]2223. In

addition to the dominant [C ;;’3)]2223 contribution, there can
also be contributions from other Wilson coefficients. How-
ever, such additional contributions need, in general, be small
(see e.g. [97]).

Apart from the direct matching contributions, additional
SMEFT Wilson coefficients can induce a contribution to Co
at the b mass scale through RG evolution above or below the
EW scale, as pictured in Fig. 3. In view of the size of the
effect preferred by the data, we can identify three qualita-
tively different effects that can play a role:

e Wilson coefficients [Ce, 12233 and [Cy, ]2233 of the ditop-
dimuon operators [Ogyl2233 = (e2yue2) sy uz) and
[014]2033 = (izyulz)(ﬁ3y“u3)that induce a contribution
to Cé’m " from electroweak running above the EW scale.
However, this solution is seriously challenged by EW
precision tests [73].

e Wilson coefficients [Cl(;’3)]3323 or [Cyel2333 of semi-

tauonic operators [01([,1)]3323, [01(;)]3323, or [Ogyel2333
defined in (22) and (23), that induce a LFU contribu-
tion to Cé"’“ from gauge-induced running both above
and below the EW scale [75,98].

e Four-quark operators (defined below in Sect. 3.3.2) that
also induce a LFU contribution to Cg‘“ analogously to
the semitauonic ones [99].

The case of semitauonic operators is particularly interest-

ing as it potentially allows for a simultaneous explanation
of the anomalies in neutral-current » — s transitions and in

@ Springer
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q3 f I
B.W

q )

Fig. 3 Diagrams inducing a contribution to Cg through RG running above (left panel) and below (right panel) the EW scale. A sizeable contribution

to Cg is obtained when f = uj 2, dj 23 or 3, see text for details
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[Cl(;)}3323 = [01(5)13323 [TeV—2]

Fig. 4 Likelihood contours from Rpw), NCLFU observables (R
and D P 5), and b — suu observables in the space of the two SMEFT

Wilson coefticients [y, 13323 = [Cjg Jsa23 and [C, Jazas = €} Toans
at 2 TeV. All other Wilson coefficients are assumed to vanish at 2 TeV.
Solid (dashed) contours include (exclude) the Moriond-2019 results for
Rk, R+, Rp, and Rp=. For sets of data that effectively constrain only
a single Wilson coefficient (namely R, and NCLFU observables),
1o contours correspond to A x2 = 1. For the other data (b — s and
the global likelihood), 1 and 2¢ contours correspond to A2 2~ 2.3 and
6.2, respectively

charged-currentb — c transitions involving taus [53,98]. We
now discuss these two possibilities in turn, from an effective-
theory point of view. Specific realizations in terms of simpli-
fied models will be discussed in Sect. 4.

3.3 LFU C9 from RG effects
3.3.1 Semi-tauonic operators

Intriguingly, a large value for [C 1(3)]3323, that can explain the
hints for LFU violation in charged-current b — ¢ transi-
tions (Rp and Rp+), also induces a LFU effect in Cy that
goes in the right direction to solve the b — suu anomalies
in branching ratios and angular observables. An additional

@ Springer

contribution to [Cl(;)]2223 (a = 1 or 3) of similar size can
accommodate the deviations in Rg and Rg+. Since the lin-
ear combination [C ;;)]3323 - [C [(3)]3323 generates a sizable

contribution to B — K®vp decays [95] that is constrained
by B-factory searches for these modes, such models are only
viable if the semitauonic singlet and triplet Wilson coeffi-
cients are approximately egual.7 For reference, the leading-
log contribution from [Cl(; ’ )]3323 to Cy due to gauge mixing

is given by® [98]

V2o A2 X \
> Gy s % (g ) (€00 o 16 ).
’ GrVi V5 6 8 mi [Cry 13323 +[Cp 13323

4

(25)

Figure 4 shows the likelihood contributions from R,
NCLFU observables, b — suu observables, and the global
likelihood in the space of the two Wilson coefficients
[C,(ql)]3323 = [Cl(s)]3323 and [Cl(ql)]zzzs = [C,(,;)]zm at the
renormalization scale u = 2 TeV. It is interesting to note that
before the Moriond 2019 updates (indicated by the dashed
contours), for a purely muonic solution with [Cl(q1 ‘3)]3323 =0
(corresponding to the vertical axis), the best-fit values for
NCLFU and b — suu data were in perfect agreement with
each other (even though R cannot be explained in this
case). Including the Ry updates, the best-fit point of the
NCLFU and b — supu data instead lies in the region with
non-zero semitauonic Wilson coefficients, just as required to
explain the R+ anomalies. In fact, the agreement between
the 1o regions for Ry & DPis’ Rpe, and b — sup
improves compared to the case without the R g+ updates. We
note that a further improvement of the fit is achieved by tak-
ing into account the Moriond 2019 update of R, by Belle
[50,51], which moves the 1o region for R« slightly closer
to the SM value, exactly to the region where the contours of
NCLFU and b — suu observables overlap. The best fit val-
ues in this scenario are [Cl(;‘3)]3323 = —5.0x 1072 TeV2

7 Note that exact equality is not preserved by the RG evolution in
SMEFT.

8 The analytic expression in Eq. (25) includes only the contribution
from the photon-penguin diagram. An additional Z-penguin diagram
gives a suppressed contribution [98] and is not included. In our numeri-
cal analysis, we take into account the full SMEFT RG effects including
also the suppressed contributions.
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Table 2 Predictions for LFU

ratios, angular observables, and Observable lo d SM
ggi';;zi?ri Irrftt‘}fs ;rl’oﬁa‘i‘“d Bs RIQ04S.11) 0.88 1001 [0.86, 0.90] 0.926 + 0.004
likelihood in the space of R0 0.81 0.0 [0.73, 0.89] 0.9964 % 0.0006
[Sgﬂ%f;jvﬂs?g C"]";‘Ziis RIO;180) 0.83 7904 [0.77, 0.90] 0.995 +0.002
[Cz(q)]zzzs — 1€ ooy R 0.79 7004 [0.71,0.88] 0.99807 = 0.00004
(cf. Fig. 4) and corresponding RI060) 0.80 7004 [0.71, 0.88] 1.0008 = 0.0003
SM predictions R 060 0.81 +004 [0.73, 0.89] 0.9970 £ 0.0003
(P[)14:0.60] —0.58 7913 [—0.82, —0.33] —0.763 £+ 0.072
Rp 0.34 00! [0.32,0.37] 0.303 % 0.006
Rp+ 0.29 001 [0.27,0.31] 0.255 £ 0.004
BR(B; — utu™) 2.98 7029 x 107° [2.60,3.38] x 10~° (3.67£0.16) x 10~°
BR(B* — K*tF17) 3.057 108 x 1073 [1.01,6.47] x 1073 (1.66 £ 0.19) x 1077
BR(B; — tFt7) 1.41 7089 x 10 [0.52,2.94] x 10~* (7.78 £0.33) x 1077
and [Cl )]2223 =3.9x 107* TeV~2 with a \/ATZ = 8.1 3.3.2 Four-quark operators

that corresponds to a pull of 7.8c. The pull is considerably
larger in the present scenario than in those discussed in Sect.
3.1 since it can also explain discrepancies in b — ¢ transi-
tions. Plugging the above values into Eq. (25) one finds a good
agreement with the universal-Cy shift found in Sect. 3.1.3.

It is interesting to use the global fit in this scenario as the
basis for predictions of several observables that are sensi-
tive to the Wilson coefficients [C( 3)]3323 and [C( 3)]2223
and are supposed to be measured w1th higher pre01s1on in
the near future. We collect predictions for LFU ratios, angu-
lar observables, and branching ratios in B and B; decays in
Table 2.

In the previous discussion we have focused on the global
consistency between NCLFU and b — suu data, which
after Moriond 2019 would call for a universal Cg contribu-
tion, which in turn is quantitatively consistent with the NP
contribution demanded by R ). An interesting question® is
the comparison of this SMEFT scenario with the SM when
taking into account LFU data alone, i.e. omitting b — suu
data. This question is of interest e.g. because LFU data are
deemed the theoretically cleanest.

To address this question we performed a fit taking into
account only LFU observables in b — s¢f and b — cfv.
The two sets of observables are effectively orthogonal and
therefore lead to fully consistent best-fit regions in the
plane of the Wilson coefficients [Cl(ql)]3323 = [C1(3)13323 and

[C ;;)]2223 =[C 1(3)]2223,f0rb0thpre- and post-Moriond 2019
data. With the Moriond 2019 updates we find best fit val-
ues of the Wilson coefficients [Cl(ql’?’)]3323 = —-5.0x 1072

TeV—2and [Cj, " 203 = 3.4 x 107* TeV ™
0+vAx%?=5.3andapull of4.95.

2 corresponding

9 We thank the Referee for the suggestion.

Four-quark SMEFT operators can induce a LFU contribution
to Cy through gauge-induced RG running above and below
the EW scale from diagrams like in Fig. 3. Since the flavour-
changing quark current in Oy is left-handed, these operators
must contain at least two ¢ fields and the other current must
be a SU (3). singlet. Neglecting CKM mixing (i.e. to zeroth
order in the Cabibbo angle), the following operators could
thus play a role:

(051231 = (G2vua3) @iv"q) |
(0510311 = Gavut" a3 @iv" T qi) . (26)
[0;1,>123,~,- = (q27ug3) @iy"ui) ,
(05 o3t = (@2yug3) iy d;) . @7

In the discussion to follow, we will consider each one of the
above operators, and discuss whether they can produce at all
a LFU Cy contribution of the right size, in the light of all
known low-energy constraints.

° [O;;)]2333 and [O;lu)]2333 induce a LFU contribution to
C1o that is much bigger than the one in Cy by a factor
a1- 4s2W)_1 ~ 13 through a §bZ coupling generated by
a top-quark loop, so they cannot explain the data.

e In the basis where the down-type quark mass matrix is
diagonal, all the [0;?1)]23” operators lead to enormous
NP contributions to CP violation in D°-D° mixing that
are excluded by observations [52]. Note that this happens
even for real SMEFT Wilson coefficients since the CKM
rotation between the mass basis for left-handed down-

@ Springer
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type quarks (relevant for by — sy, transitions) and up-
type quarks (relevant for u; <> cp ) is itself CP violating.
For example, the operator [05?]2311 contributes to D°-
DY mixing through the operator Cp(iic)y_4(uc)y—_a
with Cp ~ )\8[C$I)]2311 where A is the Cabibbo angle.
For a typical value of [C(g;)]zml ~ (1 TeV)’2 we find
Cp ~ (10° TeV)’z, which exceeds existing bounds
[100] by an order of magnitude. Working instead in the
basis where the up-type quark mass matrix is diagonal'”
and only using operators [OA;Z)]U- jj that do not contribute
to DY-DY mixing, it turns out that all these operators
either generate excessive contributions to CP violation
in K%-K° mixing'! or do not generate an appreciable
contribution to Co.

° [0(5}2 ]2311 and [O;il) ]2311 can induce a NP contribution

to €’/e [101,102] (i.e. direct CP violation in K — 77)
through RG running above the EW scale, but for a low
enough scale they can lead to a visible effect in Cg9 without
violating this bound.

° [0;11)]2322 can induce a NP contribution to AMj, the

mass difference in the By-B; system, through RG run-
ning above the EW scale, but for a low enough scale it
can lead to a visible effect in C9 without violating this
bound.

e Aneffectin Cg generated by [0;1,)]2322 and [0;11)]2333 is
not strongly constrained from the point of view of low-
energy data, and is thus allowed from these data alone.
We will discuss possible contributions to these operators
from the point of view of UV completions in Sect. 4.2,
see Egs. (43)—(44).

To summarize, a LFU contribution to Cy could, barring
cancellations, be generated by the SMEFT Wilson coeffi-
cients

1 1
[Cq(,i,)]ﬂu, [C;L)]Bzz, [C;d)]2311, [C;d)]2322,

[C}q T333. (28)

The generic size of these Wilson coefficients required for a
visible effect in Cy is in the ballpark of 1/TeV?2.

Consequently, realistic model implementations of such an
effect have to rely on tree-level mediators with sizeable cou-
plings to quarks and masses potentially in the reach of direct
production at LHC. We will discuss such simplified models
in Sect. 4.2.

10 Operators and couplings in such up-aligned basis are here and hence-
forth denoted with a hat.

11 As well known, see [100] for the most recent study, this constraint is
violated for new-physics scales below O(10*) TeV, which is way above
the scale required by B discrepancies.

@ Springer

4 Simplified new-physics models

In this section we consider simplified models with a single
tree-level mediator multiplet giving rise to the Wilson coef-
ficient patterns that are in agreement with the above findings
in the EFT.

In Sect. 4.1, we consider the U vector leptoquark, trans-
forming as (3, 1)2/3 under the SM gauge group [35,38,103—
110], that is known to be the only viable simultaneous
single-mediator explanation of the R g () and R j» anomalies
[37,111-115]. Since it generates the semitauonic operators
discussed in Sect. 3.3.1, it can also generate a LFU contribu-
tion to Cy.

In Sect. 4.2, we discuss realizations of LFU contributions
to Cg via RG effects from four-quark operators as discussed
in Sect. 3.3.2. We will show that there is a single viable
mediator, a scalar transforming as (8, 2);/2 under the SM
gauge group, and that it is strongly constrained by LHC di-
jet searches.

4.1 Explaining the data by a single mediator: the U,
leptoquark solution

As anticipated above, the only single mediator that can yield
1 3 1
non-zero values for [Cl(q)]3323 = [Cl(q)]3323 and [Cl(q)]2223 =

[C ;;)]2223 is the U; vector leptoquark, which transforms as
(3, 1)2/3 under the SM gauge group. We define its couplings
to the left-handed SM fermion doublets g and [ as

Lu, > ¢! (c;" y“lj> U, +he. (29)

From the tree-level matching at the scale A = My, one
finds

gi/k glil*
My (3. _ _©lg°lq
[C[q ]ljkl = [C]q ]ljkl = ZMIZJ . (30)

Consequently, for a given leptoquark mass, a T-channel con-
tribution to R« depends only on gl3q2 and gl3q3 , while a -
channel contribution to R depends only on glzq2 and g12q3.

We perform an analysis at leading-logarithm accuracy, i.e.
we take into account the one-loop RG running and mixing and
perform the matching at tree level. As has been shown in [98,
116], the one-loop matching of a simplified'? U; leptoquark
model would lead to

e a 13% enhancement [116] of the tree-level contribution
to semileptonic operators,
e contributions to leptonic operators inducing T — uvv,

12" Note that one-loop matching results are very model dependent. In a
full model, the size of the contributions listed below can change signif-
icantly and additional contributions can be present.
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e contributions to semi-leptonic operators inducing B —
K®py,

e contributions to electric and chromomagnetic dipole
operators in the WET.

Except for the last point, all of these contributions either only
correct an already included tree-level result or are small com-
pared to the current experimental sensitivity or compared to
RG effects that contribute to the same operators (cf. [98]).
We thus neglect them in the following. On the other hand, the
one-loop matching contributions to the electric and chromo-
magnetic dipole operators can lead to relevant shifts in the
Wilson coefficient C7 at the b-quark scale, which are con-
strained by measurements of b — sy observables (cf. [64]).
In order to be sensitive to this possibly important effect, we
will take the one-loop matching contributions to the SMEFT
quark-dipole operators into account. ‘ as [96]

[OaBlij = (qic""dj)¢By, ,

[Oawlij = (qic"dj)T oW, (31)
[0aclij = (qio" T dj)eG1), . (32)

The matching result depends on the couplings of the U; vec-
tor leptoquark to the SM gauge bosons, which can be written
as

1
Ly, D —EU;UUW +igsky U TAU, G

2 .
+ig/§kyUl'LUvB“” , (33)

where

Uuy = DU, — DU, with Dy, =3, +ig,T*G},

.2
+ig'3 By (34)

These couplings are determined by SM gauge invariance
except for the two parameters kg and ky . In the following, we
make the choice k; = ky = 1, which leads to a cancellation
of divergent tree-level diagrams in U} -gluon and U1 - B-boson
scattering [117] and further avoids logarithmically divergent
contributions to the dipole operators [37], making them finite
and gauge independent. We note that k;, = ky = 1 is auto-
matically satisfied in any model in which the U, leptoquark
stems from the spontaneous breaking of a gauge symmetry
but can also be realized for a composite Uy [118].

We perform the one-loop matching to quark-dipole oper-
ators at the scale A = My by computing the diagrams
shown in Fig. 5. Working in the basis in which the down-
type Yukawa matrix is diagonal, and using the conventions
mentioned above, we find the Wilson coefficients of the EW

dipole operators

Conts = 7,5 (] gis 81
awls =Yoo | 2
i3 2%
8 1 gllq glq
C =Y, - ) 4, 35
[Cawl3 Ton2 <6) 2 (35)
(Cols = 1,2 (2 8lq 81y"
i3 Q2%
g 4 gllq 8iq
C =Yy——|—= ) ——, 36
[Capls2 = Yi7 ( 9> 2 (36)

where Y}, and Y, denote the Yukawa couplings of the b and
s quark respectively and a summation over the lepton index
is implied. The Wilson coefficients of the chromomagnetic
dipole operators at the matching scale read

Coolos = 1,5 5\ 8 8l
W ez \ T 12) M2
i3 2%
8s 5 gllq glq
C =Yy——|——=) —. 37
[Cacla2 516712( 12) W2 (37

Using the tree-level matching conditions from SMEFT onto
WET [119,120], we have checked that these results are con-
sistent with the findings in [98].

4.1.1 Rpw and indirect constraints

Within the defined framework we now search for a region
of the leptoquark parameter space that explains all the B
anomalies while at the same time avoids indirect low-energy
constraints. We perform a fit with fixed My = 2 TeV in the
space of tauonic couplings g;’qz and g?;, which we take to be
real for simplicity. This allows us to determine the region in
which Ry can be explained by the semi-tauonic operators
discussed in Sect. 3.3.1. The results of the fit are shown in

Fig. 6 and our findings are as follows:

e The strongest constraints are due to

— leptonic tau decays T — £vv, which receive a con-
tribution due to RG running,

13 Qur analysis includes RG-induced logarithms. Note that the inter-
actions in Eq. (29) and (33) provide a simplified model and not a com-
plete UV theory of the U;-leptoquark. In such a UV theory, it could
in principle be possible that the RG-induced logarithms are (partially)
canceled by finite terms, which are not present in the simplified model.
See e.g. discussion in [118]. Barring cancellations, and in view of the
renormalization-scale independence of the full result — logarithms plus
analytic terms — the contributions from the RG-induced logarithms usu-
ally provide a realistic estimate of the size of the effects.

@ Springer



252 Page 12 of 27

Eur. Phys. J. C (2020) 80:252

Fig. 5 Diagrams contributing
to the matching of the U
leptoquark model onto the
SMEFT operators Oyp, Ogw
and OdG

— BR(B — X;y), which receives a contribution
from the one-loop matching onto dipole operators in
SMEFT as discussed above.'*

This underlines the importance of taking into account
loop effects, both in the RG running and in the matching,
as emphasized already in [98,122,123].
e A combined fit to R and leptonic tau decays selects a
well-defined region in the space of gfqz and g;; in which
R can be explained while satisfying all constraints.
e In order to explain R while at the same time avoid-

ing exclusion at the 2¢ level from leptonic tau decays, a
32

Siq
minimal ratio of tauonic couphngs L > 0.1 is required

(assuming vanishing right-handed Couphngs) which is
compatible with findings in [113]. This puts some ten-
sion on models based on a U(2), flavour symmetry
[37, 106 108 113], where the natural expectation for the

size of 4 is |Vep| =~ 0.04.

lq

Based on the above results, we select a benchmark point
from the best-fit region in the fit to tauonic couplings,

gy =06, g =07, (38)

which is also shown in Fig. 6. We then perform two fits in
the space of muonic couplings glzq2 and g12q3 shown in Fig. 7:
one for vanishing tauonic couplings (left panel) and one at
the benchmark point gfqz = 0.6, g;’; = 0.7 (right panel). Our
findings are as follows:

e For vanishing tauonic couplings (left panel of Fig. 7),
the data available before Moriond 2019 leads to a very
good agreement between the fits to b — suu (orange
contour) and NCLFU observables (dashed blue contour),
while the Rp measurements cannot be explained in
this scenario. Taking into account the updated and new
measurements of Ry presented at Moriond 2019, one
finds a slight tension between the fitstob — suu (orange
contour) and NCLFU observables (solid blue contour).

14 Such contributions are, however, model-dependent. For example,
they will be quite different in models with additional vector-like
fermions running in the loops [105,106], as shown explicitly in Ref.
[121].
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Fig. 6 Likelihood contours from different observables in the space of
the tauonic U; leptoquark couplings g[3q2 and g?; at 2 TeV. The grey
areas are excluded at the 20 level. R data and leptonic T decays
select a well-defined region in the g[3(12 versus g?q3 plane. For Rp),
which only constrain one degree of freedom, 1o contours correspond
to Ax? = 1, while for others (the global likelihood, leptonic T decays,
BR(B — X,y)), 1 and 20 contours correspond to Ax? a 2.3 and

6.2, respectively. The dashed contour refers to pre-Moriond data of the
corresponding solid contour

This is analogous to the tension mentioned in Sects. 3.1.2
and 3.1.3.

e The tension disappears if one considers non-zero tauonic
couplings that can also explain R p), which is exempli-
fied in the right panel of Fig. 7 for the benchmark point
gl?’q2 = 0.6, g?; = (0.7. Asdiscussed in Sect. 3.2, the semi-
tauonic operators obtained from the tree-level matching
(cf. Eq. 30) induce a lepton-flavour universal contribu-
tion to Co, which affects the predictions of b — suu
observables and makes the fits to b — suu and NCLFU
observables again compatible with each other at the 1o
level. Consequently, the deviations in neutral current and
charged current B-decays can all be explained at once.
This very well agrees with our findings in the SMEFT
scenario in Sect. 3.3.1.
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Fig. 7 Likelihood contours from different observables in the space
of the muonic U; leptoquark couplings g,zq2 and g[2q3 at 2 TeV. Fits

are shown for vanishing tauonic couplings gl3q2 =0, g13q3 = 0 (left)
and at the benchmark point gl32 = 0.6, g]3q3 = 0.7 (right). The grey
area is excluded at the 20 level. For observables that only constrain

e Given the presence of non-zero values for the tauonic
couplings at the benchmark point, the strongest constraint
on the muonic couplings glzq2 and g12q3 is due to LFV
observables, in particular T — ¢ and B — Kt . The
region in the space of muonic couplings that is excluded
at the 20 level by these observables is shown in gray in
the right panel of Fig. 7.

Having identified a viable benchmark point, we conclude
that the U; vector leptoquark can still provide an excellent
description of the B anomalies while satisfying all indirect
constraints.

4.1.2 Comparison between indirect and direct constraints

In addition to indirect constraints, high-pr signatures of
models containing a U; leptoquark have been discussed in
detail considering current and future LHC searches [114,
124-128]. In this section, we compare direct constraints
found in the latest study, [128], to the strong indirect con-
straints discussed in Sect. 4.1.1. To this end, we adopt the
notation of [128] and use the parameters ﬂ'Lj and gy, which
are related to our notation by

ii _ Bl su
lg — ﬁ .

We perform a fit with fixed g = 3, 87> = 1 (i.e. gl3q3 ~2)in

(39)

the space of My and ,3%} These values are chosen to allow

0.5
b— spp Ax? =1 |
—— NCLFU observables Ax? = 1 H
excl. by LEV /|
0.4 — —
g?(f =0.6
qf: =0.7

0.3

23
Jiq

0.2 4

0.1 4

0.0 1

one degree of freedom (here NCLFU and b — suu observables),
lo contours correspond to Ax? = 1, while for the lepton flavour vio-
lating observables, the 20 contour corresponds to Ax2 ~ 6.2. The
dashed contours refer to pre-Moriond data of the corresponding solid
contours

for a direct comparison with the constraint from pp — tt
shown in Fig. 1 of [128] and pp — tv shown in Fig. 6
of [128]. We include both of these direct constraints in our
Fig. 8 as hatched areas. In addition, we show the results from
our fit, namely the constraint from leptonic T decays and the
region preferred by the R measurements.

Our findings are as follows:

e The indirect constraint from leptonic t decays is stronger
than the direct constraints in nearly all of the parameter
space shown in Fig. 8, except for a small region at large
,31%3 2 0.75, where the constraint from pp — tv is the
strongest one.

e In the region where R can be explained, the indi-
rect constraint from leptonic t decays is considerably
stronger than the direct ones.

23
e Small values for % as naturally expected in models

based on a U(2), ﬁavour symmetry [37,106,108,113]
require a relatively small mass My to explain Rpe.
Thus, as also pointed out in [113,124], there is already
some tension between this natural expectation and the
direct searches.

We note that the direct constraints shown in Fig. 8 depend
on the coupling strength gy7. While the assumptions gy = 3,
,623 = 1 lead to a lower bound on the leptoquark mass My =
2.7 TeV, this bound does not apply to the scenario discussed in
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Fig. 8 Best fit region in the space of U; leptoquark mass My and
coupling ,B? (cf. Eq. (39)). The green region is the preferred region from
R, while the gray shaded area is excluded by leptonic tau decays at
the 20 level. The hatched areas are excluded by LHC searches recasted
in [128]

Sect. 4.1.1, which features considerably smaller couplings. '’
Latest direct constraints from U; pair production that are
independent of the coupling strength g¢7 only exclude masses
My < 1.5TeV [114,128]. Therefore, the scenario discussed
in Sect. 4.1.1 is currently not constrained by direct searches.

4.2 Lepton flavour universal Cg from leptophobic
mediators

As discussed in Sect. 3.3.2 in the SMEFT context, a lep-
ton flavour universal contribution to Cy can also be induced
from a four-quark operator via RG effects. However, the four-
quark operator would realistically have to be generated by the
tree-level exchange of a resonance with mass not exceeding
a few TeV and O(1) couplings. Such resonance could then
be in reach of direct LHC searches, apart from other indirect
constraints.

Since it was shown in Sect. 3.3.2 that the only viable oper-
ators are of type 0;}) and 0;2), the conceivable tree-level
mediators, excluding fields that admit baryon number violat-
ing diquark couplings,'® are (see e.g. [129])

e (1,1)¢ with spin 1 (Z"),

15 The partonic cross section relevant for the direct constraints in Fig. 8
scales as o ~ (gU/MU)4 [128].

16 Note that baryon number violating diquark couplings do not neces-
sarily lead to tree-level proton decay.

@ Springer

o (8, 1) with spin 1 (G),
e (1,2)1,2 with spin 0 (H'),
o (8,2)1/> with spin 0 ().

Such leptophobic mediators are discussed here mostly
because they are a logical possibility — in particular, they
are not necessarily motivated from a UV perspective. It is
immediately clear that the spin-1 mediators Z’ and G’ are
not viable: to generate the Wilson coefficients [C;})]zgii or
[C(S})]Bi ; with sufficient size, they would require a sizeable
flavour-violating coupling to left-handed down-type quarks
that would induce excessive contributions to By- B mixing.
Thus the only potentially viable models are the scalar medi-
ators.

The new scalar bosons have the following Lagrangian cou-
plings to quarks,

Ly D Yipgy GiujH = yip, g GidjH' +hee., (40)
LoD yd,, T uj® =y GiT d; 0" +he.. (41
The SMEFT Wilson coefficients that are generated by a tree-

level scalar exchange and can contribute to Cg via RG effects
read

e
%) y;(q*Ry%qR
[Conlimr = D ex =1 5, 42)
X=H',® X

where R = u,d and (cy’, cep) = (—1/6, —=2/9).

Clearly, to generate one of the down-type Wilson coeffi-
cients [C;Z)]Bii in (28), at least one flavour-violating cou-
pling in the down-aligned basis has to be present, leading
to excessive contributions to B%-B or By-B, mixing. Thus
we assume vanishing down-type couplings y;g qd = 0 in the
following.

For the up-type couplings yxgy, it is instead convenient
to work in the up-aligned basis (cf. footnote 10 for notation),
as setting &}(un = )A)%(lqu = 0 allows avoiding dangerous
contributions to D°- D® mixing. We then obtain the following
non-vanishing matching conditions relevant for RG-induced
contributions to Co,

1

1 ; .
1) _ vy ail¥ ail
[Cyulast = ex —5 VieVib YxquVxqu ™~ €X Ve
X

M5

X (Vi Vio 539+ ViV 1330, + 0G)

(43)
1 e
[CO) T = Xy ViV yiq*uysgqu
X
1 5 4 A
Nexaa (V2§ Vio 33 3%+ ViV 19%, 12
X
V3 Vin 1932 + 00D (44)
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Fig. 9 Contours of constant C, g“iv‘ in the colour octet scalar model vs. LHC di-jet exclusion for a scenario with 513)2(1 . = — 1 and varying )%2‘[ . (eft)
and for a scenario with 5)(2],2(1 . = 0 and varying 92,2qu (right)
Numerically, it turns out that a visible lepton flavour universal )A)g,zq . = —1. We also show the 95% C.L. exclusion from di-

effect in Cg requires O (1) couplings for a scalar mass of the
order of 2 TeV even for terms without CKM suppression.
Thus, LHC searches for di-jet resonances are sensitive to the
new scalars. If the NP effect in Cy is generated through the
terms in (43), the scalar has sizeable couplings to up quarks,
leading to an excessive production cross section at the LHC.
To avoid this, we will further assume f);(iqu = f)é(lqu =0
and use the terms in (44). Production in pp collisions is still
possible via charm quarks. The leading-order cross sections
of the charged and neutral components read

~ T N
o(pp — X*) = &x 3= [Tl (Luc + Leo)

+ 1382 (Coc + L) (45)
~ T .
o (pp = X°) = ex 1355l Lee. (46)

where (¢yr, ¢o) = (1,4/3), /s being the center of mass
energy and £;; are the parton luminosities as defined in [130]
and we have neglected contributions suppressed by CKM
factors.

We confront these cross sections with exclusion limits
from ATLAS [131] and CMS [132]. Our procedure to obtain
constraints on the scalar model parameters is detailed in
Appendix D. For definiteness, we choose X = & in the
following. In fact, according to the results of [99], the H’
case is considerably more constrained by contributions to
B — X,y introduced radiatively at the two-loop level.

The left plot in Fig. 9 shows contours of C§™" in the plane
of ﬁfpzqu vs. the color-octet scalar mass for a scenario in which

jet resonance searches at LHC. Obviously, a visible negative
contribution to Cg™"" of at most —0.3 can only be generated
in athin sliver of parameter space for masses above 2 TeV and

with g7, ~ 1. This scenario is on the brink of exclusion."”
The bending of the C‘9’“iv' contours at low masses in the left
plot of Fig. 9 is due to the fact that there is a CKM-suppressed
contribution even for )3(21,2(] , = Ofrom the third termin (44). To
investigate whether such scenario, where production is only
possible through a b quark PDF, is allowed, in the right plot
of Fig. 9 we show the C})‘“iV' contours and the LHC exclusion
for )A)<3quu vs. the color octet scalar mass setting )A’<21>2qu = 0.
Clearly, generating an appreciable contribution to CS““" is
excluded by di-jet searches in this scenario.

5 Conclusions

Motivated by the updated measurements of the theoretically
clean lepton flavour universality tests Rx and Rg= by the
LHCb and Belle experiments, as well as by additional mea-
surements, notably of By — uu by the ATLAS collabora-
tion, we have updated the global EFT analysis of new physics
in b — s¢¢ transitions. A new-physics effect in the semi-
muonic Wilson coefficient Cg”m continues to give a much
improved fit to the data compared to the SM. However, com-
pared to previous global analyses, we find that there is now

17 If one allows for enlarged hadronic uncertainties (see discussion end
of Sect. 3.1.3), the parameter space that is not yet excluded by LHC
searches can open up slightly.
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also a preference for a non-zero value of the semi-muonic
Wilson coefficient Cfg“ " mostly driven by the global com-
bination of the By — u*u™ branching ratio including the
ATLAS measurement. The single-coefficient scenario giving
the best fit to the data is the one where Cgm“ = —Cfg“”,
which is known to be well suited to UV-complete interpreta-
tions, and indeed is predicted in several new-physics models
with tree-level mediators coupling dominantly to left-handed
fermions.

We have also studied the possibility of a simultaneous
interpretation of the b — s£¢ data and the discrepancies in
b — ctv transitions in the framework of a global likelihood
in SMEFT Wilson coefficient space. We find one especially
compelling scenario, characterised by new physics in all-left-
handed semitauonic four-fermion operators. These operators
can explain directly the discrepanciesinb — ctv transitions,
and, at the same time, radiatively induce a lepton flavour
universal contribution to the b — s€£ Wilson coefficients.
An additional nonzero semimuonic Wilson coefficient then
allows accommodating the R ) discrepancies. Such picture
can be quantitatively realized in the context of the U; lepto-
quark simplified model, and we find that indeed an excellent
description of the data can be obtained, including the devia-
tions in b — ctv transitions.

Another logical possibility to generate a lepton flavour
universal NP effect in Cyg is via RG effects from a four-quark
operator. We have investigated this possibility in the SMEFT
and in simplified tree-level models. We find that the only
setup potentially viable in the light of indirect constraints is
a colour-octet scalar. However, due to its Te V-scale mass and
large coupling to quarks, it is strongly constrained by di-jet
resonance searches at the LHC, which put it on the brink of
exclusion.

Our study illustrates how the theoretical picture has
evolved as a consequence of crucial measurement updates,
and how this picture stays coherent in spite of the numerous
constraints. We collect in Table 2 a number of predictions
directly related to the discussed SMEFT scenario. The sit-
uation will only get more exciting due to the host of new
analyses using the full Run-2 data set, as well as the Belle-II
data set, to which we look forward.
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A Combination of B; — pu*p~ measurements

In this appendix we discuss our procedure of combining the
measurements by ATLAS, CMS, and LHCb of the branching
ratios of B — ptp~ and By — putu~ [46-49].

In all three cases, the measurements are correlated, since
the B® and B, have a similar mass, such that the signal regions
in dimuon invariant mass squared overlap. ATLAS and CMS
provide two-dimensional likelihood contours, from which
we interpolate the two-dimensional likelihoods, while LHCb
directly provides the two-dimensional likelihood numeri-
cally. The three resulting likelihoods are shown as thin lines
in Fig. 10 and compared to the SM central values.

Next, we assume the three experiments to be uncorrelated
(which we assume to be a good approximation given the
dominance of statistical uncertainties) and combine the two-

—— LHCb
---- COMS

S == full comb.

== Gaussian comb.
*  SM prediction

BR(B® — ptp)

Fig. 10 Two-dimensional likelihood contours in the space of the
BY — putp~ and By — ptp~ branching ratios from individual
measurements (thin contours), the naive combination (thick solid con-
tours), and the Gaussian approximation to it (thick dashed contours),
compared to the SM central values
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dimensional likelihoods by multiplying them. The resulting
contour is also shown in Fig. 10.

For our global likelihood in Wilson coefficient space, we
need to make an additional approximation, namely that the
experimental likelihood is approximately Gaussian (see [53]
for a discussion). Thus we fit a two-dimensional Gaussian to
the product likelihood. The resulting contours are shown as
thick dashed lines in Fig. 10.

Since throughout our numerical analysis, we never con-
sider NP effects in b — dupu transitions, it is also inter-
esting to compare the combined confidence regions for the
By — pt ™ branching ratio, fixing B — ™ toits SM
central value or profiling over it. We find

BR(B, — putpu™) = 2.6779%) x 107°

—0.35
BR(BY — putu™) profiled, (47)
BR(B; — putu™) = (2657039 x 107°
BR(B? — 1t ™) SM-like. (48)

We stress that the similarity of these two numbers is not
trivial, as for individual measurements, especially the CMS
and ATLAS ones, the best-fit value for BR(B® — putu™)
deviates strongly from the SM prediction. Conversely, for
BY — putu~ we get

BR(B® — utp™) = (1.0075%) x 10710

BR(B; — ™) profiled, (49)
BR(B? — puFp™) = (0.57798%) x 10710
BR(B; — u' ™) SM-like. (50)

The values for the Gaussian approximation only differ from
these numbers in a negligible way.

Compared to the SM predictions'®:
BR(B;, — putp)sm = (3.67 £0.15) x 1077, (51)
BR(B? > utpu)gm = (1.14 £0.12) x 10710, (52)

we then find the following one-dimensional pulls:'®

e if both branching ratios are SM-like, 2.30,%0

18 For the SM values, we have used f1avio v1.3 with default settings.
The By — p ™ branching ratio refers to the time-integrated one, see
Refs. [133,134] for state-of-the-art discussions on the SM uncertainty.
The decay constants are taken from the 2019 FLAG average with 2 +
1 + 1 flavours [135], V., = 0.04221(78) from inclusive decays, and
Vup = 0.00373(14) from B — mwlv.

19 Here, the “one-dimensional pull” is —2 times the logarithm of the
likelihood ratio at the SM vs. the experimental point, after the exper-
imental uncertainties have been convolved with the covariance of the
SM uncertainties.

20 Converting the likelihood ratio to a pull with two degrees of freedom,
one obtains 1.80; this is why the star in Fig. 10 is inside the 20 contour.

e if B — putpu~ is SM-like and B® — putpu~ profiled
over, 2.30,

e if B - utpu~ is SM-like and By — utu~ profiled
over, 0.20.

B. Global likelihood of the standard model

In view of the sizable pulls in various NP scenarios consid-
ered in this work, an interesting question is how good the
overall agreement of the SM with the data is. To this end, we
consider the value of the global likelihood at the SM point,
L(0), or X3y = —2In L(0). Here, the normalization of the
likelihood is such that x> = 0 corresponds to the case where
all measurements are in exact agreement with the theoretical
predictions. By means of Wilks’ theorem, this x 2 value can
be translated to a p-value, quantifying the goodness of fit.
However, the intepretation of this global x? value is not
straightforward as it is subject to several ambuguities.

e Since the global likelihood contains many observables
not sensitive to the Wilson coefficients that we consider
in our analysis, which focuses on discrepancies in B
physics, this p-value depends on the number of observ-
ables included in the test.

e The likelihood contains measurements that are actually
averages (e.g. by PDG or HFLAV) of several measure-
ments, such that the number of degrees of freedom is
reduced and a constant contribution to the x? coming
from a tension between the averaged measurements is
concealed.

e Due to the statistical approach, where theory uncertain-
ties are combined with the experimental ones and no
explicit nuisance parameters are present, the contribution
to the absolute x> from different sectors can depend sen-
sitively on the central values chosen for the parameters.
For instance, alower V., value would lead to better agree-
ment of b — s£¢ branching ratios (via lower |V;; V%)
but worse agreement with b — cfv transitions. While
this issue does not affect the A x2 used in our numerical
analysis, it makes the interpretation of the absolute x>
for individual sectors difficult.

With these caveats in mind, we provide in Table 3 the
absolute x?2 values obtained with smel11i for various sub-
sets of observables. The number Ngyps in the first column
refers to the number of observations, i.e. independent mea-
surements of an observable, which is greater than or equal to
the number of observables. In our case, Nyps is to be inter-
preted as the x2’s number of degrees of freedom. Through
the chi2_dict method introduced in v1.3, it is possible to
explore the x 2 also for different observable sets or parameter
inputs.
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Table 3 Absolute x? values and p-values for the global fit and various
subsets of observables

Observables Nobs X2 p-value [%]
b— st 127 126.7 49
+Rge + Djy/ 138 149.9 23
+By —> utpuT +b— sy 143 155.9 22
+AF =2 149 193.4 0.8
+b — ctv 218 264.7 1.7
All quark flavour 258 301.9 3.1
All low-energy 276 308.6 8.6
Global 313 361.4 3.1

C.Covs.C9g = —Cqy

As already discussed in Sect. 3.1.1 and summarized in Table

1, we find a preference for the ngu = —le(s)” " scenario

over the Cé’m "_only scenario. Since the opposite result was
found in previous analyses, like e.g. [29], some further com-
ments are in order. The change in preference is not related to
the updated measurements of Rx and Rk but can be traced
back to the inclusion of several observables into the likeli-
hood that were not considered in [29].>! Among the newly
included observables mentioned in Sect. 2, the following are
in particular relevant here.

e The new ATLAS measurement of BR(B; s — wtp)
[46], which we combine with the measurements by
LHCb and CMS [47-49] using the procedure detailed
in Appendix A.

e The LHCb measurements of A, — A£T¢~ observables
[60].

e AF =2 observables,>> most importantly ex and AM;.
Like the theoretical predictions for BR(Bs 4 — wtpo),
also the predictions for these observables depend on the
By 4-meson decay constants Fp_, and the CKM param-
eters. As detailed in [53], these nuisance parameters are
“integrated out” and enter the likelihood in terms of
a covariance matrix that contains all experimental and
theoretical uncertainties together with their correlations.
Due to these correlations, experimental information on
AF = 2 observables can reduce the theoretical uncer-
tainties of BR(B; g — wF 7). Such a reduction of the-
oretical uncertainties has been discussed explicitly for
AM; 4 and BR(Bs g — wF ™) in models with minimal
flavour violation in [140]. Via the correlations, AF = 2
observables can have an impact on a fit to the Wilson

2l Also other post-Moriond 2019 global fits that appeared slightly
before and after the preprint of this paper use different sets of observ-
ables and found a preference for the Cgs“ " -only scenario [97,136-139].

22 For the full list of observables, see [53].
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the observables detailed in the legend. The last contour in the legend,
displayed in yellow, coincides with the corresponding one in Fig. 1 (left)
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Fig. 12 95% C.L. observed and expected limits on the di-jet cross
section in 13 TeV pp collisions from the two analyses used in Sect. 4.2.
For the assumptions on efficiencies and acceptances see main text

coefficients Co*** and Cfg“ " even if they do not directly

depend on these coefficients themselves.

To illustrate the effect of including the above listed observ-
ables into the likelihood, we show 1o contours for several
fits to subsets of observables in Fig. 11.

e The pink contour corresponds to a fit including only b —
s observables excluding BR(By.g4 — wt ™). This fit
is equivalent to the one shown in [29] and clearly prefers
the Cg‘w *_only scenario over the Cg‘m B = —Cf(‘;” * one.
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Fig. 13 Likelihood contours from NCLFU observables (Ry and
D P s), b — sup observables and the global likelihood in the space

of Cfé“““ and C/ZI’SW (left) and in the space of CSW“ = foSW and

e The blue contour is obtained from a fit that also includes
BR(Bs. g — u ™). Due to the slight tension between
experimental data and SM prediction of BR(B; —
uwT ™) (cf. App. A), a non-zero NP contribution to
Cfgﬂ " is preferred. In this case, the Cg‘w "_only scenario

and the Cgbw b= —-C f(s)“ " scenario perform similarly
well and neither of them is clearly preferred.

e The red contour corresponds to a fit that additionally
includes A F = 2 observables. As described above, tak-
ing them into account can have an effect on the uncer-
tainties of By — uu and we find that this leads to an
increased preference for a non-zero NP contribution to
Cf(‘;““. In this case, ng” = —Cf(‘;’“‘ is favoured over
Cgbm *_only.

e The orange contour is obtained by adding A, — AL ¢~
observables to the fit. While this does not further increase
the preference for a non-zero NP contribution to C fé” "
this contour now intersects with the Co*** = —Cb3*

line, making this scenario clearly preferred over the

Cg‘w *_only one.

Other observables that are correlated with the b — sup
observables (e.g. b — sy) only have a marginal impact on
the fit. Therefore, the orange contour in Fig. 11 essentially
coincides with the orange contour in Fig. 1 left.

Note that the main effect of the correlations between the
Ch3_dependent observables and the AF = 2 observables
vanishes if the theory predictions of the AF = 2 observables
exactly equal the corresponding experimental values. This

1.4
—— Rg- 1o
Rx Ax? =1
1.2 4 —— NCLFU observables 1o
b — spp & corr. obs. lo
— global 10, 20
1.0 1
3
&
<2 0.8
o)
[
QH 0.6 -
z
=
O o4d
0.2 1
0.0
-14 -12  -10 -08 —06 —04 —02 0.0
bspp _ bspup
Cy™ = —Cyy
bs bs . . .
C'PH = ¢’ 18“ ’ (right). All other Wilson coefficients are assumed

to vanish. Solid (dashed) contours include (exclude) the Moriond-2019
results for Rg and Rg+

—— Rk~ lo
R Ax? =1
—— NCLFU observables 1o

bsee
C(9

Fig. 14 Likelihood contours from NCLFU observables (Rg and
Dy, ) in the space of Cgb“’f and C fg""" All other Wilson coefficients

are assumed to vanish. Solid (dashed) contours include (exclude) the
Moriond-2019 results for Rg and Rg+

means that neglecting the effect of the correlated AF =
2 observables is equivalent to assuming NP contributions
that shift all of them exactly to the experimentally measured
values. Rather than relying on such a strong hypothesis, we
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Fig. 15 Likelihood contours from NCLFU observables (Rg - and
D Pis)’ b — sup observables and the global likelihood in the space

of C?S and Cg‘w'“ (left) and in the space of C/$5 and Cg‘”'““ (right).
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Fig. 16 Likelihood contours from NCLFU observables (Rg () and
DPis)’ b — sup observables and the global likelihood in the space

of Cé” and Ci’é“” (left) and in the space of C’?S and Ci’g”“ (right).

assume the theory predictions of AF = 2 observables to be
SM-like.?

23 Many NP models that explain the deviations in rare B decays
also predict a NP contribution to the Wilson coefficient C I‘J/Sﬁ of the
operator (spy*br) (SLy"br), which modifies the theory prediction of
AM;. A large class of models predicts AM; > AMSM [141-143].
We have explicitly checked that a contribution to C (’}Z’i that increases
AM; up to its 20 experimental bound can only marginally decrease

@ Springer

T
0.00 4+ —— NCLFU observables 1o -
—— b— spp & corr. obs. lo flavio
— global 10, 20
—0.25 1
—0.50
—0.75
3
Lo
—vood .\
~1.25 N
I
—1.50 4 el
—1.75 1
—0.10 —0.05 0.00 0.05 0.10
1bs
C?

All other Wilson coefficients are assumed to vanish. Solid (dashed)
contours include (exclude) the Moriond-2019 results for Rg and
RK*

—— NCLFU observables 1o

54 .
L7 b — spp & corr. obs. 1o flavio
— global 10, 20
1.50 A
1.25 4

1.00 A

bspp
C’10

0.75 4

0.50 1

0.25 4

0.00

0.00 0.05 0.10

1bs
&

—0.10 —0.05

All other Wilson coefficients are assumed to vanish. Solid (dashed)
contours include (exclude) the Moriond-2019 results for Rg and
RK*

Footnote 23 continued

the preference for a non-zero Cfé“““ . On the other hand, any model
that predicts AM; < AMSM would further increase this preference.
Assuming SM-like theory predictions for AF = 2 observables, the
dominant effect of the correlations is due to €.
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Fig. 17 Likelihood contours from NCLFU observables (Rg - and
D Pis)’ b — sup observables and the global likelihood in the space

of Cé’s and Cgs“” = —C%W (left) and in the space of C/$'5 and
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Fig. 18 Likelihood contours from NCLFU observables (Ry and
D P S), b — suu observables and the global likelihood in the space of

Cg”‘” = —C?f"” and Cfé“” (left) and in the space ofC;bm“ = C;f”“‘

D. Di-jet bounds on leptophobic mediators

As discussed in Sect. 4.2, generating a LFU contribution to
Cy radiatively from four-quark operators requires a fairly
light scalar mediator with strong coupling to quarks, that can
lead to a signal in di-jet resonance searches at the LHC. In our

0.0 + —— NCLFU observables 1o
—— b— sup & corr. obs. 1o

flavio

—— global 1o, 20

—0.2 4

bsjup

=
3
Il
Y
Lo
C'l?bs
Cgbm H= —Cfé“ " (right). All other Wilson coefficients are assumed

to vanish. Solid (dashed) contours include (exclude) the Moriond-2019
results for Rg and Rg+
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and C ;%m K’ (right). All other Wilson coefficients are assumed to vanish.
Solid (dashed) contours include (exclude) the Moriond-2019 results for
R K and R K*

numerical analysis, we employ two recent di-jet resonance
searches.

e Asecarchat /s = 13 TeV by CMS based on 36 fb~! and
covering the mass range from 600 to 8100 GeV [132].
We apply the 95% C.L. constraint on the production cross
section times branching ratio times acceptance, assuming

@ Springer



252 Page 22 of 27

Eur. Phys. J. C (2020) 80:252

0.100 T
— b— spp & corr. obs. 1o | i —— EWPOs 1o, 20 i
— Rpw A=1 flavio 39 —— b— sup & corr. obs. 1o, 20 flavio
0.075 1\ global 1o, 20 ¢
. %
9
0.050 =)
\ 2
\ @
& Jiack
| 0.025 A 3 11
Z S) .
=) I 5
5 0000 N 0 1\ i
R ] / |
E 5 <)
E - ‘ | |
S 0025 1 S /
—_ \ -/
I N
~0.050 2 o
= -2
~0.075 o
73 B
—0.100 T T T — ™ —
~ _ _ _ _008 _ T T T T T T T
014 —012 —0.10 —0.08 —0.06 —0.04 —0.02 0.0 o, 5 5 p T 2

(€1 3323 = [CF)asas [TeV 2]

[Crli1s = [Crul2233 = [Clu]s333 [TeV 2]

[Crul333s and [Ceylitzz = [Cewloss = [Ceylssss (right) at
2 TeV. All other Wilson coefficients are assumed to vanish at

Fig. 19 Likelihood contours from Rpw, b — spuu observables
and the global likelihood in the space of [C1<ql)]3323 = [C;3>]3323

and [Cgela333 (left) and in the space of [Ciyl1133 = [Ciula3z = 2TeV
100% decay into di-jets and a constant acceptance of 0.40
57% b — sup & corr. obs. 1o, 20 flavio
e A search at \/s = 13 TeV by ATLAS based on 80 fb~! 0-351 C
employing initial state radiation to cover the low-mass
range not covered by CMS [131]. We apply the 95% C.L. 0309
constraint on the production cross section times branch- —
ing ratio times acceptance times efficiency, assuming '> 0251
100% decay into di-jets and using the mass-dependent é
efficiency and acceptance for the Z’ model given in the 3 0207
publication. =
:Dé’, 0.15
The 95% C.L. bounds under these assumptions are shown in o 010
Fig. 12. ' ~)
0.05 -
E. WET and SMEFT scenarios with Wilson coefficient 0.00

pairs

T T T T T
—0.30 —0.25 —0.20 —0.15 —0.10 —0.05 0.00

The aim of this appendix is to present additional projections [0(5711)]2311 [TeV—2]
of the likelihood onto pairs of Wilson coefficients both in

WET and SMEFT.

Fig. 20 Likelihood contours from b — s observables in the space

of [C,;L)]B“ and [C;L)]2322 at 2 TeV. All other Wilson coefficients are

) o assumed to vanish at 2 TeV

e The plots of Fig. 13 complement the ones in Fig. 1 and
show Wilson coefficient spaces involving muonic axial-

bspup 1bsjp
vector currents C)"" and C"[ ™"

e Fig. 14 shows the space of electronic Wilson coefficients
Cg”e and C i’(s)“. Rk and Rk~ can be explained simulta-
neously if both Cé’s“ and C’f{)“ are present.

e The plots in Figs. 15, 16, and 17 explore the impact of

non-standard effects in the dipole coefficients Cé’s and

(o 17” that are switched on in addition to new physics in
CoM (Fig. 15), CP3** (Fig. 16), and Co*" = —Choit
(Fig. 17). The fits prefer Cl7” to be SM-like but show a
slight (~ 1o preference for a positive shift in C’ 17”.

e In Fig. 18 we consider the effects of non-zero scalar and
pseudo-scalar Wilson coefficients that obey the SMEFT
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relations C5*** = —Ch** (left) and C*"* = Clp**

(right). The most important constraint on these Wil-
son coefficients arises from the By, — pu*u™ branch-
ing ratio. Mirror solutions in Wilson coefficient space
that correspond to a mass eigenstate rate asymmetry
Aar > —1 = —ASAI\14 are allowed by present data.

The plots in Fig. 19 show scenarios with various com-
binatios of SMEFT Wilson coefficients. The left plot in
Fig. 19 contains only tauonic Wilson coefficients, while
the right plot shows a scenario with lepton flavour uni-
versal coefficients. The latter case is strongly constrained
by electro-weak precision observables.

Finally, Fig. 20 shows that the b — spuu anomalies can
be explained by SMEFT 4-quark operators that enter the
rare semi-leptonic decays at the loop level.
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