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ABSTRACT: Rare b hadron decays are considered excellent probes of new semileptonic four-
fermion interactions of microscopic origin. However, the same interactions also correct the
high-mass Drell-Yan tails. In this work, we revisit the first statement in the context of
this complementarity and chart the space of short-distance new physics that could show
up in rare b decays. We analyze the latest b — ¢f™¢~ measurements, where ¢ = d or s
and ¢ = e or p, including the most recent LHCb R (., update, together with the latest
charged and neutral current high-mass Drell-Yan data, pp — fv and pp — ¢7¢~. We imple-
ment a sophisticated interpretation pipeline within the flavio framework, allowing us to
investigate the multidimensional SMEFT parameter space thoroughly and efficiently. To
showcase the new functionalities of flavio, we construct several explicit models featuring
either a Z’ or a leptoquark, which can explain the tension in b — su* ™~ angular distribu-
tions and branching fractions while predicting lepton flavor universality (LFU) ratios to be
SM-like, Ry ) ~ R%\(/I*), as indicated by the recent data. Those models are then confronted
against the global likelihood, including the high-mass Drell-Yan, either finding tensions or
compatibility.
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1 Introduction

Rare b hadron decays to light leptons, with underlying quark level transition b — g¢*¢~
where ¢ = d, s and ¢ = e, u, are generated at the one loop in the Standard Model (SM)
and further suppressed by the small quark mixing parameters. They serve as excellent
tests of the theory, both QCD and electroweak, and are also considered sensitive probes of
new physics (NP). These decays could, for example, be generated by tree-level exchanges
of leptoquarks [1], which contribute to four-quark and four-lepton transitions only at the
one-loop level. Therefore, it is quite possible for leptoquarks to uncover themselves first
in rare b decays while avoiding neutral meson mixing and charged lepton flavor violation.
Other hypothetical tree-level mediators of b — ¢¢/™¢~ transitions include colorless vectors
or scalars. In addition, various NP scenarios contribute at the one-loop level, which could
also leave a sizeable effect.

Thanks to the LHCb experiment, the knowledge of rare b decays has significantly ad-
vanced in the last decade, and more progress is expected in the future [2-4]. Interestingly,
some puzzling discrepancies between the theory and the experiment emerged in b — suu
decays [5—13]. The case looks interesting and requires further scrutiny, however, it is still
premature to declare NP. The latest LHCDb update [14, 15] on the lepton flavor universality
(LFU) ratios is in agreement with the SM prediction, while the optimized angular observ-
ables and branching ratios in b — suu decays are in tension. The SM theory prediction for
the latter has been under debate, see e.g. [16-22]. It is, however, unclear how the strong
dynamics could explain the full effect, see e.g. [23]. More theoretical and experimental
work will help resolve the puzzle. While LHCb will continue to play the leading role on the
experimental side, also Belle IT has promising prospects [24] and will deliver indispensable
new results in the future.

The theoretical framework for interpreting rare b decays is the weak effective theory
(WET) [25]: the low-energy limit of the SM effective field theory (SMEFT) [26] below the
electroweak scale. The SMEFT, on the other hand, is the low-energy limit of a general
microscopic new physics with the linear realization of the electroweak symmetry breaking.
Data support this framework, in particular, by the absence of new physics in the direct
searches suggesting the mass gap and the measurements of the Higgs boson properties,
which agree with the SM to O(10%) level. The SMEFT Lagrangian is organized as a power
series in the inverted NP scale. The leading baryon number conserving NP corrections arise
at the mass dimension 6, and there are 2499 (59) independent operators for three families
(single family) of SM fermions [27]. The vast number of independent theory parameters,
another facet of the flavor problem, introduces complexity in the data interpretation. The
organizing principle is found in flavor symmetries and breaking patterns which helps to
reduce the number of relevant parameters by charting the space of theories beyond the
SM into the universality classes [28, 29]. Nevertheless, the multidimensional space of the
SMEFT Wilson coefficients (WC) requires a global approach in which flavor data plays a
key role.

Rare b decays are crucial to probe many directions in the SMEFT parameter space.
Given the vast number of observables and theory parameters, model-independent data



interpretation is a complex problem. The predictions of physical observables starting from
a set of WC in the SMEFT evaluated at the high-energy scale (where an NP model is
matched onto the SMEFT) is done in non-trivial steps: evolution of the WC down to
the b hadron scale through the procedure of running [30-35] and matching [36, 37|, and
the evaluation of the hadronic matrix elements. The construction of the global likelihood
requires a proper treatment of the available data, including systematic uncertainties and
correlations. Efficient numerical tools and algorithms are needed to carry out the entire
program. The EFT interpretation of rare b decays has been one of the central goals of the
flavio package [38]. Global fits of b — s¢T¢~ is a mature subject [23, 39-42] with flavio
playing a prominent role [43, 44]. However, a detailed EFT interpretation of b — d¢* ¢~
decays has received very little attention so far, with the notable exception of ref. [45]
focusing on muons. In section 2, we review the inner workings of flavio and extend the
package by including i) b — d¢T¢~ data and ii) the latest measurements of b — s¢T¢~.
As a result, we present the very first EFT study of b — dete™ and compare those to the
study of b — du*p~. In passing, we also update the b — s¢*¢~ fit of particular WET
scenarios following the latest release of the LHCb R (., measurements [14] and the CMS
B?s) — uTp~ measurements [46].

A microscopic new physics, whose infrared (IR) effects are captured by the SMEFT,
typically also gives correlations in complementary particle physics processes. For example,
a four-fermion semileptonic operator in the SMEFT contributing to b — ¢fT¢~ decays,
will, by crossing symmetry, also contribute to pp — ¢*£~ [47] due to the presence of heavy
flavor parton density functions inside a high-energy proton. In such scenarios, rare b decays
are most directly correlated with the high-mass Drell-Yan tails. The effect in the tails will
be enhanced at high energies; the scattering amplitude ratio Agpr/Asm o< E2/A?, where
E is the relevant energy scale in the tails, and A is the NP mass scale. Depending on the
quark flavor structure, there could also be additional partonic level channels (besides bg —
(T4~ +h.c.) which could further enhance the signal. The high-mass Drell-Yan production
in pp collisions has been exquisitely measured at ATLAS and CMS experiments [48-51].
These measurements will significantly improve moving forward toward the high-luminosity
phase. The Drell-Yan production in the tails is a well-known probe of the SMEFT effects.
The complementarity between low-energy flavor physics and the high-mass Drell-Yan tails
has been a flourishing research direction [47, 52-70]. The central theme of this work is
to systematically explore the interplay of rare b decays versus the high-mass Drell-Yan
production. With this global approach, we want to chart the space of possible short-
distance NP that could show up in rare b decays.

Similarly to the rare b decays, interpreting the inclusive high-mass Drell-Yan data
in the SMEFT is challenging. In section 3, we implement a new module in flavio for
predicting the neutral and charged currents Drell-Yan in the SMEFT for all dimension-6
four-fermion interactions at the tree level. We include the most relevant recent ATLAS
and CMS Drell-Yan measurements and construct their likelihoods. The technical details
and the validation procedure are described in appendix A. The most challenging aspect of
this work was optimizing the pipeline to allow for an efficient multidimensional scan of the
SMEFT parameter space while keeping the theory predictions precise enough. The critical



question concerns the validity of the EFT interpretation in the high-mass tails, to which
we devote section 4. The new flavio functionalities presented in this work are valuable
additions to the toolbox of theoretical interpretation of the global data in the SMEFT.
This will facilitate testing arbitrary short-distance NP models against the experiment.

With such a tool in hand, we are in a position to thoroughly explore the SMEFT
parameter space with rare b decays and high-mass Drell-Yan data, see section 5. We
consider an exhaustive set of operators and various flavor structures to identify interesting
phenomenological cases that could occur in the presence of heavy new physics. We start
by considering minimalistic flavor scenarios where only a single entry is present in the
flavor matrix and directly compare the bounds from the two complementary data sets. We
also consider more realistic flavor structures, such as minimal flavor violation (MFV), and
identify the interplay and exciting correlations. These SMEFT studies allow us to draw
general lessons about classes of NP models.

Finally, to be concrete and exemplify the usage of our toolbox and the application
of our SMEFT results, we construct several explicit model examples in section 6. Our
model-building exercise is guided by the current trends in b — ¢fT¢~ data, with tensions
reported in b — su™pu~ decay observables while the LFU ratios are observed to be SM-like.
We consider both types of tree-level mediators, Z’ and leptoquarks, and for each case, we
distinguish the quark flavor couplings that control the production of the high-mass Drell-
Yan. All models predict LFU, which, for leptoquarks, requires clever use of the global
flavor symmetries. The models are matched to the SMEFT and then confronted against
the global data using the flavio framework, either finding tensions or compatibility. For
those models which can reconcile with the observation, the preferred parameter space is
identified for future study. We conclude in section 7.

2 Rare b hadron decays in flavio

In this section, we discuss the implementation of rare b hadron decays in the flavio
framework (section 2.1) and extract limits on the weak effective theory coefficients for
b — s transitions (section 2.2) and b — d transitions (section 2.3).

2.1 b — gff in flavio

Flavio is an open source python package striving to significantly simplify phenomenolog-
ical analyses in the Standard Model and beyond. It is built in a modular way: firstly,
there is a part dedicated to implementing various flavor and other precision observables,
allowing for their predictions both in the SM and in dimension 6 EFTs — the WET below
and the SMEFT above the electroweak scale. Secondly, it contains an extensive database of
experimental measurements of the implemented observables, which allows for comparisons
of the theoretical predictions to the data. Lastly, it contains a statistics submodule that
defines many non-trivial probability distribution functions and allows the construction of
complex likelihoods, which can take both theoretical and experimental uncertainties into
consideration, in general with correlations and non-Gaussianities.



In this work, at low energies, we focus on leptonic and semileptonic B-meson decays
with the underlying b — ¢f¢ transitions with ¢ = d,s and ¢ = e, u. In general, these can
be classified according to the final state as B — ¢/, B — P¢¢ and B — V/{{ decays, with
B denoting any charged/neutral B meson and P(V') denoting a pseudoscalar (vector) final
state meson. Observables belonging to each of these classes are implemented in a general
way in the flavio.physics.bdecays submodule, from (differential) branching ratios, to
various CP-violating and angular observables. The short-distance contributions to each
observable include the SM contributions, as well as the model-independent contributions
in the WET at the scale of p = 4.8 GeV, with the weak effective Hamiltonian defined as

AGp €? % 1 bqll ~bqll bl ~bqtl
%eﬁ:HEf“fkﬁlw SN S Vet ort + o) +hee.. (2.1)
q=s,d {=e,1 i=9,10,S,P

The semileptonic operators of interest are defined as

0" = (g Prb)(i4"0) 0y " = (g7, Prb)(I7"0) (2:2)
O = (@ PLb)((y"y51) | O = (G Prb) Iy y51) . (2:3)
0% = my(gPrb)(01) 089 = my(gPLb)(EF) (2.4)
O%M™ = my(qPrb) (Iyst) , OB = 1y (GPLb) (Eys0) . (2.5)

The contributions of the four-quark operators Op2 and penguin operators Oz g are ab-
sorbed in the usual way into the effective coefficients 07 s.0(q 2). We assume they do not
receive NP contributions and are hence part of ’Heﬁ . Furthermore, we do not consider
NP in the dipole operators O7g. As for the non-perturbative quantities, the meson decay
constants and the form factor fit parameters are defined in the flavio database of theory
parameters. In contrast, the functional forms of the various form factor parameterizations
are defined in the same sub-module as the predictions themselves.

Next, we summarise the b — ¢¢¢ observables of interest in this analysis. The b —
spu sector contains by far the most experimental and theoretical activity in recent years,
fostered by the so-called B-anomalies in various branching ratios of B — K™ puu, By —
opp, Ay — App and Bs — pp, as well as in angular observables such as Pf, and the LEU
ratios Ry« (recently resolved in [14, 15]). In b — see there are only a few measurements
available: the upper limit on branching ratio of the leptonic decay By — ee by LHCD [71],
the inclusive differential branching ratio measurement of B — Xgee by BaBar [72] and
measurement of B — K*ee at very low ¢> by LHCb [73]. The last one is particularly
sensitive to effects of the dipole operator O7 and we do not consider it further. In b — dup
there are upper limits on the branching ratio of B® — uu reported by LHCb [8, 9], CMS [46]
and ATLAS [74], as well as the LHCb measurements of the differential branching ratio of
Bt — 7 pup [75] and a total branching ratio of By — K*Cuu [76]. In b — dee there are
only two measurements available: the upper limit on B® — ee by LHCb [71] and the upper
limit on B — mee by Belle [77].

Among the measurements reported above, only a few were missing in flavio, namely,
we added the measurements of B — muu (in the bins of ¢% = [2,4], [4,6],[15,22] GeV?),



By, — K*%uu and B — mee. As for theoretical predictions of these observables, they were
straightforward to implement thanks to the aforementioned general implementation of the
B — P,V decays in flavio. Moreover, we implement the latest available B — 7 form
factors from ref. [78] where a combined fit to LCSR and lattice data was performed. We
follow closely ref. [45] for the treatment of resonant regions in By — K**uu, which adds
an additional source of theoretical uncertainty at the level of 8% (see appendix of ref. [45]
for details).

As for model-independent analyses, b — suu and b — see have been analyzed in great
detail [43, 79-83]. The b — dup sector has been recently analyzed in a model-independent
way in ref. [45] and we have been able to reproduce their bounds on various Cf 4 These
types of analyses can be done efficiently with flavio — we will demonstrate this firstly by
presenting an updated global analysis of b — spu in light of the new Ry (.) measurement
by LHCb [14, 15] and secondly by studying b — dee transitions, commenting on similarities
and differences with respect to b — dup transitions. In all cases, we consider only real
Wilson coefficients, see e.g. [43, 84-89] for discussions on CP violating effects.

2.2 Model-independent bounds from b — sff

Rare B decays based on the b — s/ transitions have received a lot of attention over the past
years because in these decays a sizeable number of experimental measurements have shown
deviations from the SM predictions. In particular, LHCb has found discrepancies in several
observables that contain only muons in the final state, namely in branching fractions of
B — Kuu, B — K*up, and Bs — ¢up [10-13] as well as in angular observables of
B — K*up [5, 6] and Bs — ¢up [90]. In addition to these so-called b — sup anomalies,
also ratios of branching fractions with different leptons in the final states previously showed
tensions with SM predictions in the p/e LFU observables

BR(B — Kutu™)
BR(B — Kete™)

BR(B = K*utu™)

Ry = .
K BR(B — K*ete™)

and Ry~ =

(2.6)

Interestingly, both the b — suu anomalies and the hints for /e LFU violation could be
consistently explained by new physics contributions to a linear combination of the Wilson
coefficients C2™* and CP5** (cf. eqs. (2.2) and (2.3)) as shown in global fits performed by
several groups [23, 39-43].

Recently, LHCb has announced a combined analysis of Rx and Rk~ [14, 15], which
takes into account the full LHC Run II data and supersedes their previous results. They
report the values

0.090 0.029
01< <11 =094 o082 (stat) g oa7 (syst),
R+ = 0.927 10083 (stat) 0035 (syst), -
0.042 0.022 -
1.1<¢*<6.0: Ri = 0.949 t0-04;(5tat)i0.0§2(3y5t)7
Rycv = 1.027 T0163 (stat) £.036 (syst),

while also providing correlations between Rgx and Rg+, which we do not list here but
take into account in our analysis. These updated results are fully compatible with the
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Figure 1. Constraints on (C5*#, C5"") including the recently updated measurement of Ry by
LHCD [14, 15]. For details see section 2.2.

SM predictions and no longer provide evidence of a u/e universality violation. This raises
the question of whether the b — sup anomalies can still be consistently combined with
the stringent constraints on NP provided by the new Ry (.) measurement. To answer this
question, we perform global fits in the WET in several scenarios. Our analysis is based
on [43] and, in particular, considers its treatment of the NP dependence of the correlated
theory uncertainties.

Shown in figure 1 is the result of an updated fit in the two-dimensional scenario
(Chstr sy assuming no NP in the electron channel. Here we can observe a (slight)
tension between the best-fit regions preferred by the LFU ratios Ry (. (in blue) and the
b — suu observables (in orange). The fit to the branching fraction of the leptonic decay
Bs — pp (in yellow) is separately compatible with both Ry (») and the b — suu observables
and takes into account the recent measurement by CMS [46] as well as the results from
LHCb [8, 9] and ATLAS [74], see appendix C.

A large class of WET scenarios with a single non-zero WC are considered in appendix B.
Regarding 1D scenarios in table 6, the best performing case with NP only in muons is Cgs“ "

where the tension between the b — sup observables and the LFU ratios Ry« is =~ 20.

This slight tension can be resolved in the presence of LFU NP, which contributes
only to the b — suu observables but not to Ry (.). The best performing LFU 1D case is
Cgsez = O™ ~ —0.8 with 3.70 pull, cf. table 6. In principle, a shift in C§™: could be
mimicked by QCD effects. Whether such a large shift can be due to underestimated non-
local hadronic contributions is a matter of ongoing extensive discussions, see e.g. [23, 91].
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Figure 2. Constraints on two different WET scenarios including the recently updated measurement
of Ry -y by LHCb [14, 15]. For details see section 2.2.

Interesting 2D scenarios are:

o (CFv ACEH = —Cret*), where Co™# = C§™ + ACg™* and C§**¢ = C§™¥. This

scenario was previously found to be well suited to explain tensions between Ry (.) and
b — sup observables [44, 80]. Furthermore, it is motivated by the fact that Cy™iv-
can be generated through RGE effects in the WET [92], the SMEFT [44], and in
UV models [93].! The results of a fit in this scenario are shown in the left panel of
figure 2. The fit shows a clear preference for non-zero C§™V-, which can fully remove
the tension between Ry.(.) and the b — suu observables. For the “rare B decays”

global fit, the Gaussian approximation at the best-fit point is

CIniv- — (.64 +0.22,

. b (2.8)
ACY M — b — (.11 + 0.06,

with a correlation coefficient p = —0.33.

univ. _ univ. bspp bspp bsppt __ ~univ. bspup
(09. = —Ciy"", ACy ™ = —ACTy™"), where Cy " = Cghy" + ACy Ty
univ.
oo
find that a non-zero Cg™" = —CT""" can consistently explain the b — sy anomalies,

while the LFU violating purely muonic contribution to ACS*** = —ACTsH

and 5§ =

This scenario corresponds to NP coupling purely to left-handed SM fields. We

is com-
patible with zero at the one sigma level. It is worth noting that Bs; — uu preferred

INP could also generate b — scé transitions which then lead to C§T [94-96]. Moreover, Cy™:

could

be generated through RGE mixing of four-quark operators in the SMEFT [44] (e.g. from a leptophobic
Z"), which could potentially be probed by searches for a dijet tails/resonances [97]. Another option is to
generate large b — s77 transitions which through RGE also give C§t [44, 80, 92, 93]. The complementary

constraint at high-pr is a non-resonant deviation in the high-mass 77 tails [54].



parameter space is compatible with b — sup at 1o. For the “rare B decays” global
fit, the Gaussian approximation at the best-fit point is

Ogmiv: — _Cyiv- — .29 40.13,

\ ! (2.9)
ACHM — _ACTH = —0.08 £ 0.07,

with a correlation coefficient p = —0.54.

The (slight) tension between Ry (., and b — spupu observables and its resolution through
LFU NP is the motivation for discussing manifestly LFU models in section 6.

2.3 Model-independent bounds from b — df¢

In this subsection, we show selected bounds on the WET Wilson coefficients from mea-
surements of b — df¢ transitions, emphasizing the key differences between electron and
muon final states. We note that b — dup transitions have been discussed to great extent
in ref. [45].

Due to the limited number of experimental measurements available, the parameter

space of C(,)llz)dgep is only loosely constrained. The branching ratio of the purely leptonic

decay of BY — ee is sensitive to C}g’lgeﬁ via [98]
BR(B? — ee)

= |PJ? 2 2.1

where

P

ClsO + deee Ci%dee N Méo ( mp ) C;;Ddee _ C}Qdee

So M m (o),
M1280 2me \mp +my ClS(l)\/I

These decays are particularly sensitive to C’g%ee as their contributions lift the helicity

(2.11)

suppression that the SM contributions suffer from. As for the branching ratio of B — wee,

it is sensitive to NP in C’é %%dee through [99]

dBR (B — Tee) ‘thvtd’ 3/2 2
= o 23/ Fur (), 2.12
dq2 7—B 15367'['5mB (’I’)’L mqu ) B ((] ) ( )
with
2 off 1 2 bdee Ibdee 2 2my, eff | 2 2 2
Fpr(q°) = [(Cg" (q7) + Cg**“ + Cg"*“) f1(q7) + P C(a*) fr(q”) (2.13)

+[(C3fe?) + Ol + ol f @)

20ur models generate LFU b — s£T£~ transitions at the tree level at the UV matching scale (in contrast
to models discussed in footnote 1). Omne could also imagine loop-level UV models with new scalars and
fermions running in the box diagram. Such models should also use the flavor symmetries to enforce LFU as
in section 6.3 for the tree-level leptoquark model. Loop-level models are more difficult to hide from direct
resonance searches at the LHC since the implied mass scale is lower.
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where fy, fr are the vector and tensor B — 7 form factors, A(m%, m2,q?) is the Killén
function [100], and 7p is the B meson mean lifetime. We omit the dependence on C’él)bdee
as we do not consider it in the following.

In the first column of figure 3 we show the constraints from measurements of B — mwee
and B — ee in three NP scenarios: assuming NP in (C§d°¢, Cb4e¢) (first row), assuming
NP in (C8ec, C%ec) (second row), and assuming a right-handed NP scenario of (C§d¢¢ =
Chdee Cbdee — (fbdee) (third row). As expected, B — mee plays an important role in
constraining Cg and C1g, whereas B? — ee is very sensitive to Cg. Let us point out here
the flat direction in the last considered scenario. It can be understood by considering
eq. (2.13) — inserting the scenario into the equation results in Fpr(q?) ~ [(C§T(¢?) +
SOV f+ ()2 +(C$E(q?) + 6C) f1(¢%)|?> where §Cy = C§%¢ + CfP4e¢ and where we omit the
C7 dependence. Clearly, the branching ratio is independent of the direction orthogonal
to dCy, hence the flat direction. In section 5, we will return to the feasibility of closing
such flat directions in the context of SMEFT, where correlating with other measurements
is possible.

For comparison purposes, we show in the second column of figure 3 the bounds for the
same WC combinations as in the first column, but now assuming NP in b — duu. Notice
that all the considered WC, namely Cy, C1p and Cg, are better constrained for muonic
final states, thanks to both BR(B® — pu) and BR(B — muu) being significantly better
measured compared to their electron counterparts. Moreover, in the right-handed scenario
of (Gt — cbdme cibdu — b1y (third row), the aforementioned flat direction can still
be seen in the constraint from B — 7, but it is now closed, firstly from B — iy, which in
the muonic case can provide useful information on C'y even with the accompanying helicity
suppression, but secondly and more importantly from the measurement of By — K*Oppu.
Thanks to the vector meson in the final state, the dependence of this branching ratio on the
various WC is rich in structure (see ref. [45] for explicit expressions), and the dependence is
such that the flat direction does not appear. A future measurement of a B — Vee process,
such as By — K*Yee, would play a crucial role in constraining flat directions such as the
one shown on the bottom left plot of figure 3.

3 Implementation of the high-mass Drell-Yan in flavio

In section 2 we have summarized and showcased the ability of flavio to do phenomeno-
logical analyses in an EFT at the scale of a particular process, e.g. in the WET at the scale
of the B meson decays, up = 4.8 GeV. However, flavio is interfaced with wilson [101],
a python package that takes care of running and matching Wilson coefficients below and
above the electroweak scale. Below the electroweak scale flavio operates within the WET
(integrating out particular quark flavors as the scale decreases), whereas above the elec-
troweak scale it operates in the SMEFT, for which we use the Warsaw basis [27]. In
this paper, we use the following definition of the SMEFT effective Lagrangian at mass
dimension 6, .

Lo =Lsm+ ) %Qﬂr > (%QW%QI) ; (3.1)

Qi=Q} Qi#Q]
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which differs slightly from the one defined internally in flavio as our C; are dimensionless.
Thanks to the running and matching procedures, it is straightforward to do phenomenologi-
cal analyses in flavio with WC defined at arbitrarily high energies. As we will demonstrate
in the following sections, one can constrain various SMEFT Cj; from low-energy processes,
e.g. B meson decays.

It has been demonstrated several times in the literature that high-mass Drell-Yan tails
can act as powerful probes of NP effects at scales of O(TeV), for selected examples see
refs. [47, 58, 62, 67, 102]. In this section, we present the flavio implementation of both
theoretical predictions in the SMEFT as well as the latest experimental measurement of
high-mass Drell-Yan tails by CMS and ATLAS, both in neutral-current (NC: pp — ¢¢) and
charged-current (CC: pp — fv) processes. Incorporating these datasets into the flavio
framework, together with aforementioned flavio functionalities, enables examining the in-
terplay between low- and high-energy processes within the parameter space of the SMEFT.
For example, one can directly compare the limits on the high-energy Wilson coefficients
obtained from the Drell-Yan tails to those from B meson decays (section 5) or exploit
correlations when specific flavor symmetry and UV dynamics are assumed (section 6).

Our high-mass Drell-Yan flavio implementation includes the effects of semileptonic
dimension-6 contact interactions with arbitrary flavor structure listed in table 1. This is
the complete set of dimension-6 operators in SMEFT contributing at tree level to gg — ¢/
with the leading energy scaling o §/A%, where V3 is the invariant mass of the lepton pair.
The effects of other dimension-6 operators contributing at the tree level are suppressed by
powers of v/ v/§ in comparison with operators in table 1. This additional power counting is
possible thanks to the hierarchy between the relevant energy scale in the high-mass Drell-
Yan tails and the electroweak scale. The subleading operators include dipoles 12X ¢ and
Higgs-current operators 12¢?D. Both classes enter by modifying the couplings of weak
gauge bosons to fermions and are highly constrained from on-shell gauge boson processes.
Neither of these classes will be further discussed here.?

The rest of this section is organized as follows. We begin with a discussion of the imple-
mentation of NC and CC Drell-Yan theoretical predictions at leading order in new physics
effects, from parton-level to hadron-level cross-sections. Next, we discuss the inclusion
of data from the latest experimental searches, define the experimental likelihood, includ-
ing systematic uncertainties, and provide justification for implementing the predictions of
cross-sections at leading order as an efficient approximation for scanning the SMEFT pa-
rameter space. The implementations discussed in this section can be found in the flavio
sub-module physics.dileptons.

3.1 Predictions for semileptonic contact interactions

We begin by defining the effective Lagrangians for NC and CC Drell-Yan processes, in
the mass basis of the fermions and separating the contributions from operators of different

3The dipole operators enter the high-mass tails at the next-to-leading order in energy scaling oc vv/5/A>.
Indeed, the limits extracted in ref. [67] (figure 4.2) are relatively weak, questioning the validity of the EFT
interpretation in perturbative UV completions (for the dipole operators, those start at the one-loop level).
See section 4 for more details on the validity of the EFT approach in the high-mass tails.
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Ql(;) (l_p'Yulr)((js’Vth)
Qi | (orpo'l) (@ o' )
Qu (l_p'Y,ulr) ( _s’Y”Ut)

Ly Yulr ) (dsy¥dy)

Qud (Lpyplr
(

Qqe QpVudr)(€syter)
Qeu (Epyuer)(usyur)
Qed (7p'7u€r)((js’)/udt)
Qledq (Ler)(dsqiz)
Qg | Ber)esn(@iue)

Ql(i;u (Z]J;Uyuer)Ejk(c]fa“”ut)

Table 1. Semileptonic four-fermion SMEFT operators at dimension 6 with AB = 0. The flavor
indices p, r, s, t are suppressed on the left-hand side, o are Pauli matrices and ¢ is the totally anti-
symmetric tensor in the SU(2)y, space.

Lorentz structures:

(SXY (VXY
LneD Y. Y Aékl e Px ejl[qr Py qi] + Aékl & vuPx ejl[ax v Py a
X,Y=L,R q=u,d
Xy (3.2)
+ e/q\gkl [€i o Px €j][ar o™ Py qi] | +h.c.,
and
SLX VLX
evud; ikl r— _ evudiikl r— _
[:CC D Z <A2]M[€z PL Vj][uk PX dl] + ij[ez ’)/NPL I/j] [uk ’y“PX dl]
X=L,R
TLx (3.3)
v dz — —
—l—%[ei O'W,PL uj}[uk U’uVPX dl]> + h.c..
The sum over all flavor indices is implicitly assumed, while Pgj = (1 £ v5) are the

chirality projectors. The contributions of dimension-6 SMEFT operators from table 1 can
be matched onto these Lagrangians. In table 2 we give the coefficients ¢ in the Warsaw
basis with up-alignment, in which the left-handed quark doublet reads ¢ = (ur, Vdr)"
where uy, and dy, are the mass eigenstates and V is the CKM mixing matrix. Neutrinos
are assumed to be massless and the PMNS mixing is a unit matrix. The up-aligned basis
was chosen here for easier validation against MadGraph simulations (see appendix A). Note,
however, that the phenomenological studies in flavio can be done on either the up- or
down-aligned basis, with automatic translation between the two taken care of by wilson.
The studies presented later in this paper will be performed using the down-aligned basis.

Partonic cross-sections. The polarized scattering amplitudes corresponding to the neu-
tral current process ¢* ¢/ — &’ e’ and charged current process @* d' — 7 e’ can be written
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Coefficient | Matching Coefficient Matching
ffL CreagV VLL Cl(ql) _ C«l(q3)
ot ~Clogu cea ™ Clu
ng/LuLd ClTedq Zu}szl quklij
CeSVLu@ Cl(elq)zv ey itk Ceu
6TuRR B l(jq)u ;/dLL al (Cl(ql) + Cl(q3)) v
Covua CromV ced " Cla
c}z/diil V’n):,k' qumm‘j Vi
cVRR CLy
cVLL 2 Cl(qg) 1%

Table 2. The matching of the dimension 6 SMEFT operators defined in table 1 onto the effective
Lagrangians defined in egs. (3.2) and (3.3) in the up-diagonal mass basis for scalar and tensor oper-
ators (left) and vector operators (right). We suppress the flavor indices when it is straightforward
to recover them, multiplication by the CKM matrix V is blind to the lepton flavor indices, and
Oz'Tjkl = O;ilk'

as
Ag)lgly(q ¢ —é&e)=ile;TPxej][q Py q] N, fg%(@)
Xy ! Xy (3-4)
A (@ d' — 7 ') = i[e; T Px vj][ue T Py di]Clipy" (8),

where ¢ = u or d. The Lorentz structure is given by I' = S, V,T = 1,v,,0.,, and X,Y
denote the chirality. We define the form factors N and C by taking into account the SM
contributions as well as the contributions from effective Lagrangians defined in eqs. (3.2)
and (3.3) as

rxXy
Nrf%((@) — (2 Qqu 4 9797 5l gklgVT cengkz ’
9t 3 §—mZ +imzly A
p y rxy (3.5)
Oorxy _9 Kl §ii gLX gLY VT CVUGijRL
L ( ) 25— m%,v + imw 'y * A2

Here 8 = (p, + pg)® = (pe + pe)? is the partonic center-of-mass energy. Regarding the SM
parts, in the photon contribution, we have Q. = —1, @, = 2/3, Q4 = —1/3, whereas the
couplings with the Z boson are ng = g (TJ?X/2 — s2,Qy) and e = gsy. Here sy and
cw are the sine and cosine of the weak mixing angle, g is the weak coupling constant and

T}?X is the weak isospin of the fermion fx, and Vj; are the elements of the CKM matrix
entering in the W boson contribution to the CC process. With mz - and I'z i we denote
the mass and width of the massive gauge bosons. The SM gauge couplings are evaluated
at the scale of 1 TeV.

With the amplitudes defined in eq. (3.4) we can compute the unpolarized partonic
differential cross-section for either an NC or CC process, still with free flavor indices ijkl,
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as

déot: / ' :
Fen= 3 S meRe R e][FEe. e

II"=S,V.T X,Y=L,R

where f = (p; —pe)?, the functions f;}l;(& t) arise from the Dirac trace, and F = Ny, Ny, C
is a particular form factor. Assuming all initial and final state particles are massless

22

B0 = fIRG.D = ARG = FRRGD = T

1 (5.4) = VV(@@=<§+®2,

I (3,0) = frp (3,8) =,
};Z (6,0) = [IE(3,8) = 4(3 + 262, (37)
11 (5,0 = fri(3,0) =0,
Ef(é t) = Ef—é(é t) = —5(3+210),

ST(5,0) = k(5,0 =0.

We note that only the scalar-tensor interference term is present at the differential level and
no other Lorentz structures interfere with each other.

Integrating the differential cross-section given in eq. (3.6) over the whole range of #
results in a total cross-section as a function of the partonic center-of-mass energy

0

Ghw(3)= [ di (3 £). (3.8)
In the case of NC Drell-Yan processes (F' = Ny, Ng), § can be accessed in measurements
through the invariant mass of the dilepton pair mg = v/3. Moreover, integrating over
{ results in zero contribution of the scalar-tensor interference to the total partonic and
hadronic cross-section.

However, in the case of CC Drell-Yan processes, § is difficult to access experimen-
tally. Instead, the measurements are reported as differential distributions in transverse
momentum pr of the charged lepton, or in transverse mass,

mr = \/20lpis (1 — cos(Ad(F, F))) . (3.9)

Note that theoretically, they are equivalent with mp = 2pp. In this case, we can perform
a partial integration of eq. (3.6), fully over the z direction, but keeping the differential in
the transverse direction. This results in the differential cross-section for CC Drell-Yan in
terms of the transverse mass

dgzy kl

me

ZZ%W ﬁ W6 me) [C5Y ()] [ ()], (3.10)

rrx)y
with [R5 (8,8 (mr)) = RV (8, —5(8 + /33 = m7))) + fRV (8, —3(8 — /3(3 — m7))). We

note that the scalar-tensor interference again does not contribute to the differential cross-
section due to f{% (8,5 (mr)) = 0.
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Figure 4. Parton luminosity functions using the NNPDF40_nnlo_as_0118 PDF set for selected
quark pairs. See section 3.1 for details.

Hadronic cross-sections. A differential hadronic cross-section is obtained by convolut-
ing a partonic cross-section with parton luminosity functions

1

Canlrone) = [ folesup) fur/ 2, ), (3.11)

T

where f, are parton distribution functions (PDFs) and pp is the factorisation scale. We
extended the functionality of flavio by interfacing it with the parton package, taking
care of downloading and interpolating a chosen PDF set so that it is ready for efficient use.
In this paper, we show results using the NNPDF40_nnlo_as_0118 PDF set [103], but it is
straightforward to change to a different PDF set.

Figure 4 shows a set of representative parton luminosity functions. The factorization
scale for the PDFs is set to the center of the bin over which the integral is performed. By
default the central PDF is used, however, we also made it straightforward to change to
another PDF replica in order to study the uncertainties associated with PDFs. The relative
uncertainty bands are shown in the bottom panel for various flavors. The uncertainties are
most significant for the strange and charm quarks and explode for my = 5 TeV. Luckily,
the most sensitive bins are around 2TeV, where the PDF knowledge is still adequate.*
More discussion on this point will follow at the end of section 4.

The differential cross section for the NC Drell-Yan process pp — ¢T £~ can then be
written as

do(pp — €; Ej

) °. 2my mj N,
= Z Z 2 s Lt “.ur Uijl(iz(m%e) (3.12)

dm g=u.d k=1 s

where s is the hadronic center-of-mass energy. The first factor of 2 is a symmetry factor
due to the exchange of protons.

4The Drell-Yan data from the LHC is used in global PDF fits. In principle, the correct procedure is to
perform simultaneous fits of both the PDFs and the EFT parameters. However, as shown in ref. [104], this
approach might become necessary only at the HL-LHC, where the data will be much more precise. For the
time being, it is a good approximation to use the SM determination of PDFs in the EFT fits.
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For the CC Drell-Yan process pp — fv, the partonic cross-sections for the two charge-
conjugated processes are equal, but when calculating the hadronic cross-section, they are
convoluted with different parton luminosities. In particular,

do(pp — 4; V) :/1 i d*o(pp — 4 v)

dmr m2./s drdmr
1 3 dsC,, (3.13)
= dr 2L 7.k (T8, I (rs,mr),
25 j’;lzl ik didiuk (TS; 1LF) dmy ( T)
where
Likaiy ke (78, 1F) = Lara (T8, 10F) + Laye (T8, 1F) - (3.14)

In this case, we also sum over the neutrino flavors in the final state as they cannot be
determined experimentally.

Ultimately both the NC and CC hadronic differential cross-sections are numerically
integrated in a particular myg or mp bin. In the case of NC Drell-Yan, see eq. (3.12), this
amounts to an evaluation of a single numerical integral

mmax d
Uggz/ U dmg———. (3.15)
migin dmye

As the luminosity functions are pre-computed and interpolated over 7, and the partonic
cross-section is analytically integrated, see eq. (3.8). However, in the case of CC Drell-Yan,
see eq. (3.13), there is an additional non-trivial integration over the 7 variable

max
mma

1 2
co T / d°o
oy = dm dr . 3.16
bin /mmi“ T m%/s de”lT ( )

T

In an effort to decrease the computational complexity, we perform the following non-trivial
change of variables, ultimately reducing also the CC Drell-Yan predictions to a single

2
numerical integration. First, we substitute v = %, and get
Umax 1 dQO'
CcC
= du / dr ——(1,u). 3.17
Ubln anin w T deu (T7 ) ( )

In this expression, we always have 0 < upmin < © < Umax < 1 and can therefore split the
integral over 7 as follows

Umax Umax

Umax d
ot = du/u dTﬁ(T, u) +

Umin

1 do
—_— . 1
du /u dr g (n) (3.18)

Umin

In the second term, we can now simply exchange the u and 7 integrals since all integration
boundaries are constants. The first term, on the other hand, corresponds to integration
over a triangular area, for which we can use that

max max

u Umax u T
/ du/ dr :/ dT/ du . (3.19)
Umin u Umin Umin
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Since the parton luminosities only depend on 7, we can move them outside the u integral

cC Umax 3 T da_?kl
Opin (PP — Liv) = / dr > 2Lgkg gk (TS,MF)/ dUT;(TS,u)
Umin k=1 Umin
! (3.20)
+ dr Z 2Lk gt 4 Gk (TS,MF)/ du 7 (Ts,u),
Umax gkl=1 Umin u
where .
A5

/s dé%m
_ — . 3.21
T (Ts,u) = 0 dm (1s,mp = \/us) ( )
Let us now define

b deC
6gkl(78;a, b) = 6gkl(75;b) — &%kl(Ts;a) = / du del (Ts,u), (3.22)

which can now be evaluated analytically. After doing so, there is only a single integration
over 7 left to be done numerically, and we arrive at the final expression

1 3
e Gkl=1 (3.23)

~C . ~C .
X (@(7‘ — Umax) Gjigl (TS,’LLmaX> — Gk (Ts,umin>> ,

where © is the Heaviside step function. The analytical simplification from eq. (3.16) to
eq. (3.23) greatly reduces the computational resources needed for numerical integration.

To summarise, the predictions of both the NC and CC Drell-Yan hadronic cross sections
at LO can be efficiently evaluated in £lavio in a particular my, or m7r bin, effectively boiling
down to a single 1D numerical integration, taking into account both the SM contributions
as well as the contributions from dimension-6 SMEFT operators from table 2.

3.2 Measurements and Likelihoods

In order to contrast the NP predictions with experiments, we implement data from four
recent experimental searches, corresponding to ~ 140 fb~!, into the database of measure-
ments in flavio. These are CMS [49] and ATLAS [48] searches in the high-mass dilepton
final states, and CMS [51] and ATLAS [50] searches in charged lepton and missing trans-
verse momentum final states. We summarise the information about quantities extracted
from the available measurements in table 3 and in the following paragraphs.

Observed number of events. The CMS and ATLAS searches of the NC and CC Drell-
Yan processes report the observed number of events N, as binned distributions in the
dilepton invariant mass my, and transverse mass mry, respectively. Moreover, they report
results for the electron and muon channels separately. The events were subjected to a
standard set of pr, 1, and isolation cuts, see refs. for details. We extract the information
on Ngps either from HepData (if available) or by digitizing the figures provided in the search
publications (see table 3).
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Search  Ref. | Channel Luminosity Figure HepData  Digitized
— ee 139 b1 Aux.Figure 1la N_ps, N
ATLAS [48] bp & A* obs; {VSM
pp — pp 139fb~1 Aux.Figure 1b Npy
— ee 137 bt Figure 2 (left
oMs o) | PP g (left)
pp — pp 140fb~1 Figure 2 (right)
pp — ev 139 b1 Figure 1 (top) Nobs
ATLAS  [50] Nem Npy
pp — puv 139fb~1 Figure 1 (bottom) A
— ev 138 bt Figure 4 (left
oms s | PP igure 4 (left)
pp — pv  138fb71 Figure 4 (right)

Table 3. Summary information on the implemented searches. The asterisk indicates a special
treatment of systematic uncertainties. See the text for more details.

Expected number of events. All the searches provide state-of-the-art binned predic-
tions of the expected number of signal (Npy) events at NNLO order in QCD with NLO EW
corrections, and background (Npkg) events in the SM, including detector and cut effects.
The main sources of background are tt, tW, VV, 77 and jet misidentification. The total
number of expected events in each bin Ngv = Npy + Ny is reported with a combined
systematic uncertainty Ny £ A. The information on Ngy, Npy and A is extracted either
from HepData (if available) or digitized from figures in search publications (see table 3),
with Npye determined as Ny = Nsv — Npy. The ATLAS search in neutral currents
required special treatment, as the systematic uncertainty was not reported. We resorted to
extracting the relative systematic uncertainty from an older search by the same collabora-
tion, with 36 fb~! of data [105]. Under a reasonable assumption that the relative systematic
uncertainty did not significantly change with increasing luminosity, we used these numbers
to calculate the absolute uncertainty at the current luminosity. As a by-product, we leave
the older search implemented in the database of measurements, but in the following, we

report results only with the latest data.

Likelihood. Next, we discuss how to contrast the predictions implemented in flavio
with the available experimental data. We rely on the reported expected number of SM
binned events Nsy = Npy + Npie. In each bin, we then reweigh the expected number of
SM Drell-Yan events with the ratio of cross-sections, predicted using the implementation
discussed in the previous subsection, in the following way [47]

o oSMANP

SM
Obin

NANY = R Npy, (3.24)

where agil\r/l[ includes only the SM contributions, whereas UEMJFNP contains both SM and

the NP contributions under a certain NP hypothesis.” Notice that in the limit of NP —

5For muons and electrons the detector level mys and my variables are highly correlated with the cor-
responding truth level variables as illustrated in figure 2.1 of ref. [66] with the detector response matrix.
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0 we recover the state-of-the-art SM predictions for the expected number of DY events
provided by the experimental searches.® By considering a certain NP hypothesis, we are
only smoothly deforming the distribution of the expected number of DY events. Moreover,
in the R ratio, we expect the higher order corrections to the cross sections to factorize and
largely cancel. The detector and cut effects are expected to be sufficiently captured by
the approach. The validation of these assumptions is detailed in appendix A. Since the R
ratio does not contribute significantly to the systematic uncertainty, we assume that the
reported A remains unchanged for the newly calculated expected number of events under
a NP hypothesis Ny = NDN$ + Npkg-

With both the expected Nyt and observed Nyp,s number of events at hand, we construct
a likelihood by considering the number of events in each bin as an independent Poisson
variable. Moreover, we account for the systematic uncertainty discussed in the previous
paragraphs by convolving the Poisson distribution with the Normal distribution centered
at 0 with standard deviation A, so that the resulting likelihood is

T)Nobs e_(Ng\li“‘kag'i'T)
Nobs!

NP

POV N = [ dr TV R+ NO.A)F).  (325)
We show the effect of the convolution with the Normal distribution in figure 5 on two
illustrative examples. The left plot is assuming Nyps = 1000 and Ny = 500, whereas the
right plot is assuming Nop,s = 10 and Ny, = 10. In both cases, we show the likelihood of
having N3+ Drell-Yan events given the observed number of events and expected number
of background events, with various values of the uncertainty A. Notice that increasing
A results in smoothly broadening the Poisson likelihood, corresponding to our imperfect
knowledge of the expected number of events.

Finally, as experimental correlations between different bins are not reported, they
are assumed to be uncorrelated. The total likelihood is constructed as a product of
F(NSY | Nops) over all bins L = Iy, foin- The log-likelihood is then expected to follow
a chi-square distribution (in the Gaussian limit), x? = —21log(L). The best-fit point corre-
sponds to the global minimum of this function while the no confidence level (CL) region
satisfies x2 — x2;, < Ano. Explicitly, Ap 21 = {1,4} for one degree of freedom and
Aqi 210 = {2.3,6.18} for two degrees of freedom.

The likelihood was validated by comparing the bounds on Wilson coefficients reported
by the experimental collaborations in the references given in table 3 to the bounds derived
by our method. Despite a difference in the data treatment, different treatment of uncer-
tainties, and the overall difference in the statistical analysis, our bounds are in excellent
agreement with the experimental reports, with up to O(10%) agreement or better.

This, however, is not the case for taus for which the migration of the events across bins is more pronounced.
Thus, the approximation of the NP weights with the truth level R ratio might be questionable. Instead,
one should perform full-fledged simulations, see e.g. [54, 56, 62]. We urge experimental collaborations to
report unfolded distributions as those could be straightforwardly included in the flavio framework.

For recent precision calculations of high-mass Drell-Yan in the SM, see refs. [106-108]. The SM pre-
diction of the myg, spectrum in the TeV region is known to < 1% modulo PDF uncertainties, while the
statistical uncertainty in the tails is O(10%).
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Figure 5. Illustrative examples of the likelihood defined in eq. (3.25). See text for details.

Numerical efficiency. In order to be able to efficiently scan the multidimensional
SMEFT parameter space and at the same time to include hundreds of observables in
the likelihood, we use the numerical method of [43] to implement our likelihood function.
In particular, we make use of the fact that each observable is given in terms of amplitudes
that are linear functions of the NP Wilson coefficients. Consequently, we can express each
of the observables Oy as a function fi of n polynomials p; that is of second order in the
NP Wilson coefficients,

Ok:fk(ppra"'vpn)' (326)

These functions can be trivial, like in the case of cross sections and branching ratios that
are themselves second-order polynomials, i.e., fx(p1) = p1. But the function of a single
observable can also depend on several polynomials and might involve ratios and square
roots of polynomials. In any case, given the numerical values of the polynomials p;, the
observables can be computed very efficiently, while still keeping their full, potentially non-
polynomial dependence on the Wilson coefficients.

The problem of computing the observables O in a numerically efficient way thus
reduces the problem of efficiently computing the polynomials p;. Following [43], they are
written as the scalar vector product

a; 1
pi=pV=|b| |C|=a+b-C+&- D, (3.27)
& D

where C = (C1,Cs,...,Cy)7 is a vector containing the NP Wilson coefficients and D=
Vec(é ® 5) is a vector containing their products. The NP dependence only enters in the
vector ‘7, while the vectors p; are independent of the values of the Wilson coefficients.
Consequently, we can precompute the values of the p; and then the NP predictions can
be computed by evaluating the scalar vector product of the precomputed p; and the NP-
dependent V, which is efficiently performed using the NumPy [109] library. Since especially
the computationally expensive numerical integrations can be precomputed and stored in
P, the overall computation time for the theoretical predictions of the observables entering
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our likelihood is reduced by a factor of O(1073) compared to computing the predictions
without the precomputed p;.

To further improve the computational efficiency, as done in ref. [110], we separate the
observables into two classes: the first class consists of observables with negligible theory
uncertainties, whereas the second class consists of observables with sizable correlated theory
uncertainties, for which we precompute the theoretical covariance matrix including NP
effects, as described in more detail in ref. [43].

4 EFT validity and tree-level completions

When interpreting effective field theory likelihoods in terms of explicit models, one has to
be careful about the validity of the approach. As a rule of thumb, the EFT is valid when
MZp > ¢2, where |q| is the relevant scale of the process and Myp is the new physics mass
threshold. In this respect, the EFT analysis of b hadron decays has a more extensive range
of validity than the high-pr tails analysis. In this section, we discuss the correctness of the
EFT description in the high-mass Drell-Yan, identifying classes of perturbative ultraviolet
completions which admit the interpretation. We also discuss cases for which the Drell-Yan
study should be performed in the explicit model and exemplify how to do that with flavio.

Our first task is to identify the energy scale |g| = my+,- that provides the most
sensitive probe of the EFT effects in pp — £7¢~. To this purpose, we construct a jack-knife
likelihood for each bin defined by removing a given bin from the full expected likelihood,
see the supplemental material of ref. [56]. Extracting the expected 95% CL bound on a
coefficient C' based on the full (Cgy) and jack-knife (Cjack) likelihoods, we calculate the
quantity Rjack = Cjack/Crail- The bins with the higher Rjacx contribute more to the overall
bound and are, therefore, more sensitive.

In the left panel of figure 6 we plot Rj.qx for selected Wilson coefficients analyzing the
data from the CMS search in the pp — u™p~ channel [49]. Broadly speaking, the most
sensitive bins are found between 17TeV and 3TeV. However, the sensitivity depends on
the size and the type of new physics contribution. For example, in the case of [Ql(j)bgn,
where the interference term largely dominates over the NP squared term, the sensitivity
is shifted towards lower bins. On the other hand, the operator [Ql(;)]gzn receives partial
interference cancellation due to the opposite sign for up- and down-type quarks. Here, the
bound comes from an interplay of the interference and the NP squared term, which has
a sizable effect only at higher my,. Thus, the sensitivity is shifted towards higher bins.
Similarly, for operators that do not interfere with the SM when neglecting fermion masses
(e.8. [Qiedq)2211), or for operators where the SM channel is loop-suppressed (e.g. [Ql(ql)]gggg),

or in general when no valence quarks are involved (e.g. [Ql(;)]gggg), the bound is (mostly)
driven by the NP squared term and the most sensitive bins are between 2 TeV and 3 TeV.

When the sensitivity is dominated by the dimension-6 squared term, there is a potential
issue with the missing contributions in the EFT. The dimension-8 operator interference
with the SM diagram is of the same order in the EFT power counting as the dimension-6
squared contribution. However, the importance of those effects depends very much on the
partonic channel involved. For flavor-violating channels generated by operators in table 4,
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Figure 6. Sensitivity to selected Wilson coefficients from the invariant mass spectrum of pp —
wut ™ search [49]. The plot assumes negative real values of the Wilson coefficients in eq. (3.1). This
affects the sign of the interference with the SM which is, in this case, positive for up-type quarks.
Left panel: values of Rjack for five different Wilson coefficients. Right panel: the bound on the
effective NP scale A/,/|C| as a function of the upper cut on the invariant mass of the lepton pair
for a given Wilson coefficient. The shaded region can not be consistently achieved in a perturbative
UV model. See section 4 for details.

or chirality-flipping channels, such as those induced by [Qiedq)2211, the effect of dimension-8
operators interfering with the SM can be neglected since the SM part itself is negligible. The
worrisome cases are flavor-conserving operators with heavy quark flavors such as bb, where
the dimension-6 squared term dominates the bound and the SM contribution is tree-level.
The explicit model analyses have shown that even for such cases, there are valid model
interpretations with tree-level mediators and large(ish) couplings in comparison with the
electroweak gauge couplings. See ref. [67] for explicit examples with dimension-8 operators
included.

The above analysis can be improved by restricting the bins to be below some designated
cutoff and extracting the EFT coefficient as a function of the cutoff. In figure 6 (right),
we show the expected bounds on the effective NP scale A/+/]C] for the same benchmarks
as in the left plot, by increasingly including more and more bins in the likelihood (the
region below the curves is excluded). The plot assumes negative real values of the Wilson
coefficients in eq. (3.1). A different sensitivity for different cases can be understood in
terms of the interplay of the linear and quadratic dimension-6 contributions and (or) the
valence quark versus sea quark comparison. We observe that for all presented operators,
the bound saturates for mcy; between 1TeV and 3 TeV as expected, and the inclusion (or
exclusion) of bins at higher masses has a negligible effect on the bound.

Shown in gray in figure 6 (right) is the region which does not admit interpretation in
a weakly coupled model. As a crude estimate, the lightest tree-level mediator consistent
with the EFT assumption has a mass Myp ~ mcy and the largest coupling to SM quarks
and leptons consistent with the perturbativity limit gnp ~ V4w, implies |A%‘ < nj‘T’rt in a
perturbative model. The plot shows that for all operator examples there is an interpretation
in a perturbative tree-level model with |C| ~ 1. At the one-loop level, |C| ~ 1/1672, the
EFT bounds are useful for much fewer operators, typically those involving valence quarks.

- 29 —



10% 5 SM
Z/
EFT
+ ATLAS
101 4
Z
a
<]
>
LTJ 100 .
1071 4

108 2 x 10 3 % 103 4% 103
my,, [GeV]

Figure 7. Comparison between experimental data and theory prediction in the U(1)z_1 model
with mx = 6 TeV, gx = 0.765 both in the EFT and with a dynamical Z’ gauge bosons. The SM
prediction (in yellow) and data (black markers) are taken from ATLAS search [48] in pp — up
channel. Both the Z’ (red) and the EFT (blue) predictions are obtained by reweighing the SM
values as detailed in section 3.2.

The catalog of all tree-level mediators with spins 0, 1/2, or 1, which can be matched to
dimension-6 semileptonic four-fermion operators in the SMEFT can be found in refs. [67,
111]. These include scalar and vector leptoquarks, Z’ and W' bosons, and extra Higgs
bosons. The EFT approach approximates the ¢ (and u) channel resonances (leptoquarks)
better than the colorless mediators exhibiting a resonance enhancement. For resonances
with masses |q| 2 mx 2 vgw, the EFT analysis gives only qualitative bounds, while
the true limits are driven by the on-shell production. For an s-channel mediator, the
actual bounds are much more constraining due to the resonant enhancement, while for a
t-channel, the EFT analysis is a good approximation (slightly aggressive, see, e.g., figure 3
of ref. [56]). The interplay between the on-shell s-channel production and the off-shell
contribution to the tails depends on the mass of the resonance, as illustrated in figure 5 of
ref. [47]. For heavy enough resonances, the limits from the tails always dominate due to
the rapid kinematical suppression of the on-shell production.

To illustrate this, we consider an explicit model example which we will closely study
in section 6.1. The heavy mediator X, is a gauge boson of the U(1) g, symmetry. It is an
s-channel mediator, q¢ — X* — £/~ see eq. (6.1). The prediction for pp — £*£~ in the
full model can easily be recovered in flavio by introducing kinematics-dependent Wilson
coefficients. In the concrete example, one replaces the mass mx with the full propagator in
the matching expressions eqgs. (6.8) and (6.9), m% — m% — § —imx I'x, where § = mJ,
and I'x is the total decay width of X, given by eq. (6.6). The benchmark point used in
the following discussion, mx = 6TeV, gx = 0.765 and ¢;; = 0, predicts I'x /mx = 10%.
The search for an on-shell narrow resonance from ref. [49] (figure 6) is insensitive to this
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benchmark point. However, as we will see, this benchmark is in tension with the high-mass
Drell-Yan tails.”

Shown in figure 7 is the observed number of events (black markers with the error bars
representing the statistical uncertainty) together with the SM predictions (yellow bands)
taken from the ATLAS search [48] in the pp — pp channel. The Z’ and EFT predictions
were obtained by reweighing the SM expected number of events as detailed in section 3.2.
The EFT and the full model prediction agree very well up to ~ 2.5TeV, in the region
of the most sensitive bins. The exclusion of this benchmark in the EFT is driven by the
negative interference in the region of the spectrum, where the EFT and the full dynamical
model agree very well. Furthermore, above ~ 2.5TeV, the full Z’ model modifies the SM
prediction much more drastically compared to the EFT. Including the full propagation
effects would therefore only result in strengthening the bound.

5 Model-independent global fits and complementarity

With the well-established low-energy flavor phenomenology in flavio (discussed in sec-
tion 2), and the newly implemented high-mass Drell-Yan phenomenology (discussed in
section 3) at hand, we study in this section the interplay between the two in the context
of the SMEFT. We consider minimalistic flavor scenarios, where we only turn on certain
SMEFT Wilson coefficients of a chosen flavor (section 5.1), as well as a more realistic flavor
scenario (section 5.2), where we assume a particular flavor pattern in the SMEFT param-
eter space, namely Minimal Flavor Violation (MFV). All results are presented assuming
the down-diagonal quark mass basis.

5.1 Minimalistic flavor scenarios

We first study the semi-leptonic contact interactions from table 1 that can impact
(semi)leptonic rare B-decays at low energies one by one. These are Ql;’s),Qld,Qqe,Qed
and Qeqq- We fix their flavor indices so that at the scale A = 1 TeV we only activate those
that correspond to the bdlf¢ or bséf flavors with ¢ = e, u. We constrain each coefficient
separately from both NC and CC (if possible) high-mass Drell-Yan tails at the scale of
A =1 TeV, whereas we use wilson to run and match the chosen coefficient down to the
scale of = 4.8 GeV in order to constrain it also from various B-decays with the underlying
b — g/ transitions, with ¢ = d, s and ¢ = e, u. Due to the SU(2) gauge invariance, the
same coefficient might enter also processes with the underlying b — quv transition with
v = V,v,. We consider various B — Mwvv with M = K,m,p already implemented in
flavio, with the upper limits of their branching ratios measured by Belle [112]. We collect
the results in table 4, showing the 20 bounds on the chosen set of SMEFT Wilson coeffi-
cients, separately from NC and CC Drell-Yan, as well as b — ¢ff and b — qvv processes.
We summarise the main conclusions for each operator here:

"In passing, it is worth noting that the interpretation of the cross-section limits from the on-shell pro-
duction on the high-mass resonances is polluted by the significant PDF uncertainties; see figure 4. Instead,
the limits from the tails are more robust since those come from the lower energy bins where the PDFs are
under control.
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Drell-Yan tails B decays
Operator Flavor NC CC b— qlt b— quv
1113 | [-0.068, 0.068] - [-0.005, 0.002] [-0.035, 0.039]
oW 2213 | [-0.031, 0.032] - [-4.96, 0.78]x10=%  [-0.035, 0.039)
e 1123 | [-0.145, 0.152] - [-4.26, 0.98]x10~%  [-0.038, 0.017]
2223 | [-0.066, 0.071] - [7.71, 51.86]x1075  [-0.038, 0.017]
1113 | [-0.068, 0.068] [-0.017, 0.017] [-0.005, 0.002] [-0.037, 0.033]
0P 2213 | [-0.032, 0.031] [-0.029, 0.029] [-4.85, 0.7)x10~*  [-0.037, 0.033]
e 1123 | [-0.152, 0.145]  [-0.054, 0.051] | [-4.26, 0.98]x10~*  [-0.015, 0.035]
2223 | [-0.071, 0.066] [-0.089, 0.089] | [7.71, 51.86]x10=°  [-0.015, 0.035]
1113 | [-0.068, 0.068] - [-0.005, 0.002] [-0.038, 0.038]
O 2213 | [-0.032, 0.032] - [2.79, 2.43]x10~*  [-0.038, 0.038]
1123 | [-0.149, 0.149] - [-4.04, 1.09]x10=%  [-0.007, 0.023]
2223 | [-0.069, 0.069] - [1.68, 2.14]x10=*  [-0.007, 0.023]
1311 | [-0.068, 0.068] - [-0.003, 0.004] -
o 1322 | [-0.032, 0.032] - [-3.35, 7.56]x 104 -
qe 2311 | [-0.148, 0.149] - [-0.003, 0.001] -
2322 | [-0.068, 0.069] - [-2.39, 4.97]x 104 -
1113 | [-0.068, 0.068] - [-0.003, 0.004] -
0., 2213 | [-0.032, 0.032] - [-7.03, 3.76]x 1074 -
1123 | [-0.149, 0.149] - [-0.002, 0.002] -
2223 | [-0.069, 0.069) - [-4.05, 4.37)x 104 -
1113 | [-0.079, 0.079] - [1.19, 1.18]x 104 -
1131 | [-0.079, 0.079]  [-0.037, 0.037] | [-1.18, 1.18]x10~* -
2213 | [-0.037, 0.037] - [-3.48, 0.67]x 1075 -
Oy 2231 | [-0.037, 0.037] [-0.061, 0.061] | [-3.49, 0.68]x10~5 -
1123 | [-0.173, 0.173] - [1.78, 1.79]x10~4 -
1132 | [-0.173, 0.173]  [-0.113, 0.113] | [-1.77, 1.78]x10~* -
2223 [-0.08, 0.08] - [-6.82, 16.57]x 1076 -
2232 [-0.08, 0.08] [-0.194, 0.194] | [-6.8, 16.48]x10~6 -

Table 4. The 20 bounds on different flavor structures of single Wilson coefficients at A = 1 TeV.
See section 5.1 for details.

. Ql(;’?’): regarding high-mass Drell-Yan, the singlet operator is only constrained by
NC, whereas the triplet is also constrained by CC. Notice the p channel constraints
are comparable between NC and CC, while the e channel constraints from CC are
more stringent than those from NC. This is due to the anomalous events in the
CMS pp — ee data [49]. The bounds from b — quv are comparable, if slightly
more stringent with respect to the bounds from high-mass DY. The b — ¢¢¢ bounds
however are about two orders of magnitude stronger. We point out the 2223 flavor
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indices, with which we are solving the various B-anomalies with the well-known
low-energy scenario of Cy = —Cp, albeit with slight tension with the new Ry (.
measurement. In electrons (1123) the fits are consistent with the SM.

o Qid,Qge, Qeq: the CC high-mass DY is not sensitive to the effects of these operators.
They are constrained from NC DY, b — ¢¢/, and in the case of ;4 also from b — quv.
The latter constraints are again slightly more stringent than those coming from tails.
The NC Drell-Yan bounds are very similar between all these operators (and also
Ql(;’g)) as all of them are vector operators, only differing in chiralities of the fermions.
We point out that the operators with the 13 quark flavor structure are in general
more constrained than those with the 23 structure, due to the presence of valence
quarks in the first case. Nevertheless, the b — ¢ff processes are again significantly
more constraining. The operators Q4, Qge, @ed generate at low energies the scenarios
Chy = —C1y, Cg = Cyp and C) = O, respectively. All of the scenarios are consistent
with the SM.

e (iedg: this non-hermitian scalar operator is constrained from NC high-mass DY,
b — qf¢, and for some flavor indices also from CC DY — the 13 and 23 quark flavor
indices can not be constrained from CC DY due to the top quark not being present
in the proton. The b — ¢¢¢ are dominating here as the leptonic B decays are highly
sensitive to scalar operators (see section 2). As the leptonic B decays to muons are
better measured, the coefficients with the 22 lepton flavor are better constrained.

Next, we consider selected 2D scenarios, related to the model-independent bounds
from b — dee at low-energies presented in section 2. The upper two scenarios presented
1

on figure 8, namely the ([Cyel; 311, [Cedli113) and ([Cl(q)
direction in the bounds from B — wee already discussed in section 2. Note, however, that

]1113, [Clal1113) showcase the flat

the global fits shown in the first two figures on figure 8 are closed, as we can now constrain
the same parameter space also from other processes. In the upper-left scenario, the flat
direction is closed firstly by the NC high-mass Drell-Yan constraint and secondly due to
the RGE running effects — the coefficient with the 1113 flavor structure at high-energies
generates through RGE mixing also 2213 and 3313 (universally) at low-energies through an
electroweak penguin. This in turn means we can constrain the same parameter space from
measurements of B — wup and By — K*%uu with the underlying b — dup transition,
discussed in section 2. The upper-right scenario is however mostly closed already with
constraints from b — qvr. The constraint on the bottom scenario on figure 8 is already
dominated by low-energy b — dee measurements. Nonetheless, we overlay the constraints
from b — dup, NC, and also CC high-mass Drell-Yan, as now the Ql(g) operator is active.

5.2 Minimal Flavor Violation

In the limit of vanishing Yukawa couplings, the SM Lagrangian is invariant under a large
flavor group Gg = U(3)g x U(3)y x U(3)q (here we focus on the quark sector). The
non-vanishing Yukawa coupling matrices Y, 4 in the Yukawa Lagrangian:

LD —QLYddRH — QLYUURFI + h.c., (51)
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Figure 8. Selected representative 2D minimalistic flavor scenarios. See discussion in section 5.1.

break the G¢g symmetry down to U(1)g. In MFV, we assume all the flavor structure is
contained in Y,, 4 also beyond the SM [113]. Formally, we promote Y;, and Yy to be spurions,
transforming as Y, ~ (3,3,1) and Yy ~ (3,1,3), rendering the whole SM Lagrangian
formally invariant under Gg. Furthermore, under the MFV assumption also the BSM
Lagrangian should be invariant under G¢, which correlates various flavors of a particular
operator [29]. The results here are presented in the down-diagonal quark mass basis, such
that Yy = diag(ya, ys, ) and Yy = Vi diag(yu, e, ).

Consider an operator with a QQ bilinear, such as Ql(;). One can decompose its Wilson
coefficient in the following way

C I Lo L@y Qe — [CIV1Y) = 8ulC)1F + (VYD1 L (6.2)
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where we fix the lepton flavor | by assuming NP only in electrons (I = e), only in muons

(I = p), or universal NP (I = ¢ with [C]®) = [C]®) = [C]®W). The first term here
Dy (

is flavor-diagonal and universal, with an overall coefficient [Cl(q)] 51). The second term is

flavor-violating, in particular, we have

ViaViy VisViy VsV
VY ~gf [ ViaVis VisVies Vi Vit | (5.3)
ViaViy VisVis VsV

where we neglect y, .. This sets the flavor-violating structure of the operator, with only

(1)](1)

an overall coefficient [C vyt remaining free. The rest of the semileptonic operators

lq
containing the Q@ bilinear decompose in the same way.
Similarly, we can decompose the scalar operator )4y in the following way

[Crea) ¥ (Lier) (dsQe) = [Creadl ¥ = (V) st[Cread) s + (VYY) st [Crea) )

v) viv,vl’ (5-4)

where again the lepton flavor [ is fixed. In this case, the leading term is flavor-diagonal

but not universal, with an overall coefficient [C’ledq]g. The flavor-violating part again has

l

only a single overall free parameter [Cledq}( ) and has the following flavor structure

viv,vl’
o 0 0
YV i~vgyi 00 00 0 |, (5.5)

ViaViy VisVig, Vin Vi,

where we neglect all Yukawas but vy ;.

Under the assumption of MFV, flavor violation in right-handed quark currents is highly
suppressed. Consider the dd bilinear. Decomposing a Wilson coefficient belonging to
an operator containing this bilinear would result in an unsuppressed flavor diagonal and
universal term, a yfl suppressed flavor diagonal and non-universal term, and only at O(ygyg)
a flavor violating term (the spurion insertion is YdT Y, Y.1Yy). Due to this suppression, we
do not consider such operators in the following.

In each of the plots on figure 9, we keep the ranges of both axis the same, showcasing
that the flavor-conserving and flavor-violating coefficients are constrained to values of sim-

(1)](1)

ilar absolute value. The flavor-conserving coefficients [C) |5’ are very much constrained

lq
from pp — £¢ due to their contribution to underlying valence quark transitions, whereas the

low energy b — gff processes mostly constrain the flavor-violating coefficients [C’l(q1 )}g)yf'
In the electron case, the fit is consistent with the SM, whereas in the muon case, a non-zero

(1)](u)
Y,

negative value of [C v is preferred by the various b — sup anomalies, solved by the

!
negative interferenceqwituhuthe SM in the Cy = —C'p low-energy scenario, decreasing the
muon branching ratios. This is, however, in slight tension with the latest constraints from
Ry (+). Finally, in the last row of figure 9, the universal NP scenario between electrons
and muons is presented, so that we only impact the b — supu anomalies, while predicting
Ry = 1. Here the b — sup anomalies prefer negative values of [Cl(ql )](E)YT and a global

fit can be performed which is found to be incompatible with the SM at the level of 2 — 30.
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Figure 9. [C’l(q1 )]((;l) Versus [C’l(q1 )]g)yf separate for assuming NP only in electrons (I = e in eq. (5.2)),

only in muons (I = p), and assuming universal NP (I = ¢). See section 5.2 for discussion.

(Note that there is a slight tension with the B — Xee data.) In the left plot of the last
row of figure 9 we show a zoomed-out version of the same scenario, showing the global fit
is consistent also with b — quv, K — mvv and EWPT constraints.

On figure 10 we again consider the MFV expansion from eq. (5.2), however now we
assume the flavor conserving and flavor violating coefficients are either equal (first row
plots) or opposite to each-other (second row plots). Moreover, we show this in the triplet
versus singlet operator planes. In both rows on figure 10 we show the zoomed-out versions
in the first column and zoomed-in versions in the second column. Considering the scenario
in the first row of figure 10, there is a slight tension between b — qvv, EWPT and b — sf/¢
data themselves, all of which are incompatible at the 1o level with high-mass Drell-Yan
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Il =/ in eq. (5.2). See discussion in section 5.2.

tails, which dominate the global fit. A compatible combined fit between low-energy and
high-energy data can be obtained by assuming a negative sign between the flavor-violating
and flavor-conserving coefficients, as demonstrated in the second row of figure 10. In the
zoomed-in plot, we do not show the rest of the low energy constraints, which are consistent
with the whole regions shown in the plot. A combined fit to b — sff and high-mass
Drell-Yan data can be performed, showing a tension with the SM at the level of 2 — 3 o.

Finally, in figure 11 we show the results for the scalar operator Qeqq, With the flavor
decomposition defined in egs. (5.4) and (5.5). The leading term is now flavor-diagonal
but not universal, with the largest coupling for the 33 quark flavors. This makes the NC
high-mass DY bound much stronger than the one coming from CC high-mass DY, as the
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Figure 11. [Cjeqq) )r versus [Cledq]if)jy vi separate for assuming NP in electrons (I = e in eq. (5.4))

and muons (I = p). ‘See section 5.2 for details.

leading constraint will come from the 22 quark flavor combination. In fact, the NC high-
mass DY constraint is the leading constraint in the flavor conserving [Cledq]g)f direction.
d

The flavor violating direction of [C’ledq]&y v is significantly constrained from B decays at

low energies, particularly the fully leptonic decay modes B — €. These remarks hold true
for both the assumption of NP in electrons (figure 11, left) and the assumption of NP in
muons (figure 11, right). The B — pp measurements are more precise compared to the
electron mode, hence a better constraint in the flavor-violating direction for the muon case.
Moreover, in the muon case at the 20 level, there are two allowed bands from low-energy
B decays, where in one of them NP is a small correction to the SM contribution, whereas
the other one is due to a fine-tuned cancellation of the SM contribution. Lastly, the bound
from NC high-mass DY is also better for the muon case, due to the anomalous events in
the CMS pp — ee data [49]— these are also the reason for SM being excluded to (1;: in the
1.

electron case, with two minima forming at negative and positive values of [Cleqq). ¢
Yd

6 Model examples
In this section, we study four explicit model examples. Our goal is:

e to generate large lepton flavor universal effects in b — ¢f*T¢~ transitions while pre-

dicting Ry« =~ RSM. and

K)o

e to contrast several different phenomenological cases: when a new physics mediator,
either a Z’ or a leptoquark, dominantly interacts with valence quarks versus when it
interacts with sea quarks.
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Figure 12. The best-fit regions at lo for all relevant constraints for the U(1)p_; model, see
section 6.1. We show the two cases described in eq. (6.5), case (i) on the left-hand side and case
(#t) on the right-hand side.

Common Z’ models rather naturally predict both lepton and quark universality, e.g.
U(1)p—r, while only in recent years there has been an increased interest in the non-
universal Z' models, see e.g. [114-122]. On the contrary, common leptoquark models have
hierarchical couplings in both quark and lepton flavor spaces, typically favoring heavier
generations. Charging leptoquarks under flavor symmetries, here we construct LFU (and
MFV) leptoquark models.

This section is organized as follows. The first and the second model examples, sec-
tions 6.1 and 6.2, extend the SM by TeV-scale U(1)p_1, and U(1)3p,—1 gauge bosons,
respectively, where the quark flavor violation occurs due to some heavy new dynamics
(e.g., vector-like quarks). In section 6.3, the SM is augmented by a triplet of scalar lepto-
quarks realizing LFU. Finally, in section 6.4, the scalar leptoquark forms a bi-triplet under
the quark and lepton flavor symmetry and predicts MF'V.

All models respect lepton flavor universality but can affect angular distributions and
branching ratios in b — s/~ decays. While the mediators in the first and the fourth
model couple to valence quarks, they dominantly interact with the b quark in the second
and the third model. Thus, the importance of the high-mass Drell-Yan tails is very different
in the two cases.

6.1 Gauged U(1)p—_1L

The U(1)p_y is the most celebrated U(1) gauge extension of the SM; it fits into the Pati-
Salam quark-lepton unification [123] and SO(10) grand unification [124]. The U(1)p_r, is
the exact global symmetry of the SM free of all gauge anomalies. Under this symmetry, all
quark fields qi, uﬁé, and dﬁé have the same charge +1/3, while all lepton fields liL and eﬁ%
are charged with —1. Adding three right-handed neutrinos, v (i = 1,2, 3), which are the
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SM gauge singlets, allows for gauging the B — L symmetry.® Spontaneous breaking of the
U(1) p—r, by an SM gauge singlet scalar field ¢, makes the associated gauge boson X, heavy.
The phenomenological decoupling limit is achieved when the scalar condensate (¢) — oo
(or when the gauge coupling gx — 0). The high-energy breaking scenario is very attractive
as an explanation of the small neutrino masses through the seesaw mechanism [125-128].
The Majorana mass comes from the term £ D x;; V%V%(ﬁ with ¢ charge 42, when (¢) # 0.

At the renormalizable level, X, interacts with light fermions, £ D gx X, J% ,, where

Jg = % (Ciﬂ”qz' + iy u; + Jz”Y”dz) — (l_ﬂ”li + éﬂ”&') . (6.1)
Right-handed neutrinos are omitted assuming they become heavy enough after the U(1)p_p,
breaking. We also neglect the kinetic mixing contribution (typically loop suppressed),
L D epxX,, B*, and consider (¢) > vgw. The current in eq. (6.1) is flavor-universal, i.e.
the summation over flavor index i is assumed.

To get interesting flavor violation, let us imagine new states at some scale A heavier
than X,, which integrate out to produce

Lot > S5(61 D uo)(@r"a;) (6:2)

For example, this can be achieved by introducing new vector-like quarks @1, r in the same
SM representation as ¢t and with appropriate U(1)s_p, charge, such that

— LD AQrard +AQrRQL +hec. . (6.3)

The details of this sector are not relevant to the rest of the discussion. The important
effect of eq. (6.2) is that

1 _
Ty =Jp_p+ 3€ii a'q;, (6.4)

where |€;;| < 1. Otherwise, €;; is an arbitrary hermitian matrix. For convenience, we are
working in the down-aligned basis, ¢' = (Viiuz, di)T, such that the off-diagonal entries in
€;j induce FCNCs in the down-quark sector. In the following analysis, we will consider two

cases:

(Z) €ij = —K ’Vt5|(5i25j3 + 5i35j2) and (’LZ) €ij = HYUYJ, (65)

where k is a real parameter and Y, is the up-quark Yukawa matrix. The second case
corresponds to the MFV.?
The total decay width of the X, boson is

Tx _13g%

myx | 241 (6.6)

8The U(1)%_; and the mixed U(1)5_ 1 x Gravity? anomalies are absent when the right-handed neutrinos
carry the universal lepton charge.

9This can be generated, for example, by integrating out a vector-like quark triplet under SU(3),, Q°
where ¢ = 1,2,3. The SU(3)q flavor symmetry is softly broken by A — A + AY.,Y! in eq. (6.3). The
condition € < 1 implies A < A.
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where we assumed m; < mx for all SM fermions and set x = 0. For the perturbativity
criteria, we will assume I'x /mx < 0.25 which implies gx < 1.2.

Direct resonance searches in the Drell-Yan spectrum set stringent limits on the X, see
e.g. [49]. Let us now consider X, boson with mass above the limits from direct resonance
searches. See section 4 for a benchmark example.

With this assumption, we can safely integrate out the X, field and match the model
to the SMEFT at the tree level. We get

2
9x  qu
LD _2m§( JxIxu - (6.7)
Expanding this expression, we find the Wilson coefficients for the dimension-6 SMEFT
operators in the Warsaw basis in terms of my/gx and €;;. We get the following two-
quark-two-lepton, four-lepton, and four-quark operators:

2
g
[Crulapis = [Clalaij = [Ceulapij = [Cedlasi; = ﬁéa/géﬁj, (6.8)
X
(1) 9%
[Clq ]aﬁz‘j = [qu]ijaﬁ = W(Saﬁ((sij + €ij), (6.9)
X
2
g
[Cle]a/o"y& = 2[066]045'\/5 = 2[Cll]a5'y5 = _m%(saﬁ(s'y&, (610)
X
2
[Crg;)]ijkl = _18971)%( (0ij + €ij) (Okt + €xt) » (6.11)
(1) 93
[Cud lijet = 2[Cadlijrer = 2[Cunlijer = _97)(25@']'5]@17 (6.12)
X
cW1. — oW __ggf 5 A 1
[ qu ]l]kl - [ qd ]zjkl = T om2 ( ij + 67,]) Kl - (6 3)
X

The most important observables include rare meson decays from eq. (6.9), neutral meson
mixings from eq. (6.11), high-mass Drell-Yan tails from egs. (6.8) and (6.9), and ete™ —
¢t¢~ from eq. (6.10). The last one was searched for at the LEP-II collider [129, 130].1°
We implement in flavio the SMEFT y? for four-lepton contact interactions reported in
ref. [130]. Other operators correct dijet and multijet tails at high-pr, as well as flavor-
violating hadronic decays, which are expected to give subleading bounds. For neutral B
meson mixings, we use values of the bag parameters resulting from a combination of their
determination by the FNAL/MILC [131] and HPQCD [132] collaborations, as well as a
recent sum rules determination [133]. We provide details on the combination, including
correlations, in appendix D.

We can efficiently scan the global likelihood with our flavio framework. The inter-
esting case is a 2D scan in (mx/gx, k) where the tension in P and other observables in
b — sup sector is confronted against complementary constraints. At the same time, the

10The LEP-II experiment has also searched for contact interactions in e’

e~ — jj which can be most
directly compared with the high mass Drell-Yan pp — eTe™. However, those provide a subleading constraint

on this model.
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Figure 13. The best-fit regions at 1o for all relevant constraints for the U(1)sp,—r model, see
section 6.2. We show the two cases described in eq. (6.5), case (i) on the left-hand side and case
(#t) on the right-hand side.

LFU ratios are predicted to be SM-like. The results are shown in figure 12 for the two
cases for €5, see eq. (6.5). The colored regions show preferred parameter space by different
data sets. In both cases, there is no parameter space in which all constraints overlap. The
second case (MFV) is very similar to the first case, showing that the bs system dominates
the mixing bounds. To sum up, the combination of AF = 2 and high-mass dilepton tails
at the LHC (and LEP-II) excludes the explanation of the b — syt u~ anomalies. The LHC
tails here are more effective than the LEP-II tails since the X, couples to valance quarks.
This will not be the case in the following example.

6.2 Gauged U(1)3B;—1.

Let us consider a variation of the previous model in which only a single generation of
quarks is charged under the additional U(1) gauge group, while the other two generations
carry zero charges. The anomaly cancellation conditions (egs. (2.2)-(2.7) in ref. [122])
are fulfilled for the charge assignment 3B3 — L, where Bjs is the baryon number for the
third family. While the generation of leptonic masses and mixings proceeds as before, the
quark Yukawa matrices decompose into a direct sum of 2 x 2 (light generations) and 1 x 1
(the third generation). Thus, the CKM mixing elements between the light and the third
generation are absent at the renormalizable level. Those can be generated by dimension-5
operators, for example %@-H ¢br and %(jiI:I ¢tr, where ¢ = 1,2 and the symmetry-breaking
SM-singlet scalar ¢ has a charge —1 to annihilate the charge of br/tr. The U(1) symmetry
breaking slightly above the TeV scale explains the smallness of the CKM elements V;4 and
Vis if the associated scale is A ~ 100 TeV. Thus, the TeV-scale model could be the first
layer of a UV structure addressing the rest of the flavor puzzle.
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The phenomenological advantage of this setup is that the associated X, boson couples
dominantly with the third generation of quarks and its production is therefore suppressed
at the LHC,

Jipy—1 = (973’7“(13 + uzyHus + CZ3’V“CZ3) - (l_i”yuli + 5z"Y“€i) : (6.14)

In this model, we expect the high-mass Drell-Yan bounds to be dominated by the bb channel
and therefore suppressed. Instead, the tree-level X, contribution to FCNC transitions is
automatically generated together with the CKM matrix when rotating the quark fields
from the interaction to mass eigenstate basis.

Interestingly, the model can be made compatible with the minimally broken U(2)3
flavor symmetry [134] (see also [135]). A part of the global symmetry of the quark kinetic
term is U(2)? under which light generations form doublets. The symmetry is minimally
broken by a doublet under U(2), denoted as V;, = (Viq4, Vis), and two bidoublets for the
light quark masses. In this model, the former is realized by the aforementioned dimension-5
operator while the latter is present already at dimension 4. The minimally broken U(2)3
predicts the left-handed rotations to dominate over the right-handed ones.!' The important
effect is that the leading X, interactions in the mass basis are associated with the current

I = Jip, L+ %Eij aiv"qj (6.15)
where |€;;| < 1. The rest of the matching calculation proceeds as in section 6.1. The
matching results in eqgs. (6.8)—(6.13) stay the same after the replacement of d;; — 3 0;30;3
for all quark indices. We again choose the down-aligned basis.

In figure 13, we show the best-fit regions for different data sets assuming the two cases
for €;; as in the previous section, see eq. (6.5). The only difference with respect to the
U(1)p—r, case is that the high-mass Drell-Yan bound is less stringent (dominant couplings
are with b quarks) and now compatible with the intersection of AF = 2 and b — sf(~.
However, the four-lepton contact interactions are inconsistent with this parameter space at
the 10 level. This is a general feature of the LFU Z’ models — the ete™ — £t~ becomes a
critical constraint. This is in contrast to the LF'U violating models such as L, — L., where
the analogous bound was a neutrino trident production, and thus much weaker [136].

6.3 LFU leptoquark

Let us consider a triplet of scalar leptoquarks S (o = 1,2,3) in the same SM gauge
representation (3,3,1/3).12 The flavor index « refers to the lepton flavor, and leptoquarks

"For the explicit realization of the left-handed dominance with vector-like quarks, see a closely related
model in section 2.3 in ref. [122]. By choosing appropriate representations, operators of the type %(ngqﬁTdi
are absent, while %@'H ¢ds is present.

12 Adding n copies of scalars in the (anti)fundamental representation of SU(3). and the adjoint represen-
tation of SU(2)r modifies the SM beta functions of both gs and go. While the strong coupling gs stays
asymptotically free for n < 13, the SU(2)1 coupling acquires a Landau pole for any n > 1 [137]. However,
this Landau pole stays way above the EW scale. Using the results from ref. [137], we found the pole at
one loop to be above 103,102 and 108 GeV for n = 3, 6,9, respectively. The two-loop corrections push the
pole to lower values. However, it still stays above ~ 107 GeV even for n = 9.
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Figure 14. The best-fit regions at 1o for all relevant constraints for the LFU leptoquark model.
The global fit is shown at 1 and 20. See section 6.3 for details.

form a 3 under U(3); symmetry.!®> The Lagrangian is
LD (D,S*)(D!S™) — m?STSY — (X laS* + huc.), (6.16)

where the sum over repeated indices is assumed. The SU(2)y contraction in the last
term is ¢%i020?S®, where a is the SU(2)r adjoint index and ¢® are the Pauli matrices.
For simplicity, we assume that the quark flavor structure is consistent with the minimally
broken U(2)% quark flavor symmetry. In particular, we set \; = A (kVq, kVis, 1) where
k is an O(1) parameter. The lepton flavor symmetry is broken minimally by the lepton
Yukawa Y; implying no lepton flavor violation and approximate lepton universality due to
Y; < 1. Consider replacing m? — m? + (5m2YlYlT. For 6m? < m?, this model predicts no
sizeable deviations in R (.). However, the symmetry-allowed interactions in eq. (6.16) lead
to important universal effects in b — s¢*¢~ transitions.

13 An alternative would be to consider a leptoquark doublet of a flavored U(2);. Under this symmetry,
the first two lepton generations form a doublet while the third generation forms a singlet. Even more
minimal global symmetry assumption would be introducing two scalar leptoquarks Se and S,, which carry
(anti)electron and (anti)muon numbers, respectively, and a Z, parity under which S ++ S, while at the
same time l. <> [,. Thus, the symmetry is U(1). x U(1), X Z2 where Z3 is generated by the group element

10
third factor implies lepton flavor universality. The smaller symmetry could act in the IR as a remnant of a
larger flavor symmetry breaking in the UV.

1
<O ) of the O(2) subgroup of U(2);. The first two factors ensure lepton flavor conservation, while the
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The tree-level matching of this model to the SMEFT, neglecting Y; breaking, gives

3 00BN\

[Cl(q)]aﬁij — %’ (6.17)
1 3

[Cl apis = 3(C apis (6.18)

Matching the model at the one-loop level will give rise to neutral meson mixing AF = 2
and eTe”™ — ¢£T¢~. However, the loop suppression is enough to make these observables
marginally relevant in the parameter space of interest (see the discussion in section 6.4).
This is in contrast to the case of a Z’ mediator where those observables are induced at the
tree level and play a prominent role in shaping the preferred parameter space.

The results of the fit are presented in the (m/|\|, k) plane, see figure 14. There exists
a parameter space where all the constraints are compatible with each other. The global
fit is colored red and shown at 1 and 20. The high-mass Drell-Yan tails, in this case, are
not constraining enough since the dominant coupling is with the third quark generation.
This is arguably the best-performing model among our four examples to fit b — s¢T¢~
angular distributions and branching fractions while predicting SM-like LFU ratios Ry («)
and staying compatible with the complementary bounds. The crucial aspect is the absence
of four-quark and four-lepton operators at the tree level.

Again, this mechanism requires at least a doublet of leptoquarks under U(2);. A single
leptoquark coupled both to electrons and muons with the same strength would lead to
charged lepton flavor violation!'

6.4 MFYV leptoquark

We introduce a bitriplet of scalar leptoquark fields S (i, = 1,2,3) all of which are in
(3,3,1/3) representation under the SM gauge group. The extra indices 7 and « are flavor
indices and refer to the global symmetry of the SM kinetic term, SU(3), x SU(3);, under
which leptoquarks form a (3, 3) representation.!> The SM gauge symmetry and the global
flavor symmetry restrict the renormalizable Lagrangian to

Lo D (D,S)(D*S) —m?STS — (A G1aS™ + h.c.), (6.19)

where we omitted scalar self-interactions and the Higgs portal. Summation over the re-
peated quark (lepton) flavor indices i («) is assumed.

M Consider a single S3 leptoquark field with couplings in the down-quark and charged-lepton mass eigen-
bases satisfying Ay, A5, = AveAs. such that LFU ratios are SM-like. These minimal couplings would induce
too excessive u — ey decay at the one-loop level without the possibility to cancel the b quark diagram
against the s quark diagram, T' oc (|AspMie| + [Mopie])?, see also [138]. Despite the chirality flips on the
muon leg, the limit from [139] on £ D sz éro™ urFy, is A 2 70 TeV. In addition, u — e conversion
on heavy nuclei induced at tree-level through a small misalignment (of the order of the Cabbibo angle)
between sz, and dr, would be too much (see bounds in table 8 of ref. [140]), while an effect due to an RGE
running [141] from (bry*bz)(€xy*ur) is in the right ballpark. Finally, searches for b — sue decays also
probe the interesting parameter space, see table 3 of ref. [142].

15We could have chosen more minimal LFU leptoquark options as discussed in the previous section. While
here we are interested in LFU b — ¢¢T¢~ transitions, a different case would be to consider leptoquarks
carrying a muon number -1 (muoquark) or electron number -1 (electroquark) which give corrections to
R+ and are still MFV in the quark sector [143, 144].
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Figure 15. The best-fit regions at 1o for all relevant constraints for the MFV leptoquark model.
See section 6.4 for details.

Let us consider the case in which the global symmetry of eq. (6.19) is only softly broken
by the known SM sources.'® The leading correction is

Lr D —0m28Y,Y, ST, (6.20)

where Y, is the up-quark Yukawa matrix. We neglect the contributions from the down-

quark Yukawa. In this model, quark flavor violation proceeds minimally through the SM

sources, while there is no charged lepton flavor violation.'”
Working in the down-aligned quark mass basis, ¢' = (Vj’;ui,dlL)T

Yukawa matrix takes the following form Y, = V1Y, where Yy, is a diagonal Yukawa matrix

, the up-quark

while V is the CKM mixing matrix. The leptoquark mass eigenstates are S = Vi Sie and
the quark-lepton interaction is £ D —ASV ¢¢l. Neglecting up-sector Yukawa couplings but
(f/u)gg = ¢, the leptoquark masses are mig = m? and m3 = m?+dm? where §m? = §m?y?.
When the breaking parameter m?/m? < 1, the S U (3), symmetry of the leptoquark sector
is still approximate, while for §m?/m? ~ O(1) the symmetry is completely broken down to
the U(2), subgroup, see [134, 135]. In our numerical analysis, we consider |dm?/m?| < 0.5,
which we denote as the linear MFV, while the U(2), case was considered in section 6.3 in
the limit in which the doublet states decouple.

60ne could alternatively consider Y, Y, directly in the interaction term. However, the soft-breaking
option is easier to realize in the UV where the symmetry gets restored.

7 As a speculation, the UV origin of assumed global symmetries could be traced back to a gauged flavor
symmetry spontaneously broken at some high-energy scale. The breaking term in eq. (6.20) might come
from the cross-quartic scalar interaction between the leptoquark field and flavon fields after the latter
condensate to break SU(3), spontaneously and generate quark Yukawas. The details of the UV completion
are beyond the purpose of this work.
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We further assume m 2 2TeV, which is consistent with the LHC exclusion limits from
direct searches for pair-produced leptoquarks [145, 146]. In this case, the EF'T description
of the Drell-Yan tails approximates well the ¢-channel exchange of a leptoquark. Under
these assumptions, we can define the effective scale m/|A|, which together with ém?/m?
defines the parameter space of the model to be confronted against the experimental data.

The tree-level matching to the SMEFT gives

[0(3)](1[%, _ PR (52,, + ViV (1 — 1)> (6.21)
lq J Am2 J T\ 1 5m2/m2 ’
(Cig Nasis = 3C1 ais - (6.22)

To first order in small dm?/m?, one finds [Cz(;)]aﬁij o 8;5 — Vij Vi dm? /m?. Thus, when the
symmetry is restored (dm? = 0) there are no FCNCs in the quark sector.

The most relevant one-loop matching contribution is to the neutral meson mixing
from the box diagrams with leptoquarks (AF = 2 transitions). Following [147, 148] and

summing over all leptoquark flavors, we find for ¢ # j

3IAH (Vi V)2 1 2 om?

.. — _ J Vti B

S 25672m? L 14+ 6m?2/m?  ém?/m? il m? ’ (6.23)
(CS3 Nisis = O1CE Nisis - (6.24)

Series expansion around dm? = 0 gives ~ dm*/(3m*) for the bracket in the above equation.
Thus, the flavor-conserving limit is restored more quickly when the symmetry-breaking
parameter is sent to zero (double GIM mechanism). We checked that the mixing bounds
are not constraining enough in the relevant parameter space.

We show the bounds on the model parameter space (m/|\|,dm?/m?) in figure 15, from
B decays at low energies and both NC and CC high-mass Drell-Yan tails. Firstly, note
there is a parameter space with a preferred positive value of ém?/m? in which the low-
energy b — sup~ data can be accommodated (corresponding to negative Cé’s” = —C’{’SM
%\f{*). In the
— 0, the model has no flavor violation and no impact on B decays.

at low energies). Note that, as in all other models in this paper, Ry ) = R
limit of ém?/m?
However, in the limit of large m?/m?, we are no longer in the linear MFV regime. Hence
we cut off the plot at §m?/m? = 0.5. Similar to the results presented in the MFV section,
the high-mass DY bounds are highly relevant for flavor-conserving interactions. Hence
we observe a stringent bound on M, with only values of M 2 8 TeV allowed. There is
an apparent incompatibility between the low-energy and high-energy data, namely the B-
physics data, containing the b — sp* ™~ anomalies, which can not be explained without

violating constraints from the high-mass Drell-Yan, both charged and neutral currents.

7 Conclusions

Despite undergoing multiple experimental tests in high-energy colliders without any indica-
tions of its failure, the Standard Model of particle physics must continue to be scrutinized
with greater precision and nuance in order to identify potential weaknesses that could help
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to address unresolved questions and reveal unexplored realms. Should new physics emerge
in the UV, it would be manifested in the IR through a multipole expansion of the Standard
Model, known as the SMEFT. The discovery and study of higher-dimensional operators
of the SMEFT, as well as their correlations, would represent a significant step toward a
reductionist approach to achieving a paradigm shift.

The high dimensionality of the WC parameter space, the vast landscape of physical
observables, the quantum field theory complexity of predicting observables, and the data
analysis challenge of constructing, combining, and exploring likelihoods, are some of the
problems that need to be coherently addressed when interpreting data in the SMEFT
framework. This paper reported on an implementation of rare b meson decays (section 2)
and high-mass Drell-Yan production (section 3) in the SMEFT at dimension 6 level in the
flavio framework. Clever approximations, optimizations, and algorithms are developed to
allow efficient scans of the multidimensional SMEFT parameter space while maintaining
reliable and sufficiently precise theory predictions. This work is meant to facilitate the
comparison of new physics models against data and has been made publicly available in
the flavio'® Python package since v2.5.0. In addition, it will be included in a future
version of the global SMEFT likelihood [110] implemented in the smelli Python package.!?

With such a tool at hand, we conduct thorough SMEFT interpretations of the existing
data sets, including the latest measurements such as the LHCb update on Ry (») [14]. The
main physics results are discussed in section 5 and summarised in table 4 and figures 8, 9, 10
and 11. Those include various operator(s) and flavor structure choices that are presumably
a low-energy outcome of a particular class of NP models, illustrating the interplay between
different data sets.

While SMEFT analyses are helpful to draw general lessons, specific models address
concrete questions, and best demonstrate the usefulness of the new flavio functionalities.
Motivated by the current trends in the data, in section 6 we construct and thoroughly
investigate Z’ and leptoquark models, which predict LFU effects in b — s¢™¢~ transitions
explaining the tension in P} and related observables while predicting Ry () ~ R%\({). The
main results are summarised in figures 12, 13, 14 and 15, where the global data is projected
onto the parameter space of the model, finding either tension or compatibility.

There are several promising directions for future work. The SMEFT implementation
of Drell-Yan with final states including 7 leptons, as well as possibly (soft) b-jets in flavio
would be crucial for studying NP models interacting dominantly with the third family [54,
56, 63, 149]. We urge experimental collaborations to report unfolded differential cross
sections in the high-energy tails to facilitate interpreting such final states. In addition, the
LFU Z’ models highlighted the importance of the contact interaction searches at LEP-II in
ete™ — ¢¢~. The full SMEFT implementation of those, as well as eTe™ — jj, in flavio,
requires a separate publication. In particular, the dijet production (possibly containing b
jets) can be directly compared with the rare b decays and the high-mass Drell-Yan, again
via the crossing symmetry. In addition, the FCC-ee sensitivity projection for such processes

Bhttps://github.com/flav-io/flavio.
Yhttps://github.com/smelli/smelli.
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parameter value comment
gy 127.94 NC
Gr 1.1663787 x 107° GeV~2 | NC & CC
myz 91.1876 GeV NC & CC
I'z 2.4952 GeV NC
mw 80.379 GeV cC
T'w 2.08 GeV CC
A 0.2248 NC & CC
A 0.8353 NC & CC
p 0.1135 NC & CC
n 0.3660 NC & CC

Table 5. Numerical values of SM inputs for MadGraph simulations used for the validation of our
implementation.

would be very informative when compared to the future forecast on rare b decays. Such
studies might impact the upcoming course of flavor physics in decades to come.
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A Validation of the Drell-Yan implementation

In this appendix, we comment on the various validations of the high-mass Drell-Yan imple-
mentation in flavio, which was presented in section 3. We used MadGraph5 aMCQNLO
v.3.1.0 [150] for validations against Monte Carlo simulations.

A.1 Neutral current cross sections

In the neutral current case, we simulated SM events in full phase space for the process
pp — put . The no_b_mass model restriction of the default SM UFO implementation
was used. The NNPDF30_nnlo_as_0118 PDF set [151] was used with the factorization
scale set to the partonic center of mass energy.?’ In order to increase the statistics at
the high-mass tail, we simulated 10° events in each of the following my, bins: 10-40 GeV,
40-80 GeV, 80-100 GeV, 100-200 GeV, 200-500 GeV, 500-1000 GeV, 1000-2000 GeV and

20The validation was done before the release of NNPDF 4.0, hence the use of a different version of PDFs
compared to the official implementation.
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Figure 16. Validation of the neutral current NP cross-section for the process pp — pt u~ for
some selected NP operators. The prediction from MadGraph (blue) and flavio (orange) for the
values Rpi, — 1 are compared. The absolute value of the relative error between the two predictions
is depicted in green. The dashed black lines mark the 5% relative error. The y—axis is set to a
linear scale between the values —10~* and 1074,

2000-3000 GeV. The numerical values for the SM inputs were matched between MadGraph
and flavio. These are reported in table 5. The events from different simulated my, bins
were combined into one distribution of 100 bins and compared to the flavio prediction.
An agreement at the level of few % was found, in line with the statistical uncertainties
associated with Monte Carlo simulations.

After validating the SM cross-section, we simulated 10° events in the same my, bins
as in the SM case for a large number of selected single Wilson coefficients set to the value
0.1 TeV—2. The model file used for this simulation was general SMEFTsim in the alpha
scheme [152]. The SM input parameters were set to the values reported in table 5. For
each of the selected coefficients R — 1 was compared between MadGraph and flavio, with
R the ratio of SM+NP and SM only cross sections in a particular bin, see eq. (3.24). A
few representative results are shown in figure 16, demonstrating an agreement between
MC simulations and flavio predictions in line with the statistical errors. Furthermore, we
arrived at the same conclusions by considering random combinations of multiple Wilson
coeflicients.
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A.2 Charged current cross sections

In the charged current case, the SM events were simulated with the general SMEFT-
sim model in the My, scheme with the SM limit restriction modified to include CKM.
The CKM parameters were taken from flavio and are summarized in table 5. In or-
der to increase statistics in high-pr tails, 10° events were simulated in the following pr
bins: 50-100 GeV, 100-200 GeV, 200-500 GeV, 500-1000 GeV, and 1000-2000 GeV. The
NNPDF30_nnlo_as_0118 PDF set was used again with the factorization scale set to the
sum of the transverse mass of the final state particles. Events from different py bins were
then combined into one distribution with 100 bins in m7 and compared to prediction from
flavio. Again an excellent agreement was found, in line with the MC statistical error of
a few percent.

After validating the SM cross-section, we simulated 10 events in the same p7 bins for
selected single Wilson coefficients set to the value 0.1 TeV 2. The new physics and inter-
ference contributions were simulated simultaneously again. The ratio R — 1 was compared
between MadGraph and flavio, with results for selected scenarios shown in figure 17, yet
again demonstrating excellent agreement. We furthermore validated the implementation
by explicitly changing the values of the CKM matrix to have all entries of O(1), again
achieving excellent agreement between flavio predictions and MC simulations.

A.3 Effects of phase space cuts

In order to quantify the effects of phase space cuts on the R-ratio, defined in eq. (3.24),
we simulate events both without phase space cuts, and by including generic experimental
cuts on pyr > 20 and || < 2.5. We then calculate the ratio R before (full phase space) and
after applying the cuts and calculated their relative difference Rgyts = RS / RIulIPS _ 7
The results for selected operators are shown in figure 18. The effect of the cuts on the
neutral current ratio R is well within 5% for all vector and scalar operators with the largest
differences observed at higher values of my, and for SMEFT operators involving valence
quarks. The largest difference of about 13% was found for tensor operators involving
valence quarks (as shown in the lower right plot of figure 18), dominated by the n cut. The
ratio Re.uts deviates from zero at high-mass tails where the NP contribution to the cross-
section becomes dominant and the angular distributions of NP are shifted inside (positive
Reuts) or outside (negative Reys) of the detector acceptance region relative to the SM. We
note that the size of this effect depends quadratically on the value of the Wilson coefficient
and that the specific values of the Wilson coefficients used in our simulations are relatively
large. The bounds on operators involving valence quarks are expected to be an order of
magnitude smaller. Finally, the effects of cuts on the charged current new physics ratio
were found to be negligible for all selected operators.

B One-parameter b — séf fits in WET

In this appendix, we perform several different WET fits closely following the methodology
in ref. [43]. The results are shown in table 6. The WCs are defined such that the SM

corresponds to C’Z-(I)X = 0.
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Figure 17. Validation of the charged current NP cross-section for the process pp — p v, for some
selected NP operators. The prediction from MadGraph (blue) and flavio (orange) for the values
Rypin — 1 are compared. The relative error between the two predictions is depicted in green. The
dashed black lines mark the 5% relative error. The y—axis is set to a linear scale between the values
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Figure 18. The relative differences between Ry, ratio before (full phase space) and after (cuts)
applying the cuts in the simulated events for some selected operators. The dashed black lines mark
the 5% relative error.
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b— suu LFU, Bs — pu all rare B decays

Wilson coefficient best fit pull best fit pull best fit pull
Chem —0.77102! 360 | —0.211917 120 | —042%913 320

cyre +0.29702% 1.20 | 0227017 130 | —0.047013  0.30

Chepn +0.337024 130 | +0.167912 140 | +0.177010 180

Chsm —0.057018 0.30 | +0.041013 030 | +0.021005 0.20

Chern — Cbsme —0.277915 170 | 40171018 1.00 | —0.08%01  0.70
Chsmm — _ b —0.537013 360 | —0.101990 140 | —01713% 2.7
cgett —0.771031 3.60 —0.78T931  3.70

Cpstt +0.291032 1.20 +0.30%032 120

s +0.331031 1.30 | +0.217015 110 | 40231012 160

Chstt —0.057918 030 | —0.217519 110 | —0.08731  0.70

O = 0> —0.271512 1.70 | +0.217015 110 | —0.097017 080

Obstt = —Chstt 0531515 3.60 | —0.217015 1.1o | —040701 3.50
(cgw — —Cﬁ’j““) x QeV —0.002+399L 1 16 | —0.001+90%1 .74
(cgerm = cfpert) x Gev —0.002+299L 1 165 | —0.001+9001 .74

Table 6. WET fits for scenarios involving a single real Wilson coefficient. Label ¢ stands for
LFU NP contributions while p for NP only in decays to muons. The best-fit values with their
corresponding 1o ranges and the pulls (in sigma) between the best-fit point and the SM point

are reported. The fits are divided into three columns: “b — suu”, which includes only branching
ratios and angular observables for this process, “LFU, By — uu”, which includes only the LFU
observables and the branching ratio of B, — u™p~, and “all rare B decays”, which presents the
results of the combined fit. For the scalar Wilson coefficients, both the SM-like solution and a
sign-flipped solution are allowed [153].

C Combining the measurements of B, — p™u~ branching ratios

The B — putp~ and By — ppu~ branching ratios have been measured by ATLAS [74],
CMS [46], and LHCbD [8, 9]. However, their combined measurement presented in [7] does not
include the latest results from LHCb and CMS. A combination including the latest results
from LHCb was performed in [43] before CMS released an update of their measurement.

Closely following [43] and [44], we provide an updated combination which also includes the

latest CMS results [46].
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Figure 19. Likelihood contours in the BR(B? — u* ™) and BR(Bs — 't ™) plane for individual
measurements from ATLAS, CMS and LHCD (thin contours), as well as our full combination (thick
solid contours) and the Gaussian approximation (thick dashed contours). In addition, the SM
predictions and their 1o correlated uncertainties are shown.

Due to the similar masses of the B and B mesons, the measurements of their branch-
ing ratios to uTpu~ are correlated two-dimensional likelihoods. We reconstruct the full
non-Gaussian likelihoods from the digitised contour plots provided by the experiments and
combine them, assuming that the different experiments are uncorrelated. We approximate
the full non-Gaussian combination by fitting a two-dimensional Gaussian to it. Figure 19
shows the individual likelihoods as thin lines, our combined likelihood as a thick solid red
line, and the Gaussian approximation as a thick dashed red line. The SM predictions are
also shown for comparison.

Our result for the two-dimensional Gaussian approximation is

BR(Bs — 1t )exp = (3.36 £0.28) x 1077, (C.1)
BR(B? = p" 1 exp = (0.42 4 0.54) x 10710, (C.2)
with a correlation coefficient of p = —0.18.

For the SM predictions, we use (see [43] for more details)

BR(Bs — p i )gm = (3.67 £ 0.15) x 1077,
BR(B® — ptu sy = (1.14 £0.12) x 10719 (C.4)

—
Q
w

~

with a correlation coefficient of p = +0.28.
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We obtain the following one-dimensional pulls by comparing the experimental likeli-

hood with the SM prediction:?!
« if both branching ratios are SM-like, 1.7¢,22
o if By — putp~ is SM-like and B? — utpu~ profiled over, 1.00,

o if B — ptp~ is SM-like and B, — ptpu~ profiled over, 1.30.

The confidence regions for the By — ™~ branching ratio when we either profile over

BR(B® — pTu™) or fix it to its SM central value are

BR(Bs — ptu) = (3.321532) x 1077, BR(B® — p"u™) profiled,
BR(Bs — ptp) = (3.277032) x 1077, BR(B° — put ™) SM-like.

Analogously, for B — ppu~ we get
BR(B® — putpu™) = (0.48195%) x 10710 BR(B, — ') profiled,
BR(B? — pt ™) = (0.3770:51) x 10710, BR(B; — pu~) SM-like.
D B, and B, bag parameters

D.1 Definitions

(C.8)

The hadronic matrix elements relevant for B, mixing (with ¢ = d, s) can be expressed in

terms of so-called bag parameters Bgz defined by [154]. In the following, the convention

from [131] is adapted, which reads

(O (1) = 13, M3, B (1),

q ‘Ziqu ? 2 2 (%) .

(Oi) (1) = ¢ m quMBqBBq(M)a i =2,3,
e | (M N L,

(©f) ) =<, [(mb(ﬂ)mq(u)) +d,

(O () = (0f) (), i=1,2,3,

(), i=4,5,

q

2 2 pl
f8,M5, By

(D.1)

(D.2)

(D.3)

(D.4)

2IThe “one-dimensional pull” is defined as \/—2In(£(Osm)/L(Cexp)), where £(Texp) and L£(Osy) are
the likelihoods at the experimental and SM points, respectively. The likelihood L is obtained by convolving

the experimental likelihood with the SM uncertainties.
22Computing the pull with two degrees of freedom from the likelihood ratio gives 1.20.
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FNAL/MILC 2016 B BY BY BY BS) BY BY BY BY BY
BY) 0913 +0.086 BY) 1 0.504 0.162 0.494 0.422 0.754 0.311 0.077 0.264 0.246
BE)0.761 % 0.076 B 1 0.282 0.494 0.389 0.311 0.766 0.201 0.283 0.226
B [1.070 £0.216 BY) 1 0.225 0.148 0.068 0.179 0.929 0.115 0.063
B [1.040 +0.087 BY) 1 0.528 0.279 0.297 0.134 0.705 0.332
B 0.964 £ 0.102 BY) 1 0.247 0.228 0.074 0.318 0.797
BY{0.952 + 0.066 BY) 1 0575 0.215 0.560 0.486
B |0.806 = 0.059 BY) 1 0.329 0.581 0.466
B 1.100 +0.155 BY 1 0.278 0.195
By 1.022 £ 0.066 By 1 0.581
B 0.943 £ 0.075 BY) 1

Table 7. B, and B, bag parameters including their uncertainties and correlations from
FNAL/MILC [131].

where ¢; = {2/3,-5/12,1/12,1/2,1/6}, dys = 1/6, and d5 = 3/2, and the operators Of and
Of are given by

Of = (Ea’YuPan) (bﬁ’YuPLqB): (D.5a)
0% = (b*Prg®) (V°Prq”) (D.5Db)
04 = (b*Prg”) (" Prg®), (D.5¢)
Of = (b*Prq®) (b° Prq”) (D.5d)
04 = (b*Prg”) (¥ Prq®) (D.5e)
Of = (b"vuPrq®) (b°7uPra”), (D.5f)
Of = (b*Prq®) (V" Prq”) (D.5g)
08 = (b*Prq”) (b° Prq®) (D.5h)

D.2 Results from lattice QCD and sum rules

The most recent values of the bag parameters have been determined from Lattice QCD
by the FNAL/MILC [131] and HPQCD [132] collaborations and from sum rules by King,
Lenz, and Rauh (KLR) [133].

FNAL/MILC provides results for both the B; and By bag parameters including their
correlations in [131]. For convenience, we show these results in table 7.

HPQCD does not provide combined results including correlations for both the By and
B bag parameters. However, they provide results for the B, bag parameters and for the
ratios Bgz / Bgi, for which the correlations are given separately. From this information, we
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HPQCD 2019 B BY BY BY BS) BY BY BY BY BY
BY) 0.807 % 0.040 BY) 1 0.108 0.002 0.043 0.041 0.865 0.053 0.010 0.032 0.033
BS) 0.769 + 0.044 BY) 1 0.172 0.204 0.127 0.056 0.917 0.163 0.213 0.137
B 0.748 £0.057 BY) 1 0.146 0.088 0.010 0.162 0.913 0.156 0.098
BY) [1.078 £0.055 BY) 1 0276 0.033 0.209 0.153 0.898 0.230
BS) 0.973 £ 0.046 BY) 1 0.033 0.129 0.093 0.220 0.861
BY){0.813 £ 0.035 BY) 1 0.061 0.012 0.037 0.038
B 0.817 +0.043 BY) 1 0.178 0.233 0.150
B 0.816 + 0.057 BY 1 0.170 0.108
By [1.033 £0.047 By 1 0.256
B 0.941 +0.038 BY) 1

Table 8. B; and B; bag parameters including their uncertainties and correlations obtained from
the B, bag parameters and the ratios Bgz / Bgi from HPQCD [132], using the procedure described
in the text.

obtain combined results including correlations for both the B; and Bg bag parameters in
the following way:

o From the central values, uncertainties, and correlations given in [132], we construct
two five-dimensional multivariate normal distributions, one for the B bag parameters
and one for the ratios Bgz / BJ(BZZ'

e We draw N = 5 x 10% samples from the distributions.

e For each sample we compute Bgi to obtain combined samples of Bgi and Bgz.
e From the combined samples, we compute the ten-dimensional mean and covariance
matrix.

e From the covariance matrix, we obtain the uncertainties and correlations.

The result of this procedure is shown in table 8. As expected, the central values and
uncertainties of Bgi as well as the correlations among the Bgz are (up to few rounding
errors on the last digit) exactly those given in [132].

KLR does not provide combined results including correlations for both the By and B,
bag parameters. They provide central values and uncertainties for the B; bag parameters

and for the ratios Bgz / Bgi, but they do not give any correlations. However, when com-
bining the results for B, bag parameters and Bgi/ Bg; ratios in order to obtain results

for the By bag parameters, the fact that the ratios Bgz/ Bgi have significantly smaller
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uncertainties than the B, bag parameters leads to strong correlations between the result-
ing uncertainties of By and B; bag parameters. We obtain combined results including
correlations for both the By and Bs bag parameters in the following way:

o The results in [133] are given with asymmetric uncertainties arising from the non-
linear dependence of the output quantities on the input parameters. As explained
in [155], in the presence of such asymmetries, the central values of the output quan-
tities obtained from the central values of the input parameters are shifted relative to
the actual expectation values. To obtain expectation values and standard deviations,
we use the procedure described in [155] for treating such asymmetric uncertainties.

+ From the expectation values and standard deviations we construct ten normal distri-
butions, five for the By bag parameters and five for the ratios Bgz / Bgi.

e We draw N = 5 x 10% samples from the distributions.

e For each sample we compute Bgi to obtain combined samples of Bg; and BJ(Biz'
e From the combined samples, we compute the ten-dimensional mean and covariance

matrix.
e From the covariance matrix, we obtain the uncertainties and correlations.

The result of this procedure is shown in table 9. The central values of the Bg)

_ are slightly
shifted compared to those given in [133] due to our treatment of asymmetric uncertainties
following [155]. As expected from the small uncertainties of the ratios Bgz /Bgi, the

uncertainties of Bgi and BJ(BZZ bag parameters are strongly correlated.

D.3 Combination

Having brought the results of FNAL/MILC [131], HPQCD [132] and KLR [133] all into
the same form of values with uncertainties and correlations, it is now straightforward to
combine them. The combination taking into account all correlations is given in table 10.

The results of FNAL/MILC [131] are based on a lattice study with only Ny =2+ 1
dynamic quark flavours, missing effects of a dynamical charm quark. These potentially
important effects are taken into account by HPQCD [132], which uses Ny = 2+ 1+ 1.
Therefore, we also perform a combination of only HPQCD [132] and KLR [133], which
excludes Ny = 2 + 1 results. This combination is shown in table 11.

In [156], a combination similar to the one shown in table 10 was performed, but without
taking correlations into account. Its central values and uncertainties differ significantly
from those shown in table 10. For comparison, we perform a weighted average of the bag
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1 2 3 4 5 1 2 3 4 5
KLR 2019 By BY BY BY BY BY BY BY BY BY
BY)0.867+0.053  BS) |1 0.000 0.001 0.000 0.001 0.992 0.000 0.000 0.000  0.001
BS) 0845 £0.075  BY) 1 0.001 0.000 0.000 0.000 0.995 0.000 0.000 0.000
BY)0.821£0.150 B 1 0.001 —0.001 0.001 0.000 0.952 0.001 —0.001
BY)|1.054+0.089 B 1 0.000 0.000 0.000 0.001 0.996 0.000
BS)|1.078 £0.080  BY) 1 0.001 0.000 —0.001 0.000 0.987
BY)0.856£0.052  BY’ 1 0.000 0.000 0.000 0.001
BY 0856 £0.076  BY 1 0.000 0.000  0.000
BY0914+0159 B 1 0.001 —0.001
By 1.043+£0.088 By 1 0.001
By |1.054+0.077 B 1

Table 9. B; and B; bag parameters including their uncertainties and correlations obtained from
the B; bag parameters and the ratios Bgz / Bg; from KLR [133], using the procedure described in
the text.

parameters given in tables 7, 8, and 9 neglecting all correlations. This yields

BY)| — 0.839 + 0.030, BY — 0.846 + 0.026,,
d 'no corr. s 'no corr.
BY)| = 0.783 + 0.034, BY) — 0.821 + 0.032,
d 'no corr. s 'no corr.
B = 0.775 £ 0.052, BY = 0.857 £ 0.051 (D.6)
d 'no corr. s 'no corr.
BY)| — 1.064 + 0.041, BY — 1.032 + 0.035,
d 'no corr. s 'no corr.
B = 0.995 £ 0.037, BY = 0.960 £ 0.031,
d 'no corr. s 'no corr.

which, up to small differences that might be related to our treatment of the asymmetric
uncertainties of [133], is very similar to the result of [156]. In particular, it is also signif-
icantly different from our full combination that takes into account all correlations. This
suggests that the correlations are crucial and cannot be neglected. To illustrate this point,

we show the strong correlations between the Bgd) and Bg) bag parameters in figure 20

s

s

and those between the Bgi and Bg) bag parameters with i € {2,3,4,5} in figure 21.
In both figures, the left (right) column represents the combinations including (excluding)
Ny = 241 LQCD results. It can clearly be seen that the combinations that neglect
correlations (dashed pink contours) not only fail to capture the shape of the confidence
intervals, but also have central values that are significantly different from those of the full
combination (solid red contours).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.

~52 -


https://creativecommons.org/licenses/by/4.0/

Combination including Ny =2+ 1 LQCD  Combination excluding Ny =2+ 1 LQCD

1.05 - 0-95
1.00
0.90 A
0.95 &
=l = | e
VQQQ 0.90 4 \EQCQ 0.85
+
0.85 0.80 -
0.80
0.75 075
0.8 0.9 1.0 075 080 085 090 0.95
(1) 1)
By’ By,
—— FNAL/MILC HPQCD — KLR combination combination w/o correlations

Figure 20. Individual results for bag parameters B(Bld) _ from FNAL /MILC, HPQCD, and KLR as
well their combinations either taking into account all correlations (solid red) or neglecting corre-
lations (dotted pink). The combinations in the left column include the Ny =2 + 1 LQCD results,
while the combinations in the right column exclude them. All contours represent lo regions with
two degrees of freedom.

Full combination By BY BY BY BY BY BY BY BY B
BY) 0.890 % 0.026 BY) |1 0.243 0.062 0.198 0.135 0.971 0.270 0.092 0.218 0.166
BS) 0.773 4 0.027 BY) 1 0.181 0.295 0.170 0.272 0.973 0.227 0.319 0.203
B 0.779 £ 0.049 BY) 1 0.142 0.083 0.076 0.190 0.929 0.151 0.097
B 0.998 +0.032 BY) 1 0.263 0.227 0.327 0.181 0.975 0.304
BS) 0.955 £ 0.032 BY) 1 0153 0.187 0.105 0.274 0.950
B 0.886 £ 0.024 By 1 0.308 0.110 0.253 0.190
B | 0.788 + 0.025 B 1 0.251 0.356 0.226
B 0.852 + 0.044 By 1 0.196 0.126
B 0.979 +0.029 BY) 1 0327
BS) 0.926 + 0.028 BY) 1

Table 10. B; and B, bag parameters including their uncertainties and correlations obtained from
combining the results of FNAL/MILC [131], HPQCD [132], and KLR [133] given in tables 7, 8,
and 9.
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Figure 21. Bag parameters Bgi _ with i € {2,3,4,5} as described in caption of figure 20.
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HPQCD + KLR B BY BY BY BS) BY BY BY BY BY
BY) 0.837 0.030 BY) 1 0.045 0.003 0.023 0.025 0.976 0.044 0.006 0.023 0.025
BS) | 0.808 + 0.037 BY) 1 0.133 0.167 0.099 0.043 0.983 0.135 0.170 0.105
B 0.761 +0.053 BY) 1 0.120 0.070 0.005 0.131 0.921 0.121 0.073
BY) | 1.054 £ 0.042 BY) 1 0.186 0.023 0.170 0.129 0.984 0.195
BS) 0.986 + 0.037 BY) 1 0.025 0.101 0.075 0.186 0.952
BY)10.826 +0.029 BY) 1 0.043 0.006 0.024 0.026
B |0.824 4 0.037 BY) 1 0.138 0.173 0.106
B 0.830  0.053 BY 1 0.132 0.079
By |1.040 £ 0.041 By 1 0198
B 0.964 % 0.034 BY) 1

Table 11. By and B, bag parameters including their uncertainties and correlations obtained from
combining the results of HPQCD [132] and KLR [133] given in tables 8 and 9.
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