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1 Introduction

The study of b hadron decays has attracted increasing attention in recent years and promises
to remain an active research area in this decade. The LHCb experiment, presently underway
at the Large Hadron Collider (LHC) at CERN, stands as a pivotal complement to the
B-factory studies conducted at the late BaBar and Belle experiments. As we advance into
the decade, the Belle II experiment at Super KEKB is rapidly gaining ground, with its
luminosity nearing that of the BaBar dataset. Forecasts suggest that Belle II will outstrip
its predecessor, the original Belle experiment, in the forthcoming years. The projected data
sets from Belle II [1] and LHCb [2] have the potential to reshape our understanding of
b physics.
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The theoretical framework of weak decays is constructed on the foundation of effective
field theory, which advocates the factorization of long- and short-distance contributions.
Long-distance contributions are encapsulated by form factors, a domain wherein recent
advancements in lattice QCD have been particularly substantial [3–8]. Short-distance
contributions, conversely, are expressed via the Wilson coefficients (WCs) of the Weak
Effective Theory (WET) [9–12] and can be calculated perturbatively in the Standard
Model (SM). Any deviation in the WCs from their SM predictions would flag the presence
of short-distance new physics (NP). When the NP scale surpasses the electroweak (EW)
scale, an encompassing model-independent interpretation can be depicted through the
Standard Model Effective Field Theory (SMEFT) [13–18].

This succession of effective theories offers a methodical blueprint to describe the variety
of possible short-distance physics beyond the SM (BSM). By hypothesizing a weakly-coupled
ultraviolet (UV) theory as the subsequent layer of physics, we can facilitate perturbative
matching calculations to the SMEFT [19–22]. The renormalization group (RG) evolution
from the NP scale down to the hadron scale [12, 23–26], encompassing an intermediary
SMEFT to WET matching [11, 27, 28], yields reliable predictions. This framework permits
the systematic organization of BSM effects, which may be observable in a given weak
hadron decay at each order in the EFT and loop expansion. In practice, our interest is
often focused on the few leading orders that are capable of producing a substantial effect.
Such a comprehensive classification study for a given weak decay enables us to identify
other observables correlated at both low and high energies, thereby proposing a robust test
for NP.

In accordance with this perspective, the principal objective of this paper is to explore
potential BSM effects in exclusive b hadron decays, particularly those undergoing the
quark-level transition b→ uℓν. Within the SM, these transitions are classified as tree-level
weak decays, facilitated through the exchange of a W boson, and regulated by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element Vub. Traditionally, these decays serve as a
sandbox for probing strong and EW interactions and for extracting the absolute value of the
CKM element |Vub|. In the course of this study, we venture into the relatively unexamined
potential of these decays to reveal insights into new short-distance physics. While model-
independent constraints on new physics from b→ uℓν processes have been studied in the
WET [29–34], employing the SMEFT allows us to consider crucial correlations imposed by
phenomena such as flavor-changing neutral currents, along with other observables like the
tails of high-mass Drell-Yan distributions. In this paper, we examine the correlations arising
from the dimension-6 SMEFT without making additional flavor symmetry assumptions.
Notably, imposing constraints like minimal flavor violation (MFV) would preclude significant
effects in b→ uℓν decays. For MFV correlations in b→ qℓ+ℓ− decays see [35].

The extraction of the CKM matrix elements |Vqb| (where q = u, c) has exhibited slight
discrepancies between determinations derived from exclusive and inclusive decays [36–41],
and the NP explanation was found to be challenging [42–46]. A recent reconsideration
of the B → π form factors [47] reveals a |Vub| value congruent with the most recent
inclusive determination from Belle [48]; see also [49]. While this puzzle seems to be settled,
tension remains in the |Vub| determination from the exclusive B → {ρ, ω}ℓν decays [50].
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As an ancillary application of our study, we offer insights into the feasibility of an NP
interpretation.

The inclusive B → Xuℓν decays have sizable uncertainties, partially attributed to
the subtraction of large B → Xcℓν backgrounds. Furthermore, the requisite background
suppression cuts challenge the theoretical description based on the heavy quark expansion [51–
53]. Consequently, the inclusive decays will not be further addressed, and the scope of our
work is limited to the exclusive b→ uℓν decays.

The structure of this paper is organized as follows: In section 2, we undertake a
comprehensive analysis of b→ uℓν decays within the framework of the WET. Progressing
to section 3, we transition to the SMEFT and execute a global analysis that also takes into
consideration correlations with other data sets. Subsequently, in section 4, we enumerate
all tree-level mediator models that match onto the SMEFT scenarios and probe the implied
correlations in detail. The paper reaches its conclusion in section 5. Furthermore, appendix A
provides additional details on the determination of |Vub| in the WET, while appendix B
delves into tree-level models.

2 WET analysis of b → uℓν decays

This section presents the theoretical framework, the WET, to describe the effects of NP at
short distances in b→ uℓν decays (subsection 2.1). We detail the relevant set of operators
and their contributions to observables. Furthermore, we discuss the implementation of the
experimental data and theoretical predictions within the flavio framework [54]. Finally,
in subsection 2.2, we offer a comprehensive interpretation of the data in the context of the
WET. This serves as the starting point for the SMEFT analysis in section 3.

2.1 Setup

Here we focus on fully leptonic and semileptonic exclusive B meson decays with the
underlying b→ ulν transition. We employ the following weak effective Hamiltonian,

Heff = HSM
eff + 4GF√

2
Vub

∑
i,l

C
(l)
i O

(l)
i + h.c. , (2.1)

where O
(l)
i are local effective operators, C(l)

i are WCs encoding contributions of short-
distance NP, Vub is the CKM matrix element, GF is the Fermi constant, and l represents
the lepton flavor (l = e, µ, τ).1 We consider the following set of local operators at mass
dimension 6:

O
(l)
VL

= (ūLγµbL)(l̄LγµνlL) , O
(l)
VR

= (ūRγµbR)(l̄LγµνlL) , (2.2)

O
(l)
SL

= (ūRbL)(l̄RνlL) , O
(l)
SR

= (ūLbR)(l̄RνlL) , (2.3)

O
(l)
T = (ūRσµνbL)(l̄RσµννlL) , (2.4)

1Throughout this work we assume lepton flavor conservation.
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where all quark fields are defined in the mass basis and all lepton fields in the charged
lepton mass basis. In the SM, only the left-handed vector operator is generated through a
tree-level exchange of the W boson, leading to C(l)SM

VL
= 1 using the same normalization

as in eq. (2.1).2 On the other hand, short-distance NP can, in general, generate the full
set of operators in eqs. (2.2)–(2.4). Various low-energy observables, such as the branching
ratios of leptonic and semileptonic exclusive B decays, are highly sensitive probes of various
combinations of the corresponding WCs, as implied by Lorentz symmetry and invariance of
QCD under parity.

The fully leptonic decays B → lνl are sensitive to axial, C(l)
A ≡ C

(l)
VR
− C

(l)
VL

, and
pseudoscalar, C(l)

P ≡ C
(l)
SR
− C(l)

SL
, combinations of the WCs, via

BR(B → lνl)
BR(B → lνl)SM

=
∣∣∣∣∣1− (C(l)

VR
− C(l)

VL
) + m2

B

ml(mb +mu)
(C(l)

SR
− C(l)

SL
)
∣∣∣∣∣
2

. (2.5)

Note that the pseudoscalar contribution to the branching ratios of the leptonic B decays
is helicity enhanced compared to the axial contribution, rendering them highly efficient
probes of the pseudoscalar operator.

The semileptonic decay modes of B mesons into a pseudoscalar meson P are sensitive to
vectorial, C(l)

V ≡ C
(l)
VR

+C(l)
VL

, scalar C(l)
S ≡ C

(l)
SR

+C(l)
SL

, and tensor C(l)
T WCs. The differential

decay width (relative to the SM one) can be written as [55, 56]

dΓ(B → Plν)/dq2

dΓ(B → Plν)SM/dq2 =
∣∣∣1 + (C(l)

VR
+ C

(l)
VL

)
∣∣∣2 [(1 + m2

l

2q2

)
Hs 2
V,0 +

3
2
m2
l

q2 Hs 2
V,t

]

+ 3
2 |C

(l)
SR

+ C
(l)
SL
|2Hs 2

S + 8|C lT |2
(
1 + 2m2

l

q2

)
Hs 2
T

+ 3Re[(1 + (C(l)
VR

+ C
(l)
VL

))(C(l)∗
SR

+ C
(l)∗
SL

)] ml√
q2 H

s
SH

s
V,t

− 12Re[(1 + (C(l)
VR

+ C
(l)
VL

))C(l)∗
T ] ml√

q2 H
s
TH

s
V,0 ,

(2.6)

where q2 is the momentum transfer squared, and Hs 2
V,0, H

s 2
V,t, H

s 2
S , Hs 2

T are hadronic matrix
elements, parameterized by the three hadronic form factors f+,0,T (q2) (see ref. [56] for
explicit expressions). We use the latest determination of the B → π form factors from
ref. [47] where a combined fit to light-cone sum rules (LCSR) and lattice QCD data
was performed.

2The EW corrections are included as C
(l)SM
VL

= 1 + αe
π

log
(

mZ
µb

)
with µb = 4.8 GeV.
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The semileptonic decay modes of B mesons into vector meson V are rich in structure,
with the differential decay width (relative to the SM one) given as [55, 56]

dΓ(B → V lν)/dq2

dΓ(B → V lν)SM/dq2

=
(
|1 + C

(l)
VL
|2 + |C(l)

VR
|2
) [(

1 + m2
l

2q2

)(
H2
V,+ +H2

V,− +H2
V,0

)
+ 3

2
m2
l

q2 H2
V,t

]

− 2Re[(1 + C
(l)
VL

)C(l)∗
VR

]
[(

1 + m2
l

2q2

)(
H2
V,0 + 2HV,+HV,−

)
+ 3

2
m2
l

q2 H2
V,t

]

+ 3
2 |C

(l)
SR
− C(l)

SL
|2H2

S + 8|C lT |2
(
1 + 2m2

l

q2

)(
H2
T,+ +H2

T,− +H2
T,0

)
+ 3Re[(1− (C(l)

VR
− C(l)

VL
))(C(l)∗

SR
− C(l)∗

SL
)] ml√

q2 HSHV,t

− 12Re[(1 + C
(l)
VL

)C(l)∗
T ] ml√

q2 (HT,0HV,0 +HT,+HV,+ −HT,−HV,−)

+ 12Re[C(l)
VR
C

(l)∗
T ] ml√

q2 (HT,0HV,0 +HT,+HV,− −HT,−HV,+) ,

(2.7)

where again, the explicit expressions of the hadronic matrix elements can be found in
ref. [56], parameterized in terms of the form factors A0,1,2(q2), V (q2) and T1,2,3(q2). The
form factors for the B → ω and B → ρ transitions have been determined only by the
light-cone sum rules [57].

In the following, we contrast the WET with the available experimental data on the
leptonic and semileptonic b→ ulν decays, focusing mostly on channels with light leptons.
We assume exact isospin symmetry, and the spectra are to be understood as CP-averaged.
Currently, the best determination of BR(B → eν) and BR(B → µν) comes from Belle [58,
59], whereas for BR(B → τν) we use the latest PDG average [60] of Belle [61, 62] and
BaBar [63, 64] measurements,

BR(B → eν)exp < 9.8× 10−7 at 90% CL ,
BR(B → µν)exp = (5.3± 2.0± 0.9)× 10−7 ,

BR(B → τν)exp = (1.09± 0.24)× 10−4 .

(2.8)

It is important to note that the obtained results are based on the assumption that back-
grounds from semileptonic decays are NP-free. This assumption adds complexity to the
global fit process, which will be discussed in detail later in this article.

As for the semileptonic transitions, we use the latest available data on the differential
branching ratios of B → πlν, B → ωlν and B → ρlν from Belle [65, 66] and BaBar [67–69],
as combined in the latest HFLAV averages [36, 50]. Unfortunately, the data is only reported
as a combination of the electron and muon channels, hence for the majority of the following
discussion (unless stated otherwise), we will assume lepton flavor universality (LFU) in
light leptons, writing ℓ ≡ e, µ. From the Belle analysis of B → Dℓν [70], we expect a
similar experimental sensitivity to electrons and muons in the decay modes discussed here.
Hence we assume C(ℓ) = 1/2(C(e) + C(µ)). There is also an upper limit on B → πτν from
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Belle [71], which does not play a significant role in the scenarios studied here at the current
level of experimental precision.

The predictions and measurements discussed above are available in the open source
python package flavio [54] and part of the global SMEFT likelihood smelli [72, 73]. As
part of performing the study discussed here, we have updated the measurements of B → µν,
B → πℓν, B → ωℓν and B → ρℓν in the database of measurements. In our numerical
analysis, we take into account the new physics dependence of the theory uncertainties and
their correlations, as described in ref. [74].

2.2 Results

Here we perform a comprehensive analysis of the constraining power of the above processes
on the model-independent parameterization of short-distance NP effects by means of the
WET Hamiltonian in eq. (2.1). In the main results of this paper, we fix |Vub| in eq. (2.1) to
|Vub| = 3.73 × 10−3, a value which is compatible with the recent global fits of the CKM
matrix parameters [36]. We dedicate appendix A to the issue of extracting |Vub| in an
EFT setting.

Firstly, we focus on the left- and right-handed vector operators in eq. (2.2). On the
upper left plot in figure 1, we show the constraints in the (C(ℓ)

VL
, C

(ℓ)
VR

) plane, assuming real
WCs and LFU in light leptons (see the discussion in the previous section). As anticipated
from eqs. (2.5) and (2.6), the branching ratios of the fully leptonic B → µν and semileptonic
B → πℓν decay modes are sensitive to perpendicular directions in this plane, the former to
the axial direction and the latter to the vectorial direction. The constraint from B → eν is
not competitive in this plane, and we do not show it. On the other hand, the branching
ratios of the semileptonic decay modes to final states with vector mesons are sensitive to
both directions; see eq. (2.7). As already anticipated in ref. [50] and further demonstrated
in ref. [33], we observe tension in the global fit at the level of ∼ 2σ with the SM. The
tension is a consequence of the measured differential spectra of B → ωℓν and B → ρℓν

being consistently below the SM predictions (see e.g. [50]). A negative interference with the
SM contribution is needed in order to explain the data, hence C(ℓ)

VL
< 0 is preferred. Notice

that two degenerate best-fit regions are found, the first one being close to the SM point,
where NP is a small correction, while the second one represents the region in which NP is
almost canceling the SM contribution. Note, however, that the best-fit regions are in slight
tension with the current constraint from B → µν. This constraint, however, comes with the
caveat that the semileptonic B → ρℓν and B → ωℓν represent a part of the background
events in the analysis of B → µν. These, in turn, depend on the WCs considered here.
To account for this properly, a WET analysis would have to be performed already at the
level of the experimental analysis. At this stage, it is hard to quantify this effect properly.
However, moving to the best-fit point would decrease these backgrounds and potentially
slightly increase the significance of the signal. This would further worsen the disagreement
between the region preferred by B → V ℓν and that preferred by B → µν.

The C(ℓ)
VL

= −C(ℓ)
VR

direction is not sensitive to B → πℓν decays and is preferred by
the global fit in the (C(ℓ)

VL
, C

(ℓ)
VR

) plane as a solution to a mild B → {ρ, ω}ℓν discrepancy.
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Figure 1. Left: 2D contours in the scenario (C(ℓ)
VL
, C

(ℓ)
VR

), assuming LFU for light leptons. Right:
2D contours in the complex plane of the scenario (C(ℓ)

VL
= −C(ℓ)

VR
), assuming LFU for light leptons.

Bottom: ∆χ2 as a function of C(ℓ)
VL

= −C(ℓ)
VR

, assuming LFU for light leptons, and either LFU in
C

(τ)
VR

or C(τ)
VL

= −C(τ)
VR

. Unless denoted otherwise (as in the right plot), we assume the WCs to be
real and drop the symbol Re for brevity. See section 2.2 for details.

In the upper right plot of figure 1, we show the contours in the complex plane of this
direction. Although a sizable imaginary part of the WCs is allowed by the global fit, a
negative ReC(ℓ)

VL
= −ReC(ℓ)

VR
is needed so as to interfere with the SM, as discussed above,

destructively. For this reason, in the following, we will only assume NP that is aligned with
the phase of the SM contributions.

Finally, in the bottom plot of figure 1 we show the dependence of ∆χ2 ≡ χ2 − χ2
min.

on the assumed direction of real C(ℓ)
VL

= −C(ℓ)
VR

. The constraint from B → V ℓν is again
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Figure 2. 2D contours in the scenario (CSL
, CSR

), assuming NP either in electrons (left) or in
muons (right).

showcasing the ∼ 2.5σ tension with respect to the SM, whereas the constraint from B → µν

is in slight tension. Furthermore, we assume two well-motivated assumptions about the WCs
for the τ lepton flavor — either lepton flavor universality in C

(τ)
VR

= C
(ℓ)
VR

, or lepton flavor
universality in both C

(τ)
VL

= C
(ℓ)
VL

and C
(τ)
VR

= C
(ℓ)
VR

(see section 3 for the reasoning behind
these assumptions). The constraints from B → τν further challenge the region preferred by
B → V ℓν and will play an important role in the scenarios considered in section 3.

We now turn our attention to the scalar operators defined in eq. (2.3). In figure 2, we
show the constraints in the plane of (CSL

, CSR
), assuming NP in either electrons (left plot)

or in muons (right plot). As anticipated from eqs. (2.5) and (2.6), the fully leptonic decay
modes are sensitive to the pseudoscalar direction, whereas the semileptonic decay modes to
a pseudoscalar final state meson are sensitive to the perpendicular (scalar) direction. The
constraints from B → V ℓν are not competitive in this plane, and hence we omit them in
the plots.3 Note that here we relax the assumption of lepton flavor universality, which in
the case of B → πℓν amounts to assuming NP only in one of the lepton channels, whereas
still accounting for the SM prediction for the other channel. Due to the chirality enhanced
sensitivity of B → ℓν, the pseudoscalar direction is much better constrained than the scalar
one. Furthermore, the branching ratio of B → µν is significantly better constrained than
B → eν, rendering the constraints in the muon scenario more stringent than the electron
scenario. In the muon scenario, we again observe two minima, one of which amounts to a
significant cancelation between (large) NP and the SM contributions to B → µν. Finally,
we comment that in this plane, there is less ambiguity expected in the contours from
B → ℓν due to the dependence of the backgrounds on the WCs, i.e., B → πℓν is blind to

3Note that B → V ℓν decays also do not show tension in the plane of the scalar WCs, as the interference
of these with the SM contribution is chirality suppressed.
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CℓV CℓA CℓS CeP CµP CℓT

B → πℓν:
[−0.057, 0.108]

B → V ℓν:
[0.079, 0.397]

B → πℓν:
[−0.178, 0.162]

B → eν:
[−0.027, 0.027]

B → µν:
[−0.008, 0.009]

B → V ℓν:
[−0.091, 0.095]

global:
[−0.066, 0.094]

global:
[0.039, 0.382]

global:
[−0.178, 0.162]

global:
[−0.027, 0.027]

global:
[−0.008, 0.009]

global:
[−0.09, 0.095]

Table 1. 2σ bounds on the vector, axial-vector, scalar, pseudoscalar, and tensor WCs in the WET.
In each case, we point out the process that dominates the global fit (note that V = (ρ, ω)). Each
column represents a 1D fit with only a single combination of WET WCs active at a time.

the direction to which B → ℓν is sensitive, whereas B → V ℓν are only marginally sensitive
to the scalar WCs at the current experimental precision.

Next, in table 1, we collect the 2σ bounds on the WET WCs in the b→ uℓν sector, as
organized by the Lorentz structure and parity of their respective operators. These results
were obtained by considering one nonzero combination of WET WCs at a time. In all cases,
except for the pseudoscalar coefficient, we assume LFU. In each case, a single process (we
group the vector final states into V = (ρ, ω)) dominates the global fit, as can be seen by
comparing the 2σ regions from the processes, pointed out in each column of the table, with
the global fit underneath. The constraint on the vector operator is completely dominated
by measurements of the B → πℓν branching ratios, as is already confirmed in figure 1. The
perpendicular, axial-vector direction is, on the other hand, most constrained by B → V ℓν,
where V = (ω, ρ), and shows a slight tension with the SM prediction at the level of ∼ 2.5σ.
As can already be expected from figure 2, the scalar Wilson coefficient is most constrained
from measurements of B → πℓν, whereas the perpendicular, pseudoscalar direction is best
constrained from fully leptonic modes B → ℓν, with the constraint on the pseudoscalar
coefficient being much tighter due to the chirally enhanced sensitivity of fully leptonic
modes. Lastly, the current best bound on the Wilson coefficient of the tensor operator comes
from B → V ℓν, which can be understood from eq. (2.7). The tensor operator contributes
constructively to B → V ℓν, worsening the tension between predictions and experimental
measurements. This effect is enough to render the 2σ constraint from B → V ℓν a factor of
∼ 2 better compared to the constraint from B → πℓν.

3 Global SMEFT analysis

In this section, we presume that the NP scale surpasses the EW scale, allowing the SMEFT
to represent infrared (IR) physics adequately. By limiting the SMEFT expansion to the
leading, dimension-6 order, we identify correlations among various low-energy observables.
Moreover, starting with the minimal set of operators for b→ uℓν decays at the NP matching
scale, significant effects are produced through the RG evolution down to the EW scale.

In subsection 3.1, we detail the relevant SMEFT operators and elucidate their matching
to the WET operators. Subsequently, in subsection 3.2, we explore various observables that
are correlated with b→ uℓν decays in the SMEFT context. Ultimately, in subsection 3.3,
we offer an extensive global study of these processes in the SMEFT.
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Q
(3)
lq (l̄pγµσalr)(q̄sγµσaqt)

Qledq (l̄jper)(d̄sqtj)

Q
(1)
lequ (l̄jper)εjk(q̄ksut)

Q
(3)
lequ (l̄jpσµνer)εjk(q̄ksσµνut)

Q
(3)
ϕq (ϕ†i←→D a

µϕ)(q̄pσaγµqr)

Qϕud (ϕ̃†iDµϕ)(ūpγµdr)

Q
(1)
lq (l̄pγµlr)(q̄sγµqt)

Q
(1)
ϕq (ϕ†i←→D µϕ)(q̄pγµqr)

Table 2. SMEFT operators at dimension 6 (∆B = 0) contributing to (semi)leptonic b → ulν

processes at the tree level (left) and closely related operators (right). Pauli matrices are denoted as σa,
ε is the totally anti-symmetric tensor in the SU(2)L space,←→D µ ≡ Dµ−

←−
Dµ and←→D a

µ ≡ σaDµ−
←−
Dµσ

a.

3.1 Setup

Above the EW scale, we use the following SMEFT effective Lagrangian at mass dimension 6
to parameterize model-independent effects of heavy NP,

Leff = LSM +
∑

Qi=Q†
i

Ci
Λ2Qi +

∑
Qi ̸=Q†

i

(
Ci
Λ2Qi +

C∗
i

Λ2Q
†
i

)
, (3.1)

where Qi are local effective operators in the Warsaw basis [14], Ci are WCs, and Λ is the
cutoff scale. In table 2, we collect the subset of dimension-6 operators we focus on in
this work: those that contribute at the tree level to b → uℓν processes and the closely
related operators.4 The operators Q(3)

lq , Qledq, Q
(1)
lequ and Q

(3)
lequ contribute to b → uℓν as

contact interactions, whereas Q(3)
ϕq and Qϕud modify the left- and right-handed W couplings

with quarks, respectively. Already at this stage, we omit the operator Q(3)
ϕl , which could

contribute to b→ uℓν through a modified W coupling to leptons, however, these operators
are tightly constrained from other processes (see section 3.2).

For completeness, the tree level matching of the operators in table 2 to the WET
Hamiltonian in eq. (2.1), assuming the down-diagonal quark mass basis, is5

C
(l)
VL

= −Vud
Vub

v2

Λ2

[
C

(3)
lq

]
ll13

+ Vud
Vub

v2

Λ2

[
C

(3)
ϕq

]
13
, C

(l)
VR

= 1
2Vub

v2

Λ2 [Cϕud]13 , (3.2)

C
(l)
SL

= − 1
2Vub

v2

Λ2

[
C

(1)
lequ

]∗
ll31

, C
(l)
SR

= − Vud
2Vub

v2

Λ2 [Cledq]∗ll31 , (3.3)

C
(l)
T = − 1

2Vub
v2

Λ2

[
C

(3)
lequ

]∗
ll31

. (3.4)

Interestingly, at dimension-6 SMEFT, the left-handed vector operator can be generated
either through a contact interaction C

(3)
lq or through a modification of the W coupling

4That is, operators contributing to the same set of complementary observables and (or) are generated
when integrating a perturbative UV model. The flavor structure assumes only a minimalistic set of nonzero
WCs aligned with b → uℓν. Realistic flavor assumption would imply even more correlations, see e.g. [75–77].

5Throughout this work, we consider a set of SMEFT operators that do not modify v and GF .
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with left-handed quarks via C(3)
ϕq , whereas the right-handed vector operator can only be

generated through a modification of the W coupling with right-handed quarks Cϕud.6
Note that, assuming the standard CKM parameterization, Vub in eqs. (3.2)–(3.4) is

complex and carries an imaginary part which is almost 3 times as large as its real part.
Assuming real SMEFT WCs would thus result in WET WCs with substantial imaginary
parts, firmly selecting a direction, for e.g., the upper right plot on figure 1. In order to
circumvent the computational complexity of assuming complex WCs in the SMEFT, we
choose a direction in the complex plane of each WC that is aligned with the phase of Vub in
the following way:

Ci =
Vub
|Vub|

C̃i , C̃i ∈ R . (3.5)

It is straightforward to see that in eq. (3.2), the Vub factor will cancel out. However, we
keep its absolute value not to change the WCs magnitude. In the following, we will present
results in C̃i, unless otherwise stated.

As for the numerical analysis, both in this and in the following section, we use the same
setup as already described in section 2. Most of the complementary constraints discussed
in the following are already a part of the public smelli [72, 73] likelihood, except for
high-mass Drell-Yan tails, which we add based on their implementation in flavio [35]. As
mentioned in section 2, we consider the dependence of the theoretical uncertainties on the
NP parameters [35, 74]. We choose the initial scale at which the SMEFT operators are
defined to be Λ = 1 TeV, and rely on wilson [78] for the running and matching7 of the
WCs, both above and below the EW scale and on the Wilson coefficient exchange format
(WCxf) [79] to represent the Wilson coefficients and to fix the EFT bases.

3.2 Complementary constraints

This section discusses the phenomena correlated to b→ uℓν transitions within the SMEFT
framework. These include neutral-current rare b decays, high-mass Drell-Yan production
pp→ ℓ+ℓ− and pp→ ℓν, B0 − B̄0 oscillations, and EW gauge boson vertex corrections.

3.2.1 Rare b decays

Due to SU(2)L relations, the operators Q(3)
lq , Qledq, Q

(3)
ϕq , together with the related operators

Q
(1)
lq and Q

(1)
ϕq , enter the leptonic and semileptonic rare B decays with the underlying

transition b → dℓℓ with no additional suppression, either as contact interactions or as
modifications of the Z boson couplings with quarks. This leads to important constraints
from measurements of the leptonic branching ratios B → ee, reported by LHCb [80], and
B → µµ, reported by LHCb [81, 82], CMS [83] and ATLAS [84], and semileptonic branching
ratios B → πee, the upper limit of which was reported by Belle [85], B → πµµ, measured

6The non-universal right-handed vector operator in the WET is generated by the dimension-8 SMEFT
operator (ϕ̃†σaϕ)(ūγµd)(l̄γµσal).

7Note, that the current official version of wilson is neglecting two insertions of vertex corrections in
the matching of the SMEFT to the WET, which is necessary for some complementary constraints, see
section 3.2.3. We have added these neglected terms in a private version of wilson, and they will be available
in a future official release.
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differentially by LHCb [86], and Bs → K∗0µµ observed by LHCb [87] with a significance of
3.4σ. See refs. [35, 88] for dedicated studies of this sector in the WET. The related FCNC
process b → dνν is sensitive to the operators Q(1)

lq , Q
(3)
lq , Q(1)

ϕq and Q
(3)
ϕq . The upper limits

on B → πνν and B → ρνν have been determined by Belle using either hadronic [89] or
semileptonic tagging [90].

In both b → dℓℓ and b → dνν we expect unconstrained directions in the (C(1)
lq , C

(3)
lq )

and (C(1)
ϕq , C

(3)
ϕq ) pairs of WCs. Namely, in the case of contact interactions, there will be

no contribution to b → dℓℓ when aligned with the direction of C(1)
lq = −C(3)

lq , and no
contribution to b→ dνν in the perpendicular direction of C(1)

lq = C
(3)
lq . These directions are

also stable under RG effects. On the other hand, in the case of modified Z vertices, both
b→ dℓℓ and b→ dνν have the same flat direction of C(1)

ϕq = −C(3)
ϕq at the tree level, as this

combination does not contribute to down-quark FCNCs. This relation is, however, mildly
broken due to the different renormalization of the singlet and triplet operators. The effect
is dominated by the yt-enhanced contribution from the diagrams in which one of the Higgs
legs is attached to a quark leg to form a loop, and a Higgs is emitted from the quark in
the loop. Writing only the dominant parts of the RG equations (RGE) contributing to the
effect relevant to our discussion, we have [24]

[
Ċ

(1)
ϕq

]
pr
∝ 3

2
[
C

(1)
ϕq

]
pt
[Y †
uYu]tr −

9
2
[
C

(3)
ϕq

]
pt
[Y †
uYu]tr ,[

Ċ
(3)
ϕq

]
pr
∝ 1

2
[
C

(3)
ϕq

]
pt
[Y †
uYu]tr −

3
2
[
C

(1)
ϕq

]
pt
[Y †
uYu]tr ,

(3.6)

where Ċ ≡ 16π2µ d
dµC. This will be relevant for understanding figure 4.

Finally we comment on the Qϕud operator, which in principle runs into Qϕu and
Qϕd [24]. These operators contribute to modified Z boson couplings with right-handed
quarks. However, these terms in the SMEFT RGE are Yd suppressed, rendering rare b
decays an inefficient probe of Qϕud, when compared to bounds obtained from b→ uℓν.

3.2.2 High-mass Drell-Yan

The constraints from measurements of Drell-Yan (DY) processes at high pT have been
shown to be highly complementary to various low energy flavor processes, in particular
in the sectors of rare b decays b→ sℓℓ and b→ dℓℓ [35, 91, 92], charged-current b→ cτν

decays [93–96], lepton flavor violating transitions [97, 98], and in the charm sector [99, 100].
In this work, we study the complementarity between low-energy b → uℓν processes and
high-mass DY.

High-mass DY processes are especially sensitive to contact interactions due to the
favorable energy enhancement of the EFT amplitudes in the tails of high-pT distributions,8
which can overcome the PDF suppression due to potential sea quarks in the initial state. An
important property of the dependence of high-pT spectra to contact interactions is the lack
of interference terms between different SMEFT operators. This means that the majority of

8The W and Z vertex corrections do not exhibit the same energy enhancement and are negligible in the
high-mass DY tails.
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the operators, barring the ones that interfere with the SM, will contribute to the spectra
only constructively, and the extracted bounds will be free from unconstrained directions.

It is important to note here, that the high-mass DY tails are effectively probing energies
up to the TeV scale. The EFT validity arguments suggest that the bounds derived from the
high-mass tails are applicable primarily to models with energy scales beyond the TeV scale.
Consequently, the constraints imposed by the DY tails are sensitive to a smaller subset
of models when compared to the constraints obtained from low-energy observables. See
e.g. [35] for a recent discussion.

We consider the latest data on the differential spectra of both neutral (pp→ ℓℓ) and
charged current (pp → ℓν) DY processes with light leptons in final states, both from
CMS [101, 102] and ATLAS [103, 104]. We have recently implemented both the theoretical
predictions, including SMEFT at mass-dimension 6, and the latest data into flavio, see
ref. [35] for details.

3.2.3 B0 meson mixing

The C(1)
ϕq and C(3)

ϕq WCs, generating flavor-changing modifications of the Z boson couplings
with left-handed quarks, contribute to ∆F = 2 processes at the tree-level, through two
insertions of the modified vertex. However, it turns out that there is a numerically important
contribution generated in the process of RG evolving these WCs from a high scale to a low
scale. Namely, keeping only the terms relevant for this discussion, we have the following yt
enhanced terms in the SMEFT RGE of the four-quark operators [24]9

[
Ċ(1)
qq

]
prst
∝ 1

2[Y
†
uYu]pr

[
C

(1)
ϕq

]
st
+ 1

2[Y
†
uYu]st

[
C

(1)
ϕq

]
pr
,[

Ċ(3)
qq

]
prst
∝ −1

2[Y
†
uYu]pr

[
C

(3)
ϕq

]
st
− 1

2[Y
†
uYu]st

[
C

(3)
ϕq

]
pr
.

(3.7)

Note, that there is an important difference between the tree-level contributions due to
modified Z vertices, and the RGE-induced contributions to four-quark operators. Namely,
in the case when C

(1)
ϕq = −C(3)

ϕq , the tree-level SMEFT to WET matching does not induce
modified Z-boson vertices. On the contrary, the RGE-induced contributions in eq. (3.7)
contribute even for this combination of WCs, as can be seen in the sign difference between
the singlet and triplet operator contributions in eq. (3.7). As we will see in section 3.3, the
interplay of both effects is responsible for closing the contours from ∆F = 2 processes.

In this work we are interested in the Q(1)
ϕq and Q(3)

ϕq operators with the first and third gen-
eration quarks. Thus we expect important constraints from the B0− B̄0 mixing observables,
namely the mass difference ∆Md and the CP asymmetry SψK from the interference between
B0 − B̄0 mixing and the decay B0 → ψKS . We consider the experimental measurements of
these quantities, as determined by the latest HFLAV average [36].

9Note, that the argument holds irrespective of the quark mass alignment. In the down-diagonal basis,
eq. (3.7) directly produces the off-diagonal elements of the flavor tensors, as required by ∆F = 2 processes.
In the up-diagonal basis, the necessary off-diagonal entries are instead generated in the process of matching
SMEFT to the LEFT.
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3.2.4 W and Z vertex corrections

The modified couplings of the W and Z bosons to fermions undergo constraints from on-shell
vector boson production and decay processes at both the LEP and LHC colliders. The
leptonic vertex corrections, arising from the operator Q(3)

ϕl , have been found to be bounded
at a (sub)percent level, as discussed in [105]. Consequently, within the current precision, the
contribution of this operator to the variation of b→ uℓν transitions is deemed negligible.

The bounds on quark vertex corrections derived from on-shell processes, specifically
the observables associated with Z and W boson pole measurements, exhibit relatively
weak constraints compared to the complementary constraints originating from low-energy
observables investigated in this study (see, for instance, eq. (4.10) in [105]). Furthermore,
the evaluation of CKM-suppressed top quark decays at the LHC presents considerable
challenges, as elaborated in [106]. Moreover, top quark flavor-changing neutral current
decays (t→ Zq) and the corresponding pp→ t+ Z production, both sensitive to the Q(3)

ϕq

operator, impose additional constraints that are also subdominant in comparison to those
derived from low-energy observables discussed above [107–109]. For example, the ATLAS
limit on B(t→ Zu) < 6.2× 10−5 at 95%CL [107] translates as |C̃(3)

ϕq | ≲ 0.2, which is two
orders of magnitude worse than the scale in figure 4.

3.3 Results

In this subsection we present the results of a SMEFT analysis, focusing on b→ uℓν processes
and the important complementary constraints discussed in the previous subsection. All of
the results presented here assume a minimalistic flavor structure of the SMEFT operators,
aligned with a maximal expected effect on b→ uℓν. From the results we have presented and
discussed in the WET (see section 2), we pinpoint groups of SMEFT operators in which we
expect interesting correlations to appear.

Firstly, we consider the SMEFT operators, which match onto the vector WET operators,
since we have seen interesting correlations among them already in the WET (see figure 1).
For the right-handed vector operator OVR

there is only a single SMEFT operator generating
it at dimension 6, the Qϕud. As for the left-handed vector operator OVL

, we consider either
the contact interaction operator Q(3)

lq , together with its related operator Q(1)
lq , or the vertex

correction operator Q(3)
ϕq , together with its related operator Q(1)

ϕq . This leaves us with two
groups of 3 SMEFT operators to explore, and to clearly present the results we resort to
either profiling over one of the directions, or projecting onto a well-motivated plane in the
3-dimensional space.

Group I. In figure 3 we focus on the group of WCs (C̃(1)
lq , C̃

(3)
lq , C̃ϕud). The left plot shows

the constraints in the ([C̃(1)
lq ]ℓℓ13, [C̃(3)

lq ]ℓℓ13) plane, profiling over the [C̃ϕud]13 direction. We
emphasize, that the b→ ulν processes are the only ones considered here sensitive to this
direction. In fact, allowing for the combination of CVL

and CVR
to be generated in this

scenario, the exclusive semi-leptonic B decays are in tension with the SM at the level of
∼ 2.5σ, as already anticipated in figure 1. This seems to be further supported by the
b→ dνν constraint, exhibiting a slight tension with the SM at the level of ∼ 1.5σ. By far
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Figure 3. Left: 2D contours in the scenario ([C̃(1)
lq ]ℓℓ13, [C̃(3)

lq ]ℓℓ13), profiled over [C̃ϕud]13. Right:
2D contours in the scenario ([C̃(1)

lq ]ℓℓ13 = −[C̃(3)
lq ]ℓℓ13, [C̃ϕud]13). See section 3.3 for details.

the most constraining processes in this plane are the FCNC b→ dℓℓ processes, which are
however insensitive in the direction of C̃(1)

lq = −C̃(3)
lq unconstrained from these processes,

resulting in a narrow, elongated global fit. The global fit exhibits a slight tension with
the SM at the level of ∼ 1.5σ. The reason that the tension is weaker than with exclusive
b→ uℓν alone is that the global fit also includes the leptonic decays B → lν. As already
anticipated in figure 1, [C̃ϕud]13 generates a universal right-handed vector operator, leading
to important constraints not only from B → ℓν but also from B → τν. Notably, the
bounds obtained from Drell-Yan tails are not competitive in this scenario and, thus are not
represented in the plot.

The right plot in figure 3 depicts the bounds obtained for the case aligned with the
b → dℓℓ flat direction, where C̃(1)

lq = −C̃(3)
lq , against C̃ϕud. In this scenario, the stringent

bounds from FCNC b → dℓℓ processes are absent, allowing more freedom for the global
fit. The contours from b→ uℓν processes, including semileptonic and leptonic transitions
with light leptons, again show tension with the SM point. This is however challenged
by the B → τν constraint. We also show the complementary constraints from b → dνν

processes and charged current high-mass DY tails, which only mildly impact the global fit.
However, the global fit, mildly incompatible with the SM, will be further challenged by
future measurements of these complementary processes.

Group II. In figure 4 we turn our attention to the group of WCs (C̃(1)
ϕq , C̃

(3)
ϕq , C̃ϕud),

constituting only left- and right-handed quark vertex corrections. In the left panel of
the figure, the constraints on the (C̃(1)

ϕq , C̃
(3)
ϕq ) parameter space are presented, profiling

over C̃ϕud. The b → uℓν contours exhibit a tension with the SM for the same reason as
already discussed in the previous case. However, the situation changes drastically with the
complementary constraints. As discussed in subsection 3.2.1, both b→ dℓℓ and b→ dνν

– 15 –



J
H
E
P
1
1
(
2
0
2
3
)
0
2
3

−0.005 0.000 0.005 0.010

[C̃
(1)
φq ]13

−0.010

−0.008

−0.006

−0.004

−0.002

0.000

0.002
[C̃

(3
)

φ
q

] 1
3

flavioΛ = 1 TeV

b→ dνν 1σ

b→ u`ν 1σ

∆Md 1σ

b→ d`` 1σ

SψK 1σ

global 1σ, 2σ

−0.010 −0.005 0.000 0.005 0.010

Re[C
(1)
φq ]13 = −Re[C

(3)
φq ]13

−0.0100

−0.0075

−0.0050

−0.0025

0.0000

0.0025

0.0050

0.0075

0.0100

Im
[C

(1
)

φ
q

] 1
3

=
−

Im
[C

(3
)

φ
q

] 1
3

C̃

Λ = 1 TeV
B → τν 1σ

b→ d`` 1σ

b→ u`ν 1σ

∆Md 1σ

SψK 1σ

global 1σ, 2σ

Figure 4. Left: 2D contours in the scenario ([C̃(1)
ϕq ]13, [C̃(3)

ϕq ]13), profiled over [C̃ϕud]13. Right:
Contours assuming the direction of C(1)

ϕq = −C(3)
ϕq and allowing for arbitrary imaginary parts, still

profiling over [C̃ϕud]13. See surrounding text for details.

now constrain the same direction, with the former being vastly more constraining, rendering
the latter irrelevant for the global fit. Notice also the misalignment between the b→ dℓℓ

contour and the direction of C̃(1)
ϕq = −C̃(3)

ϕq , as anticipated from the RG effects discussed
in subsection 3.2.1. Furthermore, as anticipated in subsection 3.2.3, neutral B-meson
mixing constraints are important in this plane from two effects: two insertions of the
modified Z-vertices at the tree level, and RGE-induced contributions to the four quark
operators, as discussed in subsection 3.2.3. The ∆Md constraint is more relaxed, however,
the mixing-induced CP asymmetry SψK is highly constraining, dominating and closing
the global fit together with b→ dℓℓ. This is due to our choice of basis in eq. (3.5), where
a substantial imaginary part is imposed on the coefficients C, which is, contrary to the
b→ uℓν sector, not canceled in the matching to other sectors.

This assumption is relaxed in the upper right plot of figure 4, which momentarily omits
the use of the C̃ basis (eq. (3.5)). We choose the direction of C(1)

ϕq = −C(3)
ϕq , and present

contours in the complex plane of this scenario. We still profile over only the C̃ϕud ∈ R
direction to reduce the computational complexity, however, this has no meaningful impact
on the results. The b → uℓν contours prefer an imaginary part of the considered WCs,
further supporting our choice of basis in eq. (3.5), especially when considering the direction
of C̃ as overlaid on the plot. The complementary constraints from b→ dℓℓ and ∆Md could,
in principle, support the tension exhibited by the b→ uℓν processes, however, note that
there is no region in which the latter would be compatible with the stringent constraint
from the mixing-induced CP asymmetry SψK .

Other operators. Lastly, we consider the scalar and tensor operators Q(1)
lequ, Q(3)

lequ and
Qledq. Motivated by the discussion in the following section 4, we group them so that we
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Figure 5. Left: 2D contours in the scenario ([C̃(1)
lequ]1131, [C̃(3)

lequ]1131) (NP only in electrons). Right:
2D contours in the scenario ([C̃(1)

lequ]2231, [C̃(3)
lequ]2231) (NP only in muons). See surrounding text

for details.

first consider the pair (Q(1)
lequ, Q(3)

lequ), and then consider Qledq separately. As we expect the
bounds on these to be dominated by fully leptonic B decays, we separate each scenario by
the lepton flavor (see section 2), omitting our assumption of LFU.

In figure 5, we study the operators Q(1)
lequ, Q(3)

lequ contributing to b→ uℓν, assuming NP
only in electrons (left plot) or only in muons (right plot). The Q(1)

lequ and Q
(3)
lequ operators

match onto the left-handed scalar and tensor operators in the WET, respectively. As
these substantially mix under RGE, the fully leptonic B → ℓν processes are sensitive not
only to the scalar coefficient but also to the tensor one. Note that the constraints from
leptonic decays are notably stronger in the muon channel compared to the electron channel,
as already anticipated from section 2. In order to close the flat direction appearing in
the constraints from these processes, complementary constraints are needed. We overlay
in both cases the constraints from exclusive semileptonic b → uℓν transitions, as well as
measurements of high-mass DY tails in the charged current channels. The former currently
presents a better constraint in the considered scenarios, however, the latter is almost as
important, especially for the tensor operator in the electron channel. The muon channel of
high-mass DY exhibits a small tension with respect to the SM in this scenario, resulting
in degenerate minima appearing in the fit and comparatively worsening the constraint.
Lastly, we comment that complementary constraints from leptonic charm decays D → ℓℓ

are currently not competitive compared to fully leptonic B → ℓν transitions in these planes.
However, the situation might change in the future with more data [110].

Finally, in figure 6, we consider the Qledq operator, assuming NP in either electrons (left)
or muons (right). In these 1D scenarios, we present the ∆χ2 distributions, demonstrating
the hierarchy between each relevant constraint. In both cases, the chirality-enhanced fully
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Figure 6. Left: ∆χ2 in the scenario [C̃ledq]1131 (NP only in electrons). Right: ∆χ2 in the scenario
[C̃ledq]2231 (NP only in muons). See surrounding text for details.

leptonic FCNC decays B → ℓℓ are the most efficient probes. They are followed by the FCNC
transitions b→ dℓℓ comparable to chirality-enhanced charged current decays B → ℓν. Note
the difference between the solid and dashed orange lines in the right plot, corresponding
to the positive and negative values of C̃ledq, respectively. The second minimum is possible
for the positive values of the WC due to cancellation with the SM, as already discussed
in section 2. The rest of the bounds are symmetric concerning the sign of the WCs. The
exclusive b→ uℓν processes are last in sensitivity among the low-energy probes, followed
by the complementary constraints from high-mass DY tails.

4 Models

There is a finite number of heavy new field representations under the SM gauge group in a
perturbative UV model that integrates out to the dimension-6 SMEFT operators at the tree
level [19]. Those contributions, which are leading both in the EFT and the loop expansion,
are expected to dominate the phenomenology at low energies. In subsection 4.1, we map
out all such mediators and their minimal couplings needed to generate a sizeable effect in
b→ uℓν decays. Then, in subsection 4.2, we elaborate on a specific example.

4.1 Tree-level mediators

We understand the SMEFT as a low-energy limit of a generic UV theory. Focusing on
perturbative extensions of the SM, the natural next step after considering the SMEFT is to
study the tree-level models that can be integrated out and generate the SMEFT operators
at mass dimension 6. There are only a finite number of scalar, fermion, and vector UV
mediators one can consider under these conditions, as determined by the requirement of
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Operator Mediator

[Q(3)
lq ]ℓℓ13

ω1 ∼ (3,1,−1
3)S

ζ ∼ (3,3,−1
3)S

W ∼ (1,3, 0)V
U2 ∼ (3,1, 2

3)V
X ∼ (3,3, 2

3)V

[Q(3)
ϕq ]13

U ∼ (3,1, 2
3)F

D ∼ (3,1,−1
3)F

T1 ∼ (3,3,−1
3)F

T2 ∼ (3,3, 2
3)F

W ∼ (1,3, 0)V

Operator Mediator

[Qledq]ℓℓ31

φ ∼ (1,2, 1
2)S

U2 ∼ (3,1, 2
3)V

Q5 ∼ (3,2,−5
6)V

[Q(1)
lequ]ℓℓ31

φ ∼ (1,2, 1
2)S

ω1 ∼ (3,1,−1
3)S

Π7 ∼ (3,2, 7
6)S

[Q(3)
lequ]ℓℓ31

ω1 ∼ (3,1,−1
3)S

Π7 ∼ (3,2, 7
6)S

[Qϕud]13
Q1 ∼ (3,2, 1

6)F
B1 ∼ (1,1, 1)V

Table 3. List of all tree-level mediators generating operators contributing to exclusive b → uℓν

processes in the SMEFT at mass dimension 6. The quantum numbers of the mediators are indicated
as (SU(3)c, SU(2)L,U(1)Y ) with the subscript denoting the spin of the mediator.

linear couplings to the SM fields [19]. Moreover, the coupling structure of each mediator
can impose non-trivial correlations in the SMEFT parameter space.

In this section, we explore such UV mediators, which can be integrated out in order
to generate the operators interesting for b → uℓν transitions, as collected in table 2 and
discussed in detail in section 3. There are 4 scalar, 5 fermion, and 5 vector degrees of
freedom to which the exclusive semileptonic b→ uℓν decays can be in principle sensitive.
We collect them in table 3, where we follow the naming convention from ref. [19], and
provide their quantum numbers under the SM gauge group, as well as their spin. We group
them by the operator, which they can generate so that each mediator can appear more
than once in the table.

The flavor structure of each mediator depends on its couplings with the SM fermions
and is, in principle, completely free. One approach to lowering the number of free parameters
is to endow them with a particular flavor assumption, see e.g. [111] for such a study under
the MFV assumption. In this work, we take the minimalistic approach, in which we only
consider the minimal set of couplings required to generate the correct flavor structure to
contribute to b→ uℓν at the tree level. As a further simplification, we assume in all cases
LFU in light leptons, as most of the data for b→ uℓν is reported as averages; see section 2
for details. In the case of leptoquarks, this requires assuming them to be doublets under a
leptonic SU(2) flavor symmetry, which furthermore forbids lepton flavor violating operators,
see [35] for a recent example. In the case of mediators which couple to leptons diagonally,
only the leptons themselves have to be assumed to transform under a (diagonal) lepton
flavor symmetry. As we will see in the following, even under this minimalistic approach,
interesting correlations are generated between different SMEFT operators and between
observables from different sectors.
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In appendix B, we provide each mediator’s minimal UV interaction Lagrangian and
the corresponding tree-level matching onto the SMEFT WCs of mass dimension 6. We
point out that each mediator requires two couplings to generate the operators interesting
for b→ uℓν transitions. This, in turn, means that many generate further operators beyond
those of initial interest, such as four-quark and four-lepton operators. In subsection 4.2, we
will explore the implications of this proliferation of operators in a concrete model example
with two mediators, ω1 and Q1.

For the remainder of this subsection, we delve deeper into the correlations imposed
by the UV mediators on the operators relevant to b → uℓν processes. By studying the
matching conditions in appendix B, we find that interesting directions are generated by the
UV mediators in the sets of WCs (C(1)

lq , C
(3)
lq ), (C(1)

ϕq , C
(3)
ϕq ), and (C(1)

lequ, C
(3)
lequ). In figure 7,

we illustrate these directions in each plane, with each line corresponding to a correlation
as implied by the interaction Lagrangian of each respective UV mediator. Moreover, we
overlay the 1σ and 2σ contours as obtained from global SMEFT fits in section 3. These are
the same as in figures 3 and 4, whereas in the case of (C(1)

lequ, C
(3)
lequ) we redo the global fit

from figure 5 assuming lepton flavor universality, in line with our assumptions about the
UV mediators.

In the upper left plot of figure 7 we study the plane of (C̃(1)
lq , C̃

(3)
lq ). As discussed

in section 3, the direction of C̃(1)
lq = C̃

(3)
lq is tightly constrained from FCNC b → dℓℓ

processes. Only in the perpendicular direction of C̃(1)
lq = −C̃(3)

lq do exclusive b → uℓν

processes play a significant role on the global fit. When interpreting the figure in terms
of the directions in the SMEFT parameter space imposed by various UV mediators, the
scalar leptoquark ω1 is singled out as the only viable mediator which can be probed by
exclusive b → uℓν processes. All of the other UV mediators shown on the plot, which,
in principle, generate operators that could contribute to these processes, are constrained
significantly more through complementary measurements. Combining several mediators
simultaneously would allow for cancellations of new physics contributions in b → dℓℓ,
consequently aligning with the SM prediction. However, we find this scenario less desirable
from our standpoint.

A similar conclusion can be made when considering the (C̃(1)
ϕq , C̃

(3)
ϕq ) plane in the

upper right plot of figure 7. In this case, the global fit is not dominated by the exclusive
b → uℓν, as can be seen in figure 4 left by comparing the global fit with the blue region.
The least constrained single-mediator extension, not prone to significant constraints from
complementary measurements, is the vectorlike fermion U , as the direction it implies aligns
with the flat direction in stringent b → dℓℓ processes, up to small RG corrections, as
discussed in section 3. Given the complementary bounds from neutral meson mixing, even
this mediator can not substantially contribute to exclusive b→ uℓν decays.

The bottom panel of figure 7 shows that all the mediators contributing to (C̃(1)
lequ, C̃

(3)
lequ)

generate directions which are best constrained from fully leptonic B → ℓν transitions, and
hence the exclusive semileptonic b→ uℓν transitions are inefficient probes of their effects.
Similarly, the mediators from table 3, generating Qledq, will be constrained from the fully
leptonic decays; see eq. (3.4), table 1, and figure 6.
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Figure 7. The 1σ and 2σ contours of a global SMEFT fit overlaid with directions generated
by single-mediator tree-level models in the scenarios ([C̃(1)

lq ]ℓℓ13, [C̃(3)
lq ]ℓℓ13), ([C̃(1)

ϕq ]13, [C̃(3)
ϕq ]13), and

([C̃(1)
lequ]ℓℓ31, [C̃(3)

lequ]ℓℓ31). See text for detailed discussion.

Finally, we acknowledge again that the above conclusions come under the assumption
of a single UV mediator. Although this assumption might be unrealistic, it is clear that
cancellations tuned to keep observables SM-like in a model of multiple mediators would
be needed to make exclusive b → uℓν decays relevant. Barring such cancellations, we
demonstrated that these decays could act as potential probes of only a handful of UV
degrees of freedom that integrate out onto the dimension 6 SMEFT at the tree level. Other
than ω1 already pointed out in the text so far, Q1 and B1 are the only mediators since they
match onto the operator Qϕud.
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4.2 Explicit example: ω1 and Q1

As a final example, consider extending the SM with two heavy fields: a scalar leptoquark ω1 ∼
(3,1,−1

3)S of mass Mω1 and a vector-like partner of the left-handed quark doublet Q1 ∼
(3,2, 1

6)F of mass MQ1 . For simplicity, we focus only on a minimal set of couplings required
to produce effects in semileptonic b → uℓν transitions and investigate the consequences
from complementary constraints (see e.g. [112] for a recent study of VLQs coupling to first
and second generation quarks).

We focus on the interesting scenario, in which ω1 is responsible for generating the
operator [Q(3)

lq ]ℓℓ13 = −[Q(1)
lq ]ℓℓ13 and Q1 generates the operator [Qϕud]13. The UV interaction

Lagrangians for this scenario are given in eq. (B.5) for the leptoquark and in eq. (B.17)
for the vector-like quark. There are no terms in the UV Lagrangian involving both ω1
and Q1 simultaneously that would match onto SMEFT operators of dimension 6 at the
tree level. Both ω1 and Q1 have two couplings of interest: (yqlω1)1 and (yqlω1)3, denoting the
couplings of the leptoquark to the left-handed first and third generation quark doublets
and light leptons (universally), and (λuQ1

)1 and (λdQ1
)3, denoting the Yukawa couplings

between the vector-like quark, the Higgs, and the first generation right-handed up quarks
and third generation right-handed down quarks. This set of couplings is, however, not only
responsible for generating the set of operators required for b→ uℓν transitions but also a
set of other SMEFT operators. For completeness, we list here the full matching conditions
of the model onto the set of generated SMEFT operators:10[

C
(1)
lq

]
ℓℓ13

= −
[
C

(3)
lq

]
ℓℓ13

=
(yqlω1)

∗
1(yqlω1)3

4M2
ω1

, (4.1)

[
C

(1)
lq

]
ℓℓ11

= −
[
C

(3)
lq

]
ℓℓ11

=
|(yqlω1)1|2

4M2
ω1

, (4.2)

[
C

(1)
lq

]
ℓℓ33

= −
[
C

(3)
lq

]
ℓℓ33

=
|(yqlω1)3|2

4M2
ω1

, (4.3)

[Cϕud]13 =
(λdQ1

)3(λuQ1
)∗1

M2
Q1

, (4.4)

[Cϕu]11 = −
|(λuQ1

)1|2

2M2
Q1

, (4.5)

[Cϕd]33 =
|(λdQ1

)3|2

2M2
Q1

. (4.6)

In order for the WCs to carry a sufficient complex phase, in line with the assumption
already presented in eq. (3.5), we assume that one of the couplings for each mediator is
complex, and define

(yqlω1)3 = Vub
|Vub|

(ỹqlω1)3 , (4.7)

(λdQ1)3 = Vub
|Vub|

(λ̃dQ1)3 , (4.8)

10We omit here the operators [Quϕ]i1 and [Qdϕ]i3 that modify the quark interactions with the Higgs boson,
as they are not expected to pose any competitive bounds.
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Figure 8. Fit to the data in the explicit model example (ω1 plus Q1). For details, see section 4.2.

where ỹ and λ̃ are real parameters. Note that this model does not contribute significantly
to the loop processes that can be used to extract the CKM parameters [113, 114]. We,
therefore, fix |Vub| as elsewhere in the main part of this paper, which is consistent with
eq. (47) of [113].

We study the 4-dimensional model parameter space using the same numerical setup
described in sections 2 and 3. For presentation purposes, we decide to show the results in
the plane of the LQ couplings ((yqlω1)1/Mω1 , (ỹqlω1)3/Mω1) by profiling the global likelihood
over the two parameters of the vector-like quark Q1. The individual likelihoods of the
relevant processes are then evaluated using the same parameter values as for the global
likelihood. The results are shown in figure 8.

A few comments are in order. Firstly, the global fit of the model marginally improves the
global χ2 by ∆χ2 = −3.72 with respect to the SM. Moreover, there are many complementary
constraints participating in constraining the model parameter space. The b→ uℓν processes
show a slight tension with the SM point, as discussed in sections 2 and 3. However,
notice that the high-mass DY tails, especially the charged current processes, severely
constrain the direction in which the LQ couples to valence quarks. These bounds are
similar in size to those derived in [115] for flavor universal operators. Both directions
in figure 8 are constrained also from measurements of super-allowed β-decays [116, 117],
either at the tree level (the [Q(3)

lq ]ℓℓ11 operator), or through RG effects ([Q(3)
lq ]ℓℓ33 mixing

into [Q(3)
lq ]ℓℓ11). Lastly, the EWPT and leptonic τ decay constraints, both showing slight

tensions in participating observables (see appendix in ref. [72]), contribute to the pull of
the global best-fit region away from the SM point. Both ω1 and Q1 can contribute to
these processes, either through modified Z couplings with right-handed quarks (Q1), or via
further RGE-induced contributions (ω1) [118].
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Contrasting our findings with the direct search limits emerging from the LHC is
instructive. These limits are predominantly derived from the QCD-induced pair production
of scalar leptoquarks, which decay chiefly to third-generation quarks and light leptons,
with Mω1 ≳ 1.4TeV [119]. In summary, while the complementary constraints diminish the
significance of the B → V ℓν tension, it remains noteworthy that there exists a parameter
space where a leptoquark, consistent with direct search results and exhibiting O(1) couplings
to third-generation quarks and substantially smaller couplings with light quarks, renders
the exclusive b→ uℓν decays relevant. Lastly, we note that both of the vector-like quark
couplings are perturbative in the whole plot range of figure 8. At the best-fit point, they
take the values of ((λuQ1

)1/MQ1 , (λ̃dQ1
)3/MQ1) = (0.13, 0.08) TeV−1, comfortably allowing

for a VLQ of mass MQ1 ≳ 1.2TeV with perturbative couplings, in compliance with direct
searches [120].

5 Conclusions

The decays of B hadrons provide an exceptional environment for probing the intricacies
of particle physics. This research program is notably promising, given the breadth of
experimental activity currently underway and anticipated for this decade. An enhanced
understanding of strong dynamics further bolsters it, attributable to contemporary advance-
ments in lattice QCD. The ultimate goal of this precision frontier is to examine the SM
and possibly uncover NP effects rigorously. The pressing question arises: what kind of
new physics can we anticipate to investigate? The bottom-up EFT approach provides us
with a systematic framework for addressing this question for an arbitrary short-distance
new physics.

This work investigates the NP potential of exclusive b→ uℓν decays, commonly used
to extract the SM input parameter |Vub|. We start in section 2, where we perform a
comprehensive analysis in the context of the WET within the flavio framework, building
the likelihood from the experimental data and theoretical predictions, and deriving the
optimal parameter space for the WCs. Our primary findings are encapsulated in figures 1
and 2, and in table 1. Most operators are constrained by semileptonic decays, except for
the pseudoscalar operator, which is dominantly restricted by the fully leptonic decay. While
many preferred regions encompass the SM prediction, the axial vector operator slightly
prefers a non-zero value due to the tension in B → V ℓν channel where V = (ρ, ω). To
understand the role of |Vub| in the presence of such NP, we fit |Vub| concurrently with the
axial vector operator, as illustrated in figure 9.

What are the implications of the WET analysis on short-distance physics? To shed
light on this query, we advance our examination by employing the SMEFT in section 3.
This framework inevitably predicts significant correlations with other processes. Our
objective within this context was to conduct comprehensive SMEFT fits, presuming a
complete set of dimension-6 operators at a high-energy scale (set to Λ = 1TeV), which offer
substantial contributions to exclusive b → uℓν decays. This set is augmented by closely
related operators that attenuate the complementary bounds or that necessarily come along
in a tree-level UV completion. The predictions of the SMEFT, intrinsically caused by
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the SU(2)L gauge symmetry and renormalization group evolution down to low energies,
impact rare neutral-current b decays, B0− B̄0 mixing, high-mass Drell-Yan production, and
W/Z vertex corrections. These influences collectively drive the global fit results, succinctly
presented in figures 3, 4, 5 and 6. The conclusive finding of this examination indicates
that exclusive b→ uℓν decays are instrumental in probing the set of operators defined as
([Q(1)

lq ]ℓℓ13 = −[Q(3)
lq ]ℓℓ13, [Qϕud]13). This result is depicted in figure 3 (right).

Perturbative UV completions that match onto the dimension-6 SMEFT operators at
the tree level can be systematically classified based on the gauge and Lorentz representation
of the mediating heavy fields. A comprehensive list of all such cases that contribute at the
leading order to exclusive b → uℓν decays is presented in table 3 and expanded upon in
appendix B. A particularly noteworthy result is visually encapsulated in figure 7, elegantly
portraying the correlations imposed by diverse heavy field mediators. Upon close scrutiny, it
can be concluded that absent any conspiring cancellations maintaining SM-like observables,
promising cases are represented by Q1 and B1, which correspond to the operator Qϕud, along
with ω1 generating the operator Q(1)

lq = −Q(3)
lq . In subsection 4.2, we undertake an in-depth

analysis of two such mediators simultaneously present, constraining our focus to a minimal
set of couplings essential for the b→ uℓν decay process; see figure 8. The apparent difficulty
in addressing the B → V ℓν tension, given the complementary constraints, underscores the
necessity for further advancements in lattice QCD computations. In this regard, pioneering
efforts, such as those represented by the work detailed in [121], are of substantial importance
and provide a promising path forward to resolving this puzzle.

Future improvements of this study could involve discarding the assumption of lepton
flavor universality in exclusive b→ uℓν decays, a constraint currently necessitated by the
scope of available data. We fervently advocate for experimental collaborations to conduct
measurements of theoretically pristine µ/e ratios, in analogy with the proposals [122–125].
Additionally, it could be intriguing to go further than the current scope, exploring beyond
tree-level matching and beyond the dimension-6 operators. However, we anticipate this
would lead to tighter constraints. This is because any new heavy mediators brought into the
picture must either be lighter or interact more strongly to compensate for the suppression.
Finally, investigating correlations with the b → cℓν decays, as measured by the LHCb
collaboration [126, 127] and predicated by several motivated NP flavor structures within
the quark sector [128, 129], could significantly enhance our understanding of the relevance
of these decays in the pursuit of physics beyond the SM.
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Figure 9. A combined determination of |Vub| and the axial-vector WET WC under three scenarios,
as motivated by the SMEFT. Left: |Vub| and C(ℓ)

VL
= −C(ℓ)

VR
. Right: |Vub| and C(ℓ)

VL
= −C(ℓ)

VR
assuming

LFU in C
(τ)
VR

= C
(ℓ)
VR

. Lower: |Vub| and CVL
= −CVR

assuming LFU for all leptons.

A |Vub| determination

In this appendix, we discuss the issue of extracting the CKM matrix parameter |Vub|
together with potential short-distance NP effects in light of the tension between B → πℓν

and B → V ℓν with V = (ρ, ω), as discussed in section 2. In figure 1, we have shown that the
tension appears in the axial-vector direction of the WET WC parameter space by assuming
no NP contributions to |Vub|. Here we argue that this is a valid assumption.

In figure 9, we perform a combined fit of |Vub| and the axial-vector WET operator under
three scenarios, as motivated by the SMEFT (see section 3). We consider the constraints
in these planes from B → πℓν, B → V ℓν, as well as fully leptonic modes B → µν and
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B → τν. The three scenarios presented in figure 9 correspond to the assumptions of no
NP in the τ WCs (left plot), universal contributions to all leptons only in the right-handed
vector WC (right plot), or universal contributions in both the left- and right-handed vector
WCs (bottom plot). Note, that in all three cases B → πℓν is by far the most constraining
process in the |Vub| direction. The global fit, although changing slightly between the three
scenarios, remain dominated by B → πℓν, which is completely insensitive to the axial-vector
WC direction. We conclude that the phenomenological analysis presented in this paper,
assuming the value of |Vub| consistent with the global fit using B → πℓν only, is a valid and
reasonable approach.

Lastly, in the case of vector, scalar, and tensor WCs, the bounds which are discussed
both in the WET in section 2, B → πℓν can play an important role in constraining the
NP effects. In the scope of our paper, we can assume that in these cases the CKM matrix
parameters are fixed by ∆F = 2 processes when those are unpolluted by NP effects. Of
course, for a global SMEFT analysis, one should be cautious and perform a global fit of the
SM input parameters together with the WCs, as argued in ref. [130].

B Lagrangians for the tree-level mediators

This appendix presents the single mediator Lagrangians for the tree-level models listed in
table 3. We focus on cases where only the minimal set of non-zero couplings is present,
generating a single effective operator contributing to b→ uℓν. The Lagrangians considered
here are restricted to renormalizable terms, with the kinetic and mass terms omitted
for brevity.

Additionally, we provide the SMEFT Lagrangians obtained after integrating out the
heavy mediators. It is important to note that each SMEFT Lagrangian implicitly includes
the appropriate Hermitian conjugate terms to ensure that the final Lagrangian takes the
form of eq. (3.1). The Lagrangians and the matching to the SMEFT framework are based
on the work presented in [19].

Furthermore, we note that the effective operators associated with lepton flavor indices
exhibit lepton flavor universality for electrons and muons, as discussed in section 4. Finally,
the notation CijklQijkl + (ijkk + ijll) indicates that the Lagrangian also includes terms
with the flavor indices specified within the parentheses, with appropriate substitutions made
for both the operator and the WC. The Lagrangians contain the redefined SM parameters
ŷq, µ̂2 and λ̂ defined in [19].

B.1 Scalars

φ ∼ (1, 2, 1
2)S

• Qledq

– UV Lagrangian:

−L≤4 ⊃ (ydφ)31 φ
†d̄3q1 + (yeφ) φ†ēℓlℓ + h.c. (B.1)
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– Matching to SMEFT:

LSMEFT ⊃
(ydφ)31(yeφ)∗

M2
φ

[Qledq]ℓℓ31

−
|(ydφ)31|2

6M2
φ

(
[Q(1)

qd ]1133 + 6[Q(8)
qd ]1133

)
−
|(yeφ)|2

2M2
φ

[Qle]ℓℓ′ℓ′ℓ
(B.2)

• Q
(1)
lequ

– UV Lagrangian:

−L≤4 ⊃ (yuφ)31 φ
†iσ2q̄

T
3 u1 + (yeφ) φ†ēℓlℓ + h.c. (B.3)

– Matching to SMEFT:

LSMEFT ⊃
(yuφ)31(yeφ)∗ℓℓ

M2
φ

[Q(1)
lequ]ℓℓ31

−
|(yuφ)31|2

6M2
φ

(
[Q(1)

qu ]3311 + 6[Q(8)
qu ]3311

)
−
|(yeφ)|2

2M2
φ

[Qle]ℓℓ′ℓ′ℓ
(B.4)

ω1 ∼ (3, 1,−1
3)S

• Q
(3)
lq

– UV Lagrangian:

−L≤4 ⊃ (yqlω1)1 ω
†
1ℓq̄

c
1iσ2lℓ + (yqlω1)3 ω

†
1ℓq̄

c
3iσ2lℓ + h.c. (B.5)

– Matching to SMEFT:

LSMEFT ⊃
(yqlω1)

∗
1(yqlω1)3

4M2
ω1

(
[Q(1)

lq ]ℓℓ13 − [Q(3)
lq ]ℓℓ13

)
+ (ℓℓ11 + ℓℓ33) (B.6)

• Q
(1)
lequ and Q

(3)
lequ

– UV Lagrangian:

−L≤4 ⊃ (yqlω1)3 ω
†
1ℓq̄

c
3iσ2lℓ + (yeuω1)i ω

†
1ℓē

c
ℓu1 + h.c. (B.7)

– Matching to SMEFT:

LSMEFT ⊃
(yeuω1)1(yqlω1)

∗
3

8M2
ω1

(
4[Q(1)

lequ]ℓℓ31 − [Q(3)
lequ]ℓℓ31

)
+
|(yqlω1)3|2

4M2
ω1

(
[Q(1)

lq ]ℓℓ33 − [Q(3)
lq ]ℓℓ33

)
+
|(yeuω1)1|2

2M2
ω1

[Qeu]ℓℓ11

(B.8)
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Π7 ∼ (3, 2, 7
6)S

• Q
(1)
lequ and Q

(3)
lequ

– UV Lagrangian:

−L≤4 ⊃ (yluΠ7)1 Π†
7ℓiσ2 l̄

T
ℓ u1 + (yeqΠ7

)3 Π†
7ℓēℓq3 + h.c. (B.9)

– Matching to SMEFT:

LSMEFT ⊃
(yeqΠ7

)∗3(yluΠ7
)1

8M2
Π7

(
4[Q(1)

lequ]ℓℓ31 + [Q(3)
lequ]ℓℓ31

)
−
|(yluΠ7

)1|2

2M2
Π7

[Qlu]ℓℓ11 −
|(yeqΠ7

)3|2

2M2
Π7

[Qqe]33ℓℓ

(B.10)

ζ ∼ (3, 3,−1
3)S

• Q
(3)
lq

– UV Lagrangian:

−L≤4 ⊃ (yqlζ )1 ζ
a†
ℓ q̄

c
1iσ2σ

alℓ + (yqlζ )3 ζ
a†
ℓ q̄

c
3iσ2σ

alℓ + h.c. (B.11)

– Matching to SMEFT:

LSMEFT ⊃
(yqlζ )∗1(y

ql
ζ )3

4M2
ζ

(
3[Q(1)

lq ]ℓℓ13 + [Q(3)
lq ]ℓℓ13

)
+ (ℓℓ11 + ℓℓ33) (B.12)

B.2 Vector-like fermions

U ∼ (3, 1, 2
3)F

• Q
(3)
ϕq

– UV Lagrangian:

−L≤4 ⊃ (λU )1 ŪRϕ̃
†q1 + (λU )3 ŪRϕ̃

†q3 + h.c. (B.13)

– Matching to SMEFT:

LSMEFT ⊃
(λU )3(λU )∗1

4M2
U

(
[Q(1)

ϕq ]13 − [Q(3)
ϕq ]13

)
+ (11 + 33)

+
(
ŷu∗i1 |(λU )1|2

2M2
U

+ ŷu∗i3 (λU )3(λU )∗1
2M2

U

)
[Quϕ]1i

+
(
ŷu∗i3 |(λU )3|2

2M2
U

+ ŷu∗i1 (λU )1(λU )∗3
2M2

U

)
[Quϕ]3i

(B.14)

with the index i running over all three generations.
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D ∼ (3, 1,−1
3)F

• Q
(3)
ϕq

– UV Lagrangian:

−L≤4 ⊃ (λD)1 D̄Rϕ
†qL1 + (λD)3 D̄Rϕ

†qL3 + h.c. (B.15)

– Matching to SMEFT:

LSMEFT ⊃−
(λD)3(λD)∗1

4M2
D

(
[Q(1)

ϕq ]13 + [Q(3)
ϕq ]13

)
+ (11 + 33)

+
(
ŷd∗i1 |(λD)1|2

2M2
D

+ ŷd∗i3 (λD)3(λD)∗1
2M2

D

)
[Qdϕ]1i

+
(
ŷd∗i3 |(λD)3|2

2M2
D

+ ŷd∗i1 (λD)1(λD)∗3
2M2

D

)
[Qdϕ]3i

(B.16)

with the index i running over all three generations.

Q1 ∼ (3, 2, 1
6)F

• Qϕud

– UV Lagrangian:

−L≤4 ⊃ (λuQ1)1 Q̄1Lϕ̃u1 + (λdQ1)3 Q̄1Lϕd3 + h.c. (B.17)

– Matching to SMEFT:

LSMEFT ⊃
(λdQ1

)3(λuQ1
)∗1

M2
Q1

[Qϕud]13 −
|(λuQ1

)1|2

2M2
Q1

[Qϕu]11 +
|(λdQ1

)3|2

2M2
Q1

[Qϕd]33

+
ŷu∗1i |(λuQ1

)1|2

2M2
Q1

[Quϕ]i1 +
ŷd∗3i |(λdQ1

)3|2

2M2
Q1

[Qdϕ]i3
(B.18)

with the index i running over all three generations.

T1 ∼ (3, 3,−1
3)F

• Q
(3)
ϕq

– UV Lagrangian:

−L≤4 ⊃ 1
2(λT1)1 T̄

a
1Rϕ

†σaq1 +
1
2(λT1)3 T̄

a
1Rϕ

†σaq3 + h.c. (B.19)
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– Matching to SMEFT:

LSMEFT ⊃−
(λT1)3(λT1)∗1

16M2
T1

(
3[Q(1)

ϕq ]13 − [Q(3)
ϕq ]13

)
+ (11 + 33)

+
(
ŷd∗i1 |(λT1)1|2

8M2
T1

+ ŷd∗i3 (λT1)3(λT1)∗1
8M2

T1

)
[Qdϕ]1i

+
(
ŷd∗i3 |(λT1)3|2

8M2
T1

+ ŷd∗i1 (λT1)1(λT1)∗3
8M2

T1

)
[Qdϕ]3i

+
(
ŷu∗i1 |(λT1)1|2

4M2
T1

+ ŷu∗i3 (λT1)3(λT1)∗1
4M2

T1

)
[Quϕ]1i

+
(
ŷu∗i3 |(λT1)3|2

4M2
T1

+ ŷu∗i1 (λT1)1(λT1)∗3
4M2

T1

)
[Quϕ]3i

(B.20)

with the index i running over all three generations.

T2 ∼ (3, 3, 2
3)F

• Q
(3)
ϕq

– UV Lagrangian:

−L≤4 ⊃ 1
2(λT2)1 T̄

a
2Rϕ̃

†σaq1 +
1
2(λT2)3 T̄

a
2Rϕ̃

†σaq3 + h.c. (B.21)

– Matching to SMEFT:

LSMEFT ⊃
(λT2)3(λT2)∗1

16M2
T2

(
3[Q(1)

ϕq ]13 + [Q(3)
ϕq ]13

)
+ (11 + 33)

+
(
ŷd∗i1 |(λT1)1|2

4M2
T2

+ ŷd∗i3 (λT1)3(λT1)∗1
4M2

T2

)
[Qdϕ]1i

+
(
ŷd∗i3 |(λT1)3|2

4M2
T2

+ ŷd∗i3 (λT1)1(λT1)∗3
4M2

T2

)
[Qdϕ]3i

+
(
ŷu∗i1 |(λT1)1|2

8M2
T2

+ ŷu∗i3 (λT1)3(λT1)∗1
8M2

T2

)
[Quϕ]1i

+
(
ŷu∗i3 |(λT1)3|2

8M2
T2

+ ŷu∗i3 (λT1)1(λT1)∗3
8M2

T2

)
[Quϕ]3i

(B.22)

with the index i running over all three generations.
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B.3 Vectors

B1 ∼ (1, 1, 1)V

• Qϕud

– UV Lagrangian:

−L≤4 ⊃ (gduB1)31 Bµ†1 d̄3γµu1 + (gϕB1
) Bµ†1 iDµϕ

T iσ2ϕ+ h.c. (B.23)

– Matching to SMEFT:

LSMEFT ⊃−
(gϕB1

)(gduB1
)∗31

M2
B1

[Qϕud]13 −
|(gduB1

)31|2

3M2
B1

(
[Q(1)

ud ]1133 + 6[Q(8)
ud ]1133

)

−
ŷu∗ji |g

ϕ
B1
|2

2M2
B1

[Quϕ]ij −
ŷd∗ji |g

ϕ
B1
|2

2M2
B1

[Qdϕ]ij −
ŷe∗ji |g

ϕ
B1
|2

2M2
B1

[Qeϕ]ij

+
|gϕB1
|2

M2
B1

QϕD −
|gϕB1
|2

2M2
B1

Qϕ□ −
2λ̂ϕ|gϕB1

|2

M2
B1

Qϕ +
µ2
ϕ|g

ϕ
B1
|2

M2
B1

Qϕ4

(B.24)

with indices i, j running over all three generations.

W ∼ (1, 3, 0)V

• Q
(3)
lq

– UV Lagrangian:

−L≤4 ⊃ 1
2(g

q
W)13 Wµaq̄1σ

aγµq3 +
1
2(g

l
W) Wµa l̄ℓσ

aγµlℓ (B.25)

– Matching to SMEFT:

LSMEFT ⊃−
(gqW)13(glW)

4M2
W

[Q(3)
lq ]ℓℓ13 −

(gqW)2
13

8M2
W

[Q(3)
qq ]1313

− (glW)2

4M2
W

[Qll]ℓℓ′ℓ′ℓ +
(glW)2

8M2
W

[Qll]ℓℓℓ′ℓ′
(B.26)

• Q
(3)
ϕq

– UV Lagrangian:

L ⊃ 1
2(g

q
W)13 Wµaq̄1σ

aγµq3 +
{1
2(g

ϕ
W) Wµaϕ†σaiDµϕ+ h.c.

}
(B.27)
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– Matching to SMEFT:

LSMEFT ⊃−
Re(gϕW)(gqW)13

4M2
W

[Q(3)
ϕq ]13 −

(gqW)2
13

8M2
W

[Q(3)
qq ]1313

−

 ŷu∗ji |gϕW |2
4M2

W
−
iŷu∗ji Im

(
(gϕW)2

)
8M2

W

 [Quϕ]ij

−

 ŷd∗ji |gϕW |2
4M2

W
+
iŷd∗ji Im

(
(gϕW)2

)
8M2

W

 [Qdϕ]ij

−

 ŷe∗ji |gϕW |2
4M2

W
+
iŷe∗ji Im

(
(gϕW)2

)
8M2

W

 [Qeϕ]ij

− iŷu∗i3 Im(gϕW)(gqW)13
4M2

W
[Quϕ]1i +

iŷd∗i3 Im(gϕW)(gqW)13
4M2

W
[Qdϕ]1i

−
(
Re((gϕW)2)

4M2
W

− |g
ϕ
W |2

4M2
W

)
QϕD −

(
Re((gϕW)2)

8M2
W

+ |g
ϕ
W |2

4M2
W

)
Qϕ□

− λ̂ϕ|gϕW |2

M2
W

Qϕ +
µ̂2
ϕ|g

ϕ
W |2

2M2
W

Qϕ4

(B.28)

with indices i, j running over all three generations.

U2 ∼ (3, 1, 2
3)V

• Q
(3)
lq

– UV Lagrangian:

−L≤4 ⊃ (glqU2
)1 Uµ†2ℓ l̄ℓγµq1 + (glqU2

)3 Uµ†2ℓ l̄ℓγµq3 + h.c. (B.29)

– Matching to SMEFT:

LSMEFT ⊃ −
(glqU2

)∗1(g
lq
U2
)3

2M2
U2

(
[Q(1)

lq ]ℓℓ13 + [Q(3)
lq ]ℓℓ13

)
+ (ℓℓ11 + ℓℓ33) (B.30)

• Qledq

– UV Lagrangian:

−L≤4 ⊃ (glqU2
)1 Uµ†2ℓ l̄ℓγµq1 + (gedU2)3 Uµ†2ℓ ēℓγµd3 + h.c. (B.31)

– Matching to SMEFT:

LSMEFT ⊃
2(glqU2

)1(gedU2
)3

M2
U2

[Qledq]ℓℓ31 −
|(glqU2

)1|2

2M2
U2

(
[Q(1)

lq ]ℓℓ11 + [Q(3)
lq ]ℓℓ11

)
−
|(gedU2

)3|2

M2
U2

[Qed]ℓℓ33

(B.32)
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Q5 ∼ (3, 2,−5
6)V

• Qledq

– UV Lagrangian:

−L≤4 ⊃ (geqQ5
)1 Qµ†5ℓ ē

c
ℓγµq1 + (gdlQ5)3 Qµ†5ℓ d̄

c
3γµlℓ + h.c. (B.33)

– Matching to SMEFT:

LSMEFT ⊃ −
2(geqQ5

)1(gdlQ5
)∗3

M2
Q5

[Qledq]ℓℓ31 +
|(geqQ5

)ℓ1|2

M2
Q5

[Qqe]11ℓℓ (B.34)

X ∼ (3, 3, 2
3)V

• Q
(3)
lq

– UV Lagrangian:

−L≤4 ⊃ 1
2(gX )1 X µa†ℓ l̄ℓγµσ

aq1 +
1
2(gX )3 X µa†ℓ l̄ℓγµσ

aq3 + h.c. (B.35)

– Matching to SMEFT:

LSMEFT ⊃ −
(gX )∗1(gX )3

8M2
X

(
3[Q(1)

lq ]ℓℓ13 − [Q(3)
lq ]ℓℓ13

)
+ (ℓℓ11 + ℓℓ33) (B.36)
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