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Abstract: Scalar leptoquarks (LQ) with masses between 2 TeV and 50 TeV are prime
candidates to explain deviations between measurements and Standard-Model predictions in
decay observables of b-flavored hadrons (“flavor anomalies”). Explanations of low-energy
data often involve O(1) LQ-quark-lepton Yukawa couplings, especially when collider bounds
enforce a large LQ mass. This calls for the calculation of radiative corrections involving these
couplings. Studying such corrections to LQ-mediated b → cτν and b → sℓ+ℓ− amplitudes,
we find that they can be absorbed into finite renormalizations of the LQ Yukawa couplings.
If one wants to use Yukawa couplings extracted from low-energy data for the prediction of
on-shell LQ decay rates, one must convert the low-energy couplings to their high-energy
counterparts, which subsume the corrections to the on-shell LQ-quark-lepton vertex. We
present compact formulae for these correction factors and find that in scenarios with S1,
R2, or S3 LQ the high-energy coupling is always smaller than the low-energy one, which
weakens the impact of collider data on the determination of the allowed parameter spaces.
For the R2 scenario addressing b → cτν, in which one of the two involved Yukawa coupling
must be significantly larger than 1, we find this coupling reduced by 15% at high energy.
If both S1 and R2 are present, the high-energy coupling can also be larger and the size
of the correction is unbounded, because tree contribution and vertex corrections involve
different couplings. We further present the conversion formula to the MS scheme for the
Yukawa couplings of the S3 scenario.
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1 Introduction

Leptoquarks (LQs) are hypothetical particles that directly couple to Standard Model (SM)
leptons and quarks. They feature in many models for Beyond the Standard Model (BSM)
physics and, in particular, TeV-scale leptoquarks remain phenomenologically well-motivated
candidates (see e.g. refs. [1–9]) for searches at the Large Hadron Collider driven by the quark
transitions b → sℓ+ℓ−, where ℓ = e, µ, [10–26] and b → cτν [27],1 because several observables
in these decay channels deviate from their Standard-Model (SM) predictions. To date, scalar
leptoquarks (LQs) are the most popular particle species postulated to remedy these flavor
anomalies (see e.g. refs. [42–58]). The presence of these anomalies have been consolidated
over the last decade and the scientific discussion in the theory community addresses the
question whether their origin is BSM physics or incorrectly calculated SM predictions.

In the case of the ratios of branching fractions, R(D(∗)) = BR(B → D(∗)τν)/BR(B →
D(∗)ℓν) (ℓ = e, µ), the theory prediction is very robust, the only non-perturbative quantity
entering the prediction is a ratio of form factors multiplying a term suppressed by the mass
ratio m2

τ /m2
B . Changing this form factor ratio to the level that the SM prediction for R(D∗)

complies with data leads to severe tensions in the predictions of measured polarisation data
1HFLAV [27] combines experimental results of refs. [28–34] with the theory predictions of refs. [35–41].
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Figure 1. Contributions of scalar leptoquarks to the decay modes b → cτ−ν̄ and b → sµ+µ−.

in B → D∗ℓν decays with light leptons ℓ = e, µ and rule this explanation out [59]. A recent
analysis employing maximal experimental information on form factor shapes found a deviation
of the combined b → cτν data with the SM predictions at a level of 4.4σ [60].

For b → sℓ+ℓ− data, the significance of the anomaly is even higher. Since deviations
with the same sign are observed in different hadronic decays, a SM explanation must invoke
mistakes in several form factors or a correlated effect in all of these modes. So far only one
explanation along the latter idea has been proposed, a radical enhancement of a charm loop
contribution by a yet unknown non-perturbative effect. Such an effect would come with a
different dependence of the decay amplitude on the invariant mass q2 of the pair of leptons,
but two studies of this dependence have found no evidence for a deviation compared to the
theory prediction [61, 62]. (Heavy BSM physics changes the overall size of the effect, but not
the shape of the q2-dependence.) Moreover, a theoretical calculation employing heavy-hadron
chiral perturbation theory found a contribution from the charm loop which is far too small
to explain the data [63], supporting similar findings from dispersive analyses [64]. In light
of these developments, an explanation of the b → sℓ+ℓ− data in terms of non-perturbative
hadronic effects is disfavored, which in turn motivates a BSM explanation.

Figure 1 illustrates the contributions of the scalar leptoquarks S1 ∼ (3̄, 1, 1/3), R2 ∼
(3, 2, 7/6), and S3 ∼ (3̄, 3, 1/3) to the quark decay amplitudes of interest.2 Additionally, for
example, both S1 and R2 are capable of generating large chirally-enhanced contributions
to the muon and electron anomalous magnetic moments (see e.g. ref. [65]), and all three
leptoquarks may play a role in models for radiative neutrino mass generation (see e.g. ref. [66]).

Typically, low-energy physics observables enable the determination of the ratio between
the product of the couplings involved and the square of the LQ mass. This, in conjunction
with current constraints on LQ searches, defines a target parameter space to be explored at
high-energy colliders. To avoid present collider search bounds, LQ masses should exceed
approximately 2 TeV (see e.g. refs. [67, 68]). Consequently, a model incorporating LQs such
as S1 or R2 to explain the b → cτν data must possess O(1) LQ-quark-lepton couplings to
generate a sufficiently large effect. For S3, there is more flexibility — O(1) couplings are
only necessary for a LQ mass around 30 TeV [69], a value far from being reached at the
LHC. Therefore, at least for S1 and R2 significant radiative corrections are expected from

2Here the numbers in brackets indicate the quantum numbers with respect to the SM gauge group
SU(3)c ⊗ SU(2)L ⊗ U(1)Y .
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loops involving these couplings, implying that the couplings affecting low-energy data may
significantly differ numerically from those influencing high-energy phenomenology.3

Moreover, any particular model built for a given phenomenological purpose may contain
multiple leptoquarks. For example they may come in several copies, e.g. at least two copies
are needed for S3 to address b → sℓℓ data: S3 e couples to e but not to µ while for S3 µ

the situation is opposite.4 Therefore, the interplay between the presence of multiple LQs
for such aforementioned radiative corrections could provide new ways to indirectly search
for evidence of multi-particlular models.

Direct searches for new heavy particles at the LHC have thus far yielded no success,
indicating a significant gap between the electroweak (EW) scale and the scale of BSM physics.
Previous investigations into LQs in low-energy observables have incorporated QCD radiative
corrections in the conventional manner, by matching the LQ-mediated amplitudes to the
weak effective theory (WET) and employing renormalization group equations (RGEs) to
evolve the resulting Wilson coefficients (WCs) from the renormalization scale µhigh ∼ MLQ
(denoting the mass of the relevant LQ) to µlow ∼ mb, relevant to the b-flavored hadron
decays of interest.5 This procedure effectively sums large logarithms multiplied by the strong
coupling αs.6 The focus of this paper, however, are genuine additional correction factors
involving LQ couplings rather than αs, and solely enter the WCs at µhigh. In this way, these
corrections modify the initial conditions for the WCs and the corrected coefficients can simply
be evolved to µlow with the standard leading-log RGEs.

When solely performing calculations of high-scale quantities, such as LQ production
cross sections and LQ decay rates, all couplings come into play at the renormalization scale
µhigh, and no RGE running or matching procedure is required. Radiative one-loop corrections
involving LQ-fermion couplings do not involve large logarithms, and in both high-energy
and low-energy observables, these couplings are typically probed at the renormalization scale
µhigh. An important distinction between collider and flavor physics observables is the relevant
momenta pµ

i entering the loop diagrams: in collider observables, |pµ
i | ≈ MLQ, whereas in b

decays, |pµ
i | ≈ mb ≈ 0. When we refer to “energy” in this paper, we are referring to the

magnitude of these momenta pµ
i , i.e., the energy scale at which the LQ interaction is probed,

and not the renormalization scale µ.
If one determines the low-energy LQ-fermion couplings from flavor observables, they can

use the results of this paper to calculate the corresponding couplings at high energies. The
tree amplitude then expressed in terms of these high-energy couplings contains the one-loop
corrections to the LQ decay rate exactly. If one next wants to predict the corrections to the LQ
production cross section at the LHC (or another high-energy collider), there will be additional
loop diagrams to consider, which are, however, specific to the considered production process.

3Corrections of this kind for vector LQs in a model with SU(4) gauge symmetry have been calculated
in [70, 71].

4A single LQ S3 coupling to both lepton species would lead to intolerably large µ → e transitions [69].
5Fits referenced later in this work are done at µb = 4.8 GeV which is of the same scale as mb.
6Electroweak running from the MLQ scale to the weak scale, necessitating an intermediate matching to

operators of the Standard Model Effective Theory (SMEFT), is relatively minor compared to QCD running
and is therefore neglected for the purposes of this study. Leptoquark production at hadron colliders at NLO
in QCD has been extensively studied (see e.g. refs. [72–80]).
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Figure 2. Radiative corrections to the S1-bL-ντL vertex (yLL
1 33). The final diagram depicts the

contribution from the coupling counterterm, δyLL
1 33.

For instance, a quark-gluon initiated process involves diagrams with off-shell LQ or fermion
lines at the production vertex, each coming with different kinematics and, furthermore, a
gluon-LQ-LQ vertex. The process-dependent corrections can be consistently calculated in the
renormalization scheme in which the LQ-quark-lepton coupling is defined at the high-energy
scale, which breaks the radiative corrections up into a piece contained in our calculation
and the process-specific remainder. Thus our corrections do not fully subsume all radiative
corrections to LQ production.

The corrections calculated in this work are universal, renormalization-scheme independent,
and capture all effects related to the LQ decay vertex. These may therefore be easily included
in simulations with tree-level event generators.

Note that irrespective of whether the flavour anomalies persists or not, any future study
of collider searches for LQs must necessarily take the constraints from low-energy data into
account. Therefore the relevance of the corrections presented in this paper does not depend
on the fate of the anomalies. On the contrary, if future data on b → sℓ+ℓ− and b → cτν

exactly comply with the SM, the constraints on the LQ couplings and masses derived from
these data will be strongest as there will be no leeway for BSM contributions.

In section 2 we explain our approach by providing a definition of couplings at low and
high energies, then proceed with the calculation of corrections. Section 3 is devoted to
a discussion of the phenomenological consequences of these results. We summarise our
introduced formalism and conclude in section 4.
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2 Calculation

The relevant Yukawa couplings of the LQ Lagrangian are given by

LLQ =
3∑

j,k=1

2∑
a,b=1

[
yLL

1 jk Qc
L

j,a ϵabLk,b
L S1 + yRR

1 jk uc
R

jek
R S1

− yRL
2 jk uR

jϵabLk,b
L Ra

2 + yLR
2 jk QL

j,aek
R Ra

2

+ yLL
3 jk Qc

L
j,a

ϵabLk,d
L

(
σlSl

3

)
bd + h.c.

]
, (2.1)

where we remark that our yLR
2 jk coincides with yLR∗

2 kj of ref. [43]. Here Qc = (uc
L, dc

L), the ϵ

is the Levi-Civita tensor with ϵ12 = 1, and we do not consider a model with right-handed
neutrinos. As the LQ masses exceed 1TeV, we can neglect all fermion masses in calculations
of corrections at µhigh and work in an SU(2) invariant basis. For completeness, we note
that the quark and lepton doublets are defined in a basis in which the down-type fermions
coincide with the mass eigenstates, e.g.

Q3 =

V ∗
tbtL + V ∗

cbcL + V ∗
ubuL

bL

 , (2.2)

with Vij referring to entries of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Eq. (2.1)
is for one copy of S1, R2, and S3 each. As mentioned in the introduction, we will later
consider several copies of S3 carrying lepton flavor number, corresponding to the replacement
S3 → S3k in eq. (2.1). An extension of the results in this section to other scalar LQ models
may be found in appendix C.

To begin, we aim to calculate radiative corrections to LQ-fermion couplings responsible
for the transitions b → sℓ+ℓ− and b → cτν. Figure 2 shows these corrections schematically
for the case of S1 coupling to left-handed b quark and τ neutrino, yLL

1 33. Here the left
diagram illustrates self-energy diagrams of the LQ involving quark-lepton loops. In processes
that correspond to on-shell production of the LQ, this self-energy is probed at p2 = M2

S1
;

in the low-energy observables one is effectively probing the self-energy at p2 = 0. The
fermion self-energies (e.g. second-to-left diagram) have no p2 dependence. The proper vertex
diagrams (third from the left) will also depend explicitly on p2. We will now address how
this energy-dependence may be utilized to define corrections to the LQ-fermion vertices.

First consider the loop corrected vertex for an on-shell LQ (i.e. with p2 = M2
S1

) and
define an effective high-energy coupling by cancelling the correction by a finite counterterm
(rightmost diagram in figure 2). This coupling is the one probed in collider searches and used
in the corresponding event simulations. It can further be directly combined with QCD (or
other gauge) corrections, which are calculated in the usual way by adopting the MS scheme
for the gauge coupling, matching to effective field theories of four-fermion interactions and
utilising RGE techniques, as detailed earlier. In an analogous way we define the low-energy
coupling such that the radiative corrections to processes in figure 1 vanish — see figure 3
for the S1 contribution to b → cτν. For the illustrated case of yLL

1 33, the conversion factor

– 5 –
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Figure 3. Radiative corrections to b → cτν. The fermion self-energy diagrams are not shown. yLL,low
1 33 ,

yLL,low
1 23 , and yRR,low

1 23 are defined by choosing the coupling counterterm in the last two diagram to
cancel the loop corrections.

κLL
1 33 ≡ yLL,high

1 33 /yLL,low
1 33 will depend on the S1 self-energies evaluated at p2 = M2

S1
and p2 = 0,

as well as the difference of the proper vertex functions at p2 = M2
S1

and p2 = 0. The fermion
self-energies do not contribute to κLL

1 33 as they are not p2 dependent.
Likewise yLL,low

1 33 is found from the diagrams in figure 3. Note that one can associate all
corrections with either of the two vertices (with the LQ self-energy in the first diagram shared
between them) and therefore their cancellation by the finite piece of the counterterms is
well-defined. Since there are no box diagrams with two leptoquarks contributing to b → cτν,
the renormalized one-loop correction is zero when expressed in terms of yLL,low

1 33 . For this
feature it is essential that there are no box diagrams with two leptoquarks contributing to
b → cτν. The situation is different for b → sℓ+ℓ− for which there can be box diagrams

— for instance one can exchange two S1 LQs if one permits couplings to s quarks. Thus
the one-loop result for b → sℓ+ℓ− expressed in terms of yLL,low

1 33 should explicitly include
these diagrams. In the standard scenarios in which the dominant effect arises from tree-level
LQ exchange the smallness of the box loop makes these corrections numerically irrelevant
for the scope of this work.

2.1 General pattern

We now proceed with the discussion of the radiative corrections to the decay of a LQ
produced on-shell at a collider and decaying into quark and lepton. We illustrate the
calculation for yLL

1 jk Qc
L

j,aϵabLk,b
L S1, which drives the decays S1 → d̄j

Lν̄k
L and S1 → ūj

Lℓ̄k
L

(and CKM suppressed channels). For on-shell fermions the tree-level Qcj,a-Lk,b-S1 vertex
amplitude reads

Atree = yLL
1 jkϵab uj,bPLvk,a, (2.3)

where vk,a (uj,b) denotes the spinor of Lb
k (QC,a

j ) and there is no sum over j, k. To demonstrate,
we first consider (j, k) = (3, 3) (i.e the left vertex in figure 3), the ratio of one-loop to tree

– 6 –
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amplitude for these decays is

Aone−loop

Atree = 1 + 1
2δZS1 +

1
2δZQ + 1

2δZL + VL33(M2
S1) +

δyLL
1 33

yLL
1 33

, (2.4)

with the individual terms corresponding to the diagrams in figure 2. The proper vertex
correction VL33(p2) depends on the squared S1 momentum p2, which is equal to M2

S1
here.

The S1 wave function remormalization constant (Lehmann-Symanzik-Zimmermann factor)
δZS1 is related to the bare self-energy ΣS1(p2) as

δZS1 = − ∂

∂p2 ReΣS1(p2)
∣∣∣∣
p2=M2

S1

. (2.5)

The variables δZQ and δZL are the wave function constants of quark and lepton doublets,
respectively. The individual contributions in eq. (2.4) are ultraviolet (UV) divergent and the
UV pole of δyLL

1 33 is chosen to render Aone−loop/Atree finite. For the renormalization scheme
with yLL

1 33 = yLL,high
1 33 the counterterm δyLL

1 33 receives a finite piece such that the real part
of the r.h.s. of eq. (2.4) is equal to one,

δyLL,high
1 33

yLL,high
1 33

≡ 1
2

∂

∂p2 ReΣS1(p2)
∣∣∣∣
p2=M2

S1

− Re VL33(M2
S1)−

1
2δZQ − 1

2δZL. (2.6)

The imaginary part of the vertex corrections does not contribute to the decay rate
∝ |Atree + Aone−loop|2 at the considered one-loop order, if the product of couplings in
Aone−loop has the same phase as yLL

1 jk entering Atree.7

Repeating this procedure for yLL,low
1 33 we first observe that ΣS1(p2) and VL33(p2) enter

the problem for p2 = 0. The S1 self-energy in figure 3 is on an internal line and we will
absorb half of it into counterterms for each of the adjacent couplings. The blob in the first
diagram further includes the S1 mass counterterm with Feynman rule −iδM2

S1
. For the

usual “pole mass” definition δM2
S1

is chosen as

δM2
S1 = ReΣS1(M2

S1),

to ensure that the real part of the renormalized self-energy vanishes on-shell. Thus the ratio
of one-loop to tree amplitude for bL → ν̄τLcLτL is

Aone−loop

Atree = 1 +
ΣS1(0)− ReΣS1(M2

S1
)

M2
S1

+ VL33(0) + VL23(0)∗ +
δyLL

1 33
yLL

1 33
+ δyLL∗

1 23
yLL∗

1 23
+fermion wave function constants. (2.7)

The factor of M2
S1

in the denominator of the second term stems from the LQ propagator
evaluated at p2 = 0. The r.h.s. of eq. (2.7) vanishes for the choice

δyLL,low
1 33

yLL,low
1 33

= −1
2
ΣS1(0)− ReΣS1(M2

S1
)

M2
S1

− VL33(0)−
1
2δZQ − 1

2δZL, (2.8)

7If these phases are different one finds a non-zero CP asymmetry in the LQ decay, which is proportional to
the imaginary part of the vertex function.
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and the analogous definition of δyLL,low
1 23 . On dimensional grounds one has ΣS1(p2) ∝ p2 (for

our case of zero masses on internal lines), so that ΣS1(0) = 0 and the mass counterterm
ReΣS1(M2

S1
) dominates the self-energy diagram in figure 3. This is an important observation,

because ΣS1(M2
S1
) involves potentially sizable on-shell loops, while VL33(0) involves small

loop integrals evaluated at zero external momenta. Low-energy physics probes heavy particles
far below their mass shell, therefore ReΣS1(M2

S1
) must enter yLL,high

1 33 /yLL,low
1 33 in some way.8

Combining eqs. (2.4) and (2.8), inserting eq. (2.5), and generalising to an arbitrary fermion
pair (j, k) we arrive at

κLL
1 jk ≡

yLL,high
1 jk

yLL,low
1 jk

= 1 +
δyLL,high

1 jk − δyLL,low
1 jk

yLL
1 jk

,

= 1 + 1
2

∂

∂p2 ReΣS1(p2)
∣∣∣∣
p2=M2

S1

− 1
2

ReΣS1(M2
S1
)

M2
S1

+ VLjk(0) − Re VLjk(M2
S1), (2.9)

which is a UV-finite quantity. The fermion wave function renormalization constants cancel
from κLL

1 jk, because they do not depend on the energy at which the leptoquark coupling is
probed. This feature is important, because in models with several LQ copies, the diagrams with
flavor-changing self-energies attached to the LQ-fermion coupling may come with couplings
which are different from the tree-level coupling, permitting large corrections involving new
parameters. The absence of these corrections therefore facilitates the phenomenological
analyses.

2.2 Self-energies

We find the fermion loop contribution to the bare S1 self-energy as

ΣS1(p2) = −
3∑

l,n=1

[
2|yLL

1 ln|2 + |yRR
1 ln|2

] ∫ dDq

(2π)Di

tr [q/ (q/ + p/ )PL]
q2(p + q)2 with PL = 1− γ5

2 ,

=
3∑

l,n=1

[
2|yLL

1 ln|2 + |yRR
1 ln|2

]
p2(4π)−D/2 B0(p2; 0, 0), (2.10)

in dimensional regularization with D = 4 − 2ϵ and

B0(p2;m2
1, m2

2) ≡ µ2ϵ
∫

dDq

iπD/2
1

(q2 − m2
1 + i0+)[(q + p)2 − m2

2 + i0+]
, (2.11)

where µ is the renormalization scale. One then finds that

B0(p2; 0, 0) = 1
ϵ
+ 2− γE + iπ − ln p2

µ2 +O(ϵ), (2.12)

and, therefore

ΣS1(p2) =
∑3

l,n=1

[
2|yLL

1 ln|2 + |yRR
1 ln|2

]
16π2 p2

[
1
ϵ
+ 2− γE + ln(4π) + iπ − ln p2

µ2

]
, (2.13)

8One might ask whether it is allowed to set the top mass to zero in ΣS1 (0), but keeping mt ̸= 0 leads to
Σ(0) ∝ m2

t which is still negligible compared to Re ΣS1 (M2
S1 ) ∝ M2

S1 .
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Figure 4. Diagrams for the loop correction to the S1 LQ propagator (left) and S1 vertex corrections
to the couplings yLL

1 (middle) and yRR
1 (right).

where γE is the Euler-Mascheroni constant. The self-energy contribution to κLL
1 jk is therefore

given by

κLL,self
1 jk = 1

2
∂

∂p2 ReΣS1(p2)
∣∣∣∣
p2=M2

S1

− 1
2

ReΣS1(M2
S1
)

M2
S1

,

= −
∑3

l,n=1

[
2|yLL

1 ln|2 + |yRR
1 ln|2

]
32π2 , (2.14)

contributing universally to all S1 couplings.

2.3 Vertex corrections

In models which include additional LQs along with S1, vertex corrections can involve an R2
exchange. There are no such corrections with S3 exchanged between the external fermion lines.

The one-loop vertex diagram reads

DV jk(p2) =
3∑

l,n=1
yLR∗

2 jl yRR
1 nly

RL
2 nk ϵab (4π)−D/2 (2.15)

×µ2ϵ
∫

dDq

iπD/2
ūj [q/ (q/ + p/ )]PLvk

(q2 + i0+)[(q + p)2 + i0+][(q+pQ)2 − M2
R2

+ i0+]
,

and we note that

DV jk(p2)= VLjk(p2)Atree, (2.16)

with Atree from eq. (2.3). We use q/ (q/ + p/ ) = q2 + q/ p/ and define the vector three-point
function as

Cρ(p2, p3;m2
1, m2

2, m2
3) ≡ µ2ϵ

∫
dDq

iπD/2
qρ

[q2 − m2
1][(q + p2)2 − m2

2][(q + p3)2 − m2
3]

,

≡ pρ
2C1(p2

2, p3
3, (p2 − p3)2;m2

1, m2
2, m2

3)
+pρ

3C2(p2
2, p3

3, (p2 − p3)2;m2
1, m2

2, m2
3). (2.17)
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Using p2 = p, p3 = pQ, p2 − p3 = pL, and m3 = MR2 we find

DV jk(p2) =
3∑

l,n=1
yLR∗

2 jl yRR
1 nly

RL
2 nkϵab (4π)−D/2. (2.18)

×
[
B0(0; 0, M2

R2) + p2C1(p2, 0, 0; 0, 0, M2
R2)
]
[ujPLvk].

C2 does not contribute, because in eq. (2.15) it comes with ua,j/pQ
= 0 from the Dirac

equation, where we neglect the mass of Q. For p2 > 0 one finds

C1(p2, 0, 0; 0, 0, M2
R2)

ϵ=0=
∫ 1

0
dy

∫ 1−y

0
dx

y

−p2xy + m2
R2

(1− x − y)− i0+ ,

=
M2

R2

p4

[
Li2
(
− p2

M2
R2

)
+
(
ln p2

M2
R2

− iπ

)(
ln
(
1 + p2

M2
R2

)
− p2

M2
R2

)
+ p2

M2
R2

]
. (2.19)

Since p2C1(p2, 0, 0; 0, 0, M2
R2
) → 0 for p2 → 0, only B0(0; 0, M2

R2
) contributes to DV jk(0),

which, however, drops out of VLln(0) − VLln(M2
S1
). The other vertex corrections involve the

same loop integrals and can be found with trivial changes of the couplings.

2.4 Final results

Combining eqs. (2.9), (2.14), (2.15), (2.16), (2.18) and (2.19) we get our final result for the
S1 coupling to left-handed fermions:

κLL
1 jk = 1−

∑3
l,n=1

[
2|yLL

1 ln|2 + |yRR
1 ln|2

]
32π2 −

∑3
l,n=1 yLR∗

2 jl yRR
1 nly

RL
2 nk

yLL
1 jk 16π2 fκ

(M2
S1

M2
R2

)
, (2.20)

with

fκ(x) = 1
x

[
Li2(−x) + ln x [ln(1 + x)− x] + x

]
. (2.21)

The function fκ(x) vanishes for x = 0 and is positive for 0 < x < 1.86 with a maximum at
x = 0.49 and fκ(0.49) = 0.23. fκ(x) decreases monotonically for x > 0.49 with fκ(3) = −0.24
and fκ(10) = −1.17.

By changing the couplings one immediately finds the other scaling factors:

κRR
1 jk = 1−

∑3
l,n=1

[
2|yLL

1 ln|2 + |yRR
1 ln|2

]
32π2 −2

∑3
l,n=1 yRL

2 jly
LL∗
1 nl yLR∗

2 nk

yRR∗
1 jk 16π2 fκ

(M2
S1

M2
R2

)
,

κLR
2 jk = 1−

∑3
l,n=1

[
|yLR

2 ln|2 + |yRL
2 ln|2

]
32π2 −

∑3
l,n=1 yLL

1 jly
RL∗
2 nl yRR∗

1 nk

yLR∗
2 jk 16π2 fκ

(M2
R2

M2
S1

)
,

κRL
2 jk = 1−

∑3
l,n=1

[
|yLR

2 ln|2 + |yRL
2 ln|2

]
32π2 −

∑3
l,n=1 yRR∗

1 jl yLR
2 nly

LL
1 nk

yRL
2 jk 16π2 fκ

(M2
R2

M2
S1

)
,

κLL
3 jk = 1−

∑3
l,n=1 |yLL

3 ln|2

16π2 . (2.22)
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`, ν`

S3 `

qp

Figure 5. Diagram for the flavor-changing wave function renormalization factors induced by
leptoquarks.

2.4.1 Conversion to MS scheme

LQs in the phenomenologically interesting mass range considered in this paper are best
motivated as low-energy remnants of a theory with quark-lepton unification, which is typically
realized at scales between O(103)TeV and the scale of grand unification (GUT scale). The
construction of any viable model usually invokes the MS scheme for the lagrangian parameters,
which are then evolved to lower scales with the RGE (see e.g. ref. [81] for the 2-loop RGE
in scalar LQ models). Also the IR fixed-points of the RGE for the LQ couplings found
in ref. [69] correspond to the MS scheme. In this section we present the conversion of the
LQ couplings between MS and our “low” scheme. We exemplify this for the couplings of
S3 ℓ for two reasons: first, in ref. [69] non-trivial RG IR fixed-points were only found for
this case and second, the popular S3 ℓ interpretation of b → sℓ+ℓ− data implies that the
considered LQ couples to both b and s and therefore permits flavor-changing b-to-s self-energy
diagrams. The proper treatment of the latter diagrams in the scheme conversion deserves
some explanation. As a simplification, S3 ℓ only couples to doublet fermion fields, leading
to a more compact expression compared to the cases with other LQs.

The desired scheme conversion amounts to calculating the loop-corrected LQ-quark-
lepton vertex and then determine the counterterm δyLL

3 jk in both schemes, the difference fixes
yLL,low

3 jk − yLL,MS
3 jk . In any scheme one has yLL,bare

3 jk = yLL,scheme
3 jk + δyLL,scheme

3 jk , so that

yLL,MS
3 jk − yLL,low

3 jk = δyLL,low
3 jk − δyLL,MS

3 jk . (2.23)

In the “low” scheme the counterterm δyLL,low
3 jk is given in terms of the vertex and self-energy

loop functions in eq. (2.8).
The counterterm δyLL,MS

3 jk can be obtained from eq. (2.4) by retaining only the pieces
proportional to 1/ϵ − γE + ln(4π) of this equation. Thus δyLL,low

3 jk − δyLL,MS
3 jk is simply found

from the finite parts of the various loop contributions to δyLL,low
3 jk in eq. (2.8). To this end we

must calculate the wave function renormalization constants δZQ and δZL in both schemes,
which we did not need so far because they cancel from κLL

3 jk.
We start with the discussion of δZQ, which is a matrix in flavor space. For the renormal-

ization of the b̄cℓS3 ℓ vertex we need [δZQ]33 and [δZQ]32 calculated from the b → b and b → s
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self-energies Σbb/pPL and Σsb/pPL, respectively. Σsb is shown in figure 5. It is calculated as

Σsb/pPL =− 3
∑

ℓ

yLL
3 3ℓy

LL∗
3 2ℓ (4π)−D/2

/pPLB1(p2, 0, M2
S3 ℓ

), (2.24)

where

pνB1(p2, 0, M2
S3 ℓ

) =µ2ϵ
∫

dDq

iπD/2
qν

(q2 + i0+)[(q + p)2 − M2
S3 ℓ

+ i0+]
, (2.25)

B1(0, 0, M2
S3 ℓ

) =− 1
2ϵ

− 1
4 + 1

2γE + 1
2 ln

M2
S3 ℓ

µ2 +O(ϵ).

Generalising the result to an arbitrary pair of quark fields, i.e. (s, b) 7→ (a, j), we find the
hermitian quark-field renormalization matrix

δZMS
Q,aj = −3

32π2

(1
ϵ
− γE + ln(4π)

) 3∑
k=1

yLL
3 jkyLL∗

3 ak . (2.26)

For the lepton self-energy, we only consider the case where each leptoquark copy S3ℓ only
couples to one lepton generation, which we label n,

δZMS
L,nn = −3

32π2

(1
ϵ
− γE + ln(4π)

) 3∑
k=1

∣∣∣yLL
3 kn

∣∣∣2 . (2.27)

Using eq. (2.4) with S1 → S3ℓ and eqs. (2.26)–(2.27) we find

δyLL
3 jn = −yLL

3 jn

[1
2δZS3 +

1
2δZL nn

]
− 1

2

3∑
k=1

δZQ aj yLL
3 an, (2.28)

and therefore,

δyLL,MS
3 jn = 1

64π2

(1
ϵ
− γE + ln(4π)

)
×

4 yLL
3 jn

3∑
k=1

∣∣∣yLL
3 kn

∣∣∣2 + 3
3∑

ℓ,a=1
yLL

3 jℓ yLL∗
3 aℓ yLL

3 an

 . (2.29)

The “low” scheme is defined such that at zero momentum transfer all loop corrections
to the LQ vertex are canceled by the counterterm, rendering the tree-level result exact. To
calculate δyLL,low

3 jn using eq. (2.8) we therefore also need the finite pieces of Σaj , distinguishing
the cases a = j and a ̸= j. The flavor-conserving self-energy Σaa enters δyLL,low

3 jn in the same
way as in MS, but with the full result for B1(0, 0, M2

S3ℓ
) given in eq. (2.25). For a ̸= j one

must instead calculate the diagram in which the tree-level S3 ℓ vertex is amended by Σaj on the
external quark leg (upper right diagram in figure 2 with S1 replaced by S3 ℓ and ντL replaced
by Lℓ). This calculation must be done keeping ma and mj non-zero, the result will contain a
non-trivial dependence on the quark mass ratio mj/ma. This feature is familiar from e.g. the
renormalization of the CKM matrix in the Standard Model [82–87]. The diagram evaluates to

ūjPLvn

3∑
a=1
a ̸=j

m2
j

m2
j − m2

a

yLL
3 anΣaj(p2 = m2

j ). (2.30)
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In this expression we can replace Σaj(p2 = m2
j ) by Σaj(0), because we discard sub-leading

terms in m2
j/M2

S3ℓ
. For the diagram with the lepton self-energy we do not encounter flavor-

changing self-energies.
The final result for the desired counterterm reads

δyLL,low
3 jn = δyLL,MS

3 jn − 1
64π2

6 3∑
a=1
a ̸=j

m2
j

m2
j − m2

a

3∑
ℓ=1

(
ln

M2
S3ℓ

µ2 − 1
2

)
yLL

3 jℓ yLL∗
3 aℓ yLL

3 an

+3 yLL
3 jn

3∑
ℓ=1

(
ln

M2
S3ℓ

µ2 − 1
2

) ∣∣∣yLL
3 jℓ

∣∣∣2 + yLL
3 jn

(
7 ln

M2
S3n

µ2 − 19
2

) 3∑
a=1

∣∣∣yLL
3 an

∣∣∣2] .

(2.31)

We can define a scheme transformation factor as

κ̄LL
3 jn ≡

yLL,low
3 jn

yLL,MS
3 jn

= 1 +
δyLL,low

3 jn − δyLL,MS
3 jn

yLL
3 jn

,

= 1 − 1
64π2

6 3∑
a=1
a ̸=j

m2
j

m2
j − m2

a

3∑
ℓ=1

(
ln

M2
S3ℓ

µ2 − 1
2

)
yLL

3 jℓ yLL∗
3 aℓ yLL

3 an

yLL
3 jn

+3
3∑

ℓ=1

(
ln

M2
S3ℓ

µ2 − 1
2

) ∣∣∣yLL
3 jℓ

∣∣∣2 +
(
7 ln

M2
S3n

µ2 − 19
2

) 3∑
a=1

∣∣∣yLL
3 an

∣∣∣2] . (2.32)

A comment is in order here: the flavor-changing self-energies renormalising the coupling
yLL,low

3 jn are calculated in the phase with broken electroweak SU(2) symmetry leading to the
term m2

j/(m2
j − m2

a) in eq. (2.32). This is unavoidable, because in the unbroken phase, with
zero quark masses, one can arbitrarily rotate quark fields in flavor space and flavor quantum
numbers are only well-defined in the broken phase. Therefore κ̄LL

3 jn should carry an index
distinguishing down-type and up-type quarks. In practice, however, the hierarchy among
quark masses allows us to set either ma or mj to zero, so that m2

j/(m2
j − m2

a) becomes 1 or
0, and κ̄LL

3 jn is the same for down-type and up-type quarks in this limit. In case one wants
to keep the full dependence on quark masses in eq. (2.32), ma and mj must be evaluated at
the same value of the renormalization scale µ. (Keep in mind that the ratio mj(µ)/ma(µ)
is µ-independent.)

Thus in the construction of a UV model of quark-lepton unification one will use yLL,MS
3 jn ,

subsequently run these couplings down to the scale defined by the S3n mass with the RG
equations of ref. [69], and finally convert the couplings to the “low” scheme by multiplying
them with κ̄LL

3 jn for applications in flavor physics. For use in collider physics one multiplies
yLL,MS

3 jn instead with κ̄LL
3 jnκLL

3 jn.

3 Phenomenological implications

In order to demonstrate the impact of our results, we will outline phenomenological implica-
tions of the one-loop corrections calculated above in the context of flavor anomalies. To this
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end we will give numerical examples for the κ’s for values of the LQ couplings satisfying the
constraints from the anomalous low-energy data. From figure 3 one realizes that the flavor
observables constrain products of couplings while the κ’s in eqs. (2.20) and (2.22) instead
depend on the individual couplings. Therefore the deviation of the κ’s from 1 is largest if one
satisfies the low-energy constraints by choosing one coupling large and the other one small.
This case is most relevant for collider searches of LQ, because at first, with little statistics,
one probes the parameter region with small LQ masses and large couplings. The complete
one-loop corrections to LQ decay rates involving yXY

j ln , where XY = LL/LR/RL/RR, are
encoded in the κ’s, so that they can be considered pseudo-observables. We may study the
size of the corrections, i.e. the deviation of the κ’s from 1, to assess how large the couplings
yXY

j ln can be without spoiling perturbation theory.

3.1 Leptoquark decays

Here we consider the impact of these corrections for either explicit on-shell detection of a
single LQ, or how signs of multi-LQ models may be extracted indirectly from single LQ
decays. From the computation of the self energy above, we can derive the total decay width
of each LQ as a function of their masses and couplings

ΓS1 = MS1

16π

∑
l,n

[
2|yLL

1 ln|2 + |yRR
1 ln|2

]
, (3.1)

ΓR2 = MR2

16π

∑
l,n

[
|yRL

2 ln|2 + |yLR
2 ln|2

]
, (3.2)

ΓS3 = MS3

8π

∑
l,n

|yLL
3 ln|2. (3.3)

where the indices l, n run over the different decay channels. By definition, the decay of
LQs is determined by the high-energy couplings yXY,high

j ln . The implication of the κ factors
that we computed appear as a re-scaling of a LQ decay width, which in turn, modifies
the predictions for the branching ratios. For example, a third-generation S1 LQ will have
modified branching ratios, for example

BR(S1 → bντ ) =
1

ΓS1

MS1

16π
|yLL,high

1 33 |2, (3.4)

= |yLL,low
1 33 |2 × |κLL

1 33|2∑
l,n

[
2|yLL,low

1 ln |2|κLL
1 ln|2 + |yRR,low

1 ln |2|κRR
1 ln|2

] ,

BR(S1 → τt) = 1
ΓS1

MS1

16π
(|yLL,high

1 33 |2 + |yRR,high
1 33 |2), (3.5)

= (|yLL,low
1 33 |2|κLL

1 33|2 + |yRR,low
1 33 |2|κRR

1 33|2)∑
l,n

[
2|yLL,low

1 ln |2|κLL
1 ln|2 + |yRR,low

1 ln |2|κRR
1 ln|2

] ,

where we have neglected phase space effects, as m2
t /m2

S1
can barely exceed 2%. In order to

calculate the impact of a model built for low scale observables on the direct production rates
at colliders then one should incorporate these radiative corrections.
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To determine the hierarchy between the couplings, one can measure the ratio of branching
ratios, for example

BR(S1 → τt)
BR(S1 → ντ b) ≈ |yLL,high

1 33 |2 + |yRR,high
1 33 |2

|yLL,high
1 33 |2

. (3.6)

From this observable we note the following relation between low- and high-energy couplings

|yLL,high
1 33 |2 + |yRR,high

1 33 |2

|yLL,high
1 33 |2

= |yLL,low
1 33 |2|κLL

1 33|2 + |yRR,low
1 33 |2|κRR

1 33|2

|yLL,low
1 33 |2|κLL

1 33|2
. (3.7)

In the absence of an additional LQ R2, it follows from eqs. (2.20) and (2.22) that κRR
1 33 = κLL

1 33,
i.e. the radiative corrections to the right- and left-handed couplings are equal and

BR(S1 → τt)
BR(S1 → ντ b) ≈ |yLL,low

1 33 |2 + |yRR,low
1 33 |2

|yLL,low
1 33 |2

, (3.8)

which suggests that the ratio of couplings is insensitive to radiative corrections. However, the
presence of R2 may break this relation, which implies that this ratio can act as an indirect
probe of the presence of a second LQ with sizeable couplings.

3.2 Flavour anomalies

Several measured branching ratios and decay distributions have hinted at the presence of
BSM physics influencing the branching ratios of b → sℓℓ and b → cℓν. Notably in the neutral
current process these are driven by the decay b → sµµ, where there is a deficit in events in
the kinematic region q2 ≤ 8GeV [11, 24, 88] (q2 is the invariant mass of the lepton pair),
in contrast with the SM predictions of refs. [89, 90]. The angular observable P ′

5, which
parameterizes the angular distribution of final states in B → K∗µ+µ−, also follows this
trend [19, 91–93]. Measurements of the lepton flavor universality (LFU) ratios [94]

RK(∗) =
BR(B → K(∗)µ+µ−)
BR(B → K(∗)e+e−)

, (3.9)

presently show a compatibility with the SM predictions RK(∗) ≃ 1 [25, 26], indicating that
the BSM physics invoked to explain the anomalous data in b → sµ+µ− should couple with
similar strengths to electrons and muons. For the charged-current process, a long-standing
anomaly is observed in the LFU ratios

RD(∗) =
BR(B → D(∗)τν)
BR(B → D(∗)ℓν)

, ℓ = e, µ. (3.10)

The HFLAV collaboration combines six separate measurements from BaBar [28], Belle [30,
32, 95], and LHCb [31, 96] to give the following average values, as per Summer 2023 [27]

RHFLAV
D = 0.357± 0.029, RHFLAV

D∗ = 0.284± 0.012, (3.11)

with a correlation coefficient of ρ = −0.37. To be compared with the theoretical values

RD = 0.298± 0.004, RD∗ = 0.254± 0.005, (3.12)

resulting in a theory/experiment discrepancy of 3.2σ.

– 15 –



J
H
E
P
0
5
(
2
0
2
5
)
1
2
3

Improved sensitivity to the D∗ and τ polarizations can discriminate between different
BSM explanations of these anomalies, and complementary information can be garnered
from the ratio RΛc ≡ BR(Λb → Λcτν)/BR(Λb → Λcℓν) [97, 98]. For a BSM explanation
for RD(∗) to be consistent with the latter, future measurement of RΛc must move upwards
from the 2022 value RLHCb

Λc
= 0.242± 0.026± 0.040± 0.059 [99] to RΛc = 0.39± 0.05 [100],

to be consistent with eq. (3.11).
These flavor anomalies may be addressed by a combination of the scalar LQs S1, R2 and

S3 (a SU(2) singlet, doublet and triplet, respectively). The LQs S1 and R2 are capable of
explaining the flavor anomalies with tree-level contributions to b → cτν, and S3 to b → sµµ.
In order to be consistent with LFU, i.e. eq. (3.9), one requires multiple copies of S3 in order to
consistently explain b → sℓℓ data and to avoid constraints from lepton flavor violating decays,
e.g. µ → eγ. Therefore this motivates extensions to the SM involving the combinations
(S1, S3 ℓ) or (R2, S3 ℓ), each with at least two copies of S3 of the triplet LQ (denoted S3 ℓ)
with S3 e and S3 µ exclusively coupling to e and µ, respectively. We do not perform any
phenomenological analysis of constraints on these models here, but simply use the best-fit
values of the Wilson coefficients from the literature to employ realistic scenarios for the LQ
couplings and masses in our numerical examples. We draw the readers’ attention to ref. [69]
and references therein for further discussion of constraints.

3.2.1 Scalar singlet

As discussed above, the singlet S1 is capable of generating tree-level contributions to b → cτν.
We adopt a minimal coupling scenario for the S1 scalar LQ choosing nonzero values only for
the couplings yLL

1 33 and yRR
1 23. The contributions to b → cℓνℓ are given by the following effective

interactions, expressed in the flavio basis [101] for the Weak Effective Theory (WET), where

L = LSM −
[
4GF√

2
Vcb

∑
b→cτν

CiOi +h.c.
]

, (3.13)

with the sum indicating a sum over the operator basis for the process b → cτν. The operators
of interest are

OSL
= (cPLb)(τPLντ ), OT = (cσµνPLb)(τσµνPLντ ), (3.14)

OVL
= (cγµPLb)(τγµPLντ ).

Here, GF is the Fermi constant, and Vij is the SM CKM matrix elements. Note that here
we have restricted ourselves to lepton-flavor conserving effective interactions. This minimal
scenario will generate the following nonzero WCs, where we have assumed the LQ couplings
to be real-valued

CSL
(MS1) = −4CT (MS1) = − 1

4
√
2GF VcbM

2
S1

yRR
1 23yLL

1 33, (3.15)

CVL
(MS1) =

1
4
√
2GF M2

S1

(yLL
1 33)2. (3.16)

We recall we have adopted the down-aligned mass basis for the quarks, see eq. (2.2). These
LQ couplings can be chosen to be fixed in the low-scale renormalization scheme.
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A recent fit to these WCs in a model-dependent study of the anomalies RD(∗) and other
b → cτν observables can be found in ref. [102]. Their results yield the following best fits
to single scalar/tensor WCs, evaluated at µb,

CSL
= −8.9CT = 0.19 (3.17)

which, when evolved according to appendix A, corresponds to CSL
= −4CT ≈ 0.095 at

MS1 = 2TeV. Although this fit was performed prior to the most recent updates to the RD∗

measurements, it remains compatible with the central values of the present HFLAV fit [27]
to these anomalies within roughly 1.3σ. Matching onto eq. (3.15), this corresponds to

yRR
1 23 yLL

1 33 ≈ −1.06 (3.18)

for a LQ mass of 2TeV.
A fit to the anomalous RD∗ measurements arising solely from the CVL

in the S1 model is
ruled-out primarily due to large contributions to b → sνν̄ (see appendix B) which are ruled-
out by present measurements. In the framework prescribed above, it is impossible to avoid
nonzero contributions to the CVL

coefficient, although it is CKM suppressed. For this reason,
we elect for a larger value for yRR

1 23 to minimize the effect from the vector WC. Dominant
constraints on this coupling come from high-pT probes of the effective coupling in cc̄ → τ τ̄

interactions, resulting in a constraint |yRR
1 23| < 2.6 for a 2TeV leptoquark mass [103, 104].

Saturating this upper bound corresponds to a candidate point (yRR
1 23, yLL

1 33) = (2.6,−0.41).
For this point, CVL

has negligible impact on the values for RD(∗) , meaning that this point is
still able to fit the anomalies while being safe from constraints. Matching onto eq. (3.15),
this point is found to yield a value of

κLL
1 jk = κRR

1 jk = 1− 2|yLL
1 33|2 + |yRR

1 23|2

32π2 ≈ 0.98, (3.19)

and in the scalar singlet LQ model to explain the anomalies in b → cτν this correction
corresponds to a 2% effect. Therefore, the high energy Yukawa coupling relevant for on-shell
production of the S1 LQ is 98% of the value of that at low-energy.

3.2.2 Scalar doublet

Following similarly from eqs. (3.14) and (3.13), the doublet R2 generates the following nonzero
WCs for contributing to the b → cτν process, this time not assuming real-valued LQ couplings9

CSL
(MR2) = 4CT (MR2) =

1
4
√
2GF VcbM

2
R2

yLR ∗
2 33 yRL

2 23. (3.20)

Following again from the fit in ref. [102], the following best fit to single scalar/tensor WCs,
evaluated at µb,

CSL
= 8.4CT ≈ −0.07± 0.58 i, (3.21)

9In a model with two distinct R2 doublets, one may also generate a contribution to a right-handed vector
coefficient, CVR (see e.g. ref. [105]).
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which, when evolved according to appendix A, corresponds to CSL
≈ 8.4CT = −0.039±0.319 i

at MR2 = 2TeV. Matching onto eq. (3.20), this corresponds to

yLR ∗
2 33 yRL

2 23 ≈ −0.41± 3.43 i , (3.22)

again for a LQ mass of 2TeV. Dominant constraints on these couplings arise from a loop-
order corrections to Z → ττ couplings and the high-pT dilepton and monolepton tails of
proton collisions.

The light-quark couplings to taus are limited by constraints on the flavor-conserving,
non-universal, contact interactions in pp → τ+τ− and pp → τν (+ soft jets)[103, 106, 107].
Utilising the program HighPT [108, 109] to extract these constraints and mapping the result
onto the above model, we find that requiring agreement at 3(2)σ constrains |CSL

| ≲ 0.68(0.57)
for a 2TeV LQ mass. This is consistent with ref. [110] where they examine the R2 model and
conclude that these constraints are incompatible with an R(D(∗)) if the high-pT constraints are
taken at 2σ, although they note that these constraints should be treated with caution due to
uncertainties from τ reconstruction [111]. We conservatively take the 3σ constraint and retain
the above point as valid, as assessing the definite validity is beyond the scope of this work.

For Z → ττ , the coupling of the LQ to the tau and top quarks ≈ yLR
2 33 generates a enhanced

correction [112]. A representative coupling assignment which satisfies this constraint (see
appendix B) is (yLR

2 33, yRL
2 23) ≈ (0.5,−0.82 ± 6.86 i), corresponds to

κLR
2 jk = κRL

2 jk = 1− |yLR
2 33|2 + |yRL

2 23|2

32π2 ≈ 0.85. (3.23)

So, for the scalar doublet LQ model to explain the anomalies in b → cτν this correction
corresponds to a 15% effect and the high energy Yukawa coupling relevant for on-shell
production of the R2 LQ is 85% of the value of that at low-energy. Of course the large deviation
from 1 in eq. (3.23) stems from our choice with |yRL

2 23| ≫ |yLR
2 33|. If chose |yRL

2 23| ≈ |yLR
2 33| ≈ 1.86

instead, we’d find κLR
2 jk = κRL

2 jk = 0.98 instead. Yet, as stated at the beginning of this section,
collider searches first probe the large-couplings region and eq. (3.23) shows that the corrections
encodes in our κ’s matter here. We also verify that LQ couplings as large as seven do not
lead to excessive corrections which would put the validity of perturbation theory into doubt.

3.2.3 Scalar triplet

The scalar triplet is relevant for addressing anomalies in b → sℓℓ. The effective Lagrangian
parameterizing these transitions is given by

L = LSM − 4GF√
2

VtbV
∗

ts

(
Cℓ

9Oℓ
9 + Cℓ

10Oℓ
10

)
+ h.c., (3.24)

and the operators are given by

Oℓ
9 = αem

4π
(sγµPLb)

(
ℓγµℓ

)
, Oℓ

10 = αem
4π

(sγµPLb)
(
ℓγµγ5ℓ

)
. (3.25)

Here, αem is the fine structure constant.
Matching the scalar triplet LQ model onto this Lagrangian gives the following contribution

Cℓ
9(MLQ) = −Cℓ

10(MLQ) = − π

2
√
2GF VtbV

∗
tsαem

yLL
3 3ℓy

LL ∗
3 2ℓ

M2
S3

. (3.26)
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For the triplet LQ it is useful to define the quantity Cℓ
L = Cℓ

9 = −Cℓ
10, and recent global

fits show a preference for a universal assignments of these WCs such that CU
L = Ce

L =
Cµ

L = Cτ
L ≈ −0.4 [57, 113, 114].10

We begin by considering a single triplet, S3, with lepton-universal couplings. Recalling
that CU

L as a vector coefficient does not run in QCD, this corresponds to

yLL
3 3ℓy

LL ∗
3 2ℓ ≈ −0.0055[−0.14], (3.27)

for a LQ mass of 2TeV [10 TeV]. Note that for the corrections to the Yukawa couplings κLL
3, jk are

generated uniformly in flavor space (j, k) because they are each sourced by the LQ self-energy.
For κLL

3, jk to correspond to a 30% effect relies on a coupling assignment for a LQ mass of 2TeV
of (yLL

3 3ℓ, yLL
3 2ℓ) ≈ (6.1,−10−3) and for a LQ mass of 10TeV of (yLL

3 3ℓ, yLL
3 2ℓ) ≈ (6.1,−0.023).

Therefore in each of these instances the high-energy, lepton-universal, Yukawa coupling
relevant for on-shell production of the S3 LQ is 70% of the value of that at low-energy.

3.2.4 A comment on models with multiple LQ

The models considered in section 3.2 all involve the addition of one LQ at a time and so
their corrections are dominated by the LQ self-energies. However, the results from section 2.4
illustrate that the largest and most interesting effects will occur when two LQs are present
in a model: namely, in models with both S1 and R2 present. In this model, the Lagrangian
in eq. (2.1) reduces to

LLQ = yLL
1 jk Qc

L
j,a ϵabLk,b

L S1 + yRR
1 jk uc

R
jek

R S1

−yRL
2 jk uR

jϵabLk,b
L Ra

2 + yLR
2 jk QL

j,aek
R Ra

2 + h.c.. (3.28)

The LQs S1 and R2 are particularly phenomenologically interesting because they are the sole
two mixed-chiral scalar LQs: they have couplings to both right- and left-handed quarks and
leptons. These leptoquarks have been exploited in the literature, for example, to generate large
contributions to chirality-flipping dipole operator corrections, responsible for radiative mass
generation and large dipole moments for charged leptons (see e.g. refs. [65, 116]). Nevertheless,
these models do not necessarily require both LQs at once. However, future measurements of
lepton CLFV and associated processes may necessitate such model building in the near future.

A particularly interesting feature of the results in section 3.2 is an inverse dependence of
the vertex correction on the low-scale LQ coupling being corrected. This means that even a
small low-scale coupling can have a large correction, simply because the tree-level coupling is
suppressed or even absent in the loop vertex diagram, which involves three different couplings
instead. Take for example a LQ model with both S1 and R2 and consider the correction to
the coupling yRR∗

1 jk , taking LQ masses such that f(M2
S1

/M2
R2

= 10) = −1.17. Fixing each
of the LQ couplings to third-generation quarks to 0.1 aside from the LQ coupling we are

10Note that there is a preference for Cµ
10 = 0, i.e. the SM case, in the data on the branching ratio B(Bs → µµ)

if the SM prediction is calculated with Vcb determined from inclusive b → cℓν decays, since then the SM
prediction is close to the central value of the measurement. Exclusive b → cℓν decays prefer a smaller |Vcb|, so
that Cµ

10 ̸= 0 improves the agreement with B(Bs → µµ) (see e.g. [115]).In any case a combined fit of all data
prefers a scenario with Cℓ

9 = −Cℓ
10 ̸= 0 over the SM case.
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correcting for the purpose of demonstration,11

κRR
1 jk = 1− 3 |yRR∗

1 jk |2 × 10−3 + 4.4× 10−5

yRR∗
1 jk

. (3.29)

Therefore, for a LQ coupling yRR∗
1 jk ≈ 10−4 the correction is κRR

1 jk ≈ 1.44, corresponding to
a correction of 44% to this coupling.

3.3 Unification and IR fixed-points

Leptoquarks particularly appear in theories that unify quarks and leptons, although the
unification scale MQLU is often many orders of magnitude above the LQ mass scale. If we
assume that the mass-gap between the electroweak scale and MQLU is populated only by LQs
and SM particles, one may use renormalization-group evolution of LQ couplings to fermions
up to this scale. This analysis was performed in ref. [69]. The scale MQLU determines the
masses of any remaining particles in the unification framework, and the effects of these
particles decouple for a scalar LQ model as MQLU → ∞.12

In ref. [69] it has been found that the Yukawa couplings of a model with three scalar
triplet LQ carrying lepton flavor number features IR fixed-points withemergent lepton flavor
universality in their RG evolution from some high scale down to MLQ. This feature persists if
additional LQs (such as S1) are present. Since beta functions are derived in mass independent
renormalization schemes, typically MS, the couplings must be converted to the ‘low’ or ‘high’
scheme for use in phenomenological applications.

Taking MS3≡MS3 e = MS3 µ = MS3 τ=14.2TeV and the IR fixed-point couplings in
table 1.13 reproduces the b → sℓ+ℓ− data. In each case the conversion between low-energy
and high-energy couplings is given by

κLL
3 jk = 1−

(
|yLL

3 3ℓ|2 + |yLL
3 2ℓ|2

16π2

)
≈ 0.996, (3.30)

where we recall each LQ only couples to one lepton flavor, ℓ, at a time. We multiply yLL,MS
3 jn

with κ̄LL
3 jn. to convert to the ‘low’ scheme, and these conversion factors and the corresponding

low-energy couplings are given in table 1. We evaluate the MS conversion factor at µ = MS3 .
Although κ̄LL

3 jk deviates from 1 more than κLL
3 jk, the effects in table 1 are still small,

because the fixed-point values of the couplings are moderate in size. In general, however, the
first term in the square bracket in eq. (2.32) can give a large contribution, if the tree-level
coupling is small.

4 Conclusions

Leptoquark (LQ) phenomenology involves the combination of constraints from low and high
energy. The former are inferred from solutions to the flavor anomalies, while the latter are

11Fixing the ratio of masses but allowing flexibility for the absolute masses may allow one to suppress
phenomenological impact of this choice.

12For a vector LQ model where MLQ ≪ MQLU this corresponds to a non-decoupling scenario unless a Higgs
sector responsible for the LQ mass is also considered [69].

13These points are from table 6 of ref. [69], where our notation corresponds to yLL
3 ij = ye

3 ij .
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Benchmark S3ℓ (yLL,MS
3 2ℓ , yLL,MS

3 3ℓ ) (κ̄LL
3 2ℓκ

LL
3 2ℓ, κ̄LL

3 3ℓκ
LL
3 3ℓ) (yLL,low

3 2ℓ , yLL,low
3 3ℓ )

A S3 e (0.760, 0.189) (1.007, 1.008) (0.765, 0.191)

S3 µ (0.191, 0.759) (1.005, 1.006) (0.192, 0.764)

S3 τ (0.639,−0.452) (1.006, 1.011) (0.643,−0.457)

B S3 e (0.189, 0.760) (1.007, 1.007) (0.190, 0.765)

S3 µ (0.759, 0.191) (1.007, 1.008) (0.764, 0.193)

S3 τ (0.639,−0.452) (1.006, 1.011) (0.643,−0.457)

Table 1. Benchmark points from ref. [69], converted to the low-scheme utilising our formalism.

found from LHC bounds on production cross sections. Stronger collider bounds, pushing
the LQ masses to higher values, imply larger couplings in the LQ lagrangian in eq. (2.1) to
explain anomalous low-energy data. Sizable couplings, however, lead to potentially large
loop corrections with LQs. We have studied such corrections for the popular S1, R2, and
S3 LQ scenarios with the following results:

1. The radiative corrections have a particularly simple structure, as they can be completely
absorbed into a renormalization of the LQ coupling. This allows us to define two
renormalization schemes designed for low-energy and high-energy observables. With
the choice of our ‘low’ scheme all considered corrections are absorbed into the coupling
yXY,low

n jk , so that the tree and one-loop amplitudes for the studied flavor-changing pro-
cesses coincide. The same feature holds for the LQ decay amplitudes in the ‘high’ scheme.
The combination of low-energy and high-energy data only involves the conversion factors
κXY

n,jk ≡ yXY,high
n jk /yXY,low

n jk . While this method captures all radiative corrections to both
the low-energy process and the LQ decay amplitude, a full one-loop calculation of
the production cross sections involves additional diagrams with process-dependent
corrections and the use of yXY,high

n jk in the tree result only captures a universal subset,
but permit simulations with tree-level event generators.

2. In scenarios with only one LQ species the κXY
n,jk have a particularly simple structure,

originating solely from self-energies, and are always proportional to the tree-level
coupling. In these scenarios one always finds κXY

n,jk < 1, implying that collider constraints
are weakened. Only scenarios with both S1 and R2 involve vertex corrections, which
moreover involve different couplings compared to tree level and can therefore be enhanced
if the tree coupling is small.

3. Our calculations resulted in unexpectedly small loop functions, so that the κXY
n,jk are

close to 1 for yXY
n jk = O(1). The LQ scenarios explaining the b → cτ ν̄ and b → sℓ+ℓ−

anomalies involve two couplings. In the S1 and S3 scenarios O(1) couplings are
compatible with LQ masses satisfying collider bounds and the κXY

n,jk’s can be neglected.
However, for hierarchical choices of these couplings, with one coupling much larger than
the other, κXY

n,jk can be substantially smaller than 1.
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4. The smallness of the loop functions implies that perturbation theory works for couplings
larger than 5. This feature opens up the parameter spaces, because low-energy data
can be explained with large LQ masses and furthermore κXY

n,jk < 1 weakens the collider
bounds.

5. Like the vertex corrections mentioned in item (2) also flavor-changing fermion self-
energies need not involve the tree-level coupling. While these self-energies drop out
from the κXY

n,jk’s, they contribute to the scheme conversion from MS to either ‘low’ or
‘high’ scheme. The corresponding scheme transformation factors κ̄XY

n,jk are larger than
the κXY

n,jk’s, but can still be omitted for the choices of the infrared fixed-point solutions
for yLL,MS

3 jk found in ref. [69].

6. Irrespective of any low-energy data, collider searches first probe the parameter region
with smallest masses and largest couplings. These searches will constrain yXY,high

n jk and
if these bounds are used in other schemes the couplings must be converted properly,
e.g. the MS values are found by dividing yXY,high

n jk with κ̄XY
n,jkκXY

n,jk.
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A Wilson coefficient evolution

In ref. [102], the fit of the WCs to b → cτν is done at the scale µb = 4.8GeV, which must then
be evolved to the scale mLQ to be matched onto the full theory. The QCD renormalization-
group equations (RGEs) [117–119] (first matrix) and the LQ-charge independent QCD
one-loop matching [120] (second matrix) give the following relation for MLQ = 2TeV

CVL
(µb)

CVR
(µb)

CSL
(µb)

CSR
(µb)

CT (µb)


≈



1 0 0 0 0
0 1 0 0 0
0 0 1.82 0 −0.35
0 0 0 1.82 0
0 0 −0.004 0 0.83





1.12 0 0 0 0
0 1.07 0 0 0
0 0 1.05 0 0
0 0 0 1.10 0
0 0 0 0 1.07





CVL
(MLQ)

CVR
(MLQ)

CSL
(MLQ)

CSR
(MLQ)

CT (MLQ)


,

≈



1.12 0 0 0 0
0 1.07 0 0 0
0 0 1.91 0 −0.38
0 0 0 2.00 0
0 0 0 0 0.89





CVL
(MLQ)

CVR
(MLQ)

CSL
(MLQ)

CSR
(MLQ)

CT (MLQ)


, (A.1)

from which we obtain CSL
(µb) ≈ −8.9CT (µb) for S1 and CSL

(µb) ≈ 8.4CT (µb) for R2.
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B A note on constraints for flavour anomaly models

We briefly comment on constraints relevant for selecting the benchmark points in the main text.

B.1 Constraints from b → sνν̄

The contribution of BSM to b → sνν transitions may be parameterized by the following, in
the absence of significant right-handed vector currents [121]

Lνν̄ ⊃ 4GF√
2

VtbV
∗

tsCℓ
νν̄

[
αem
4π

(s̄γµPLb)(ν̄ℓγ
µ(1− γ5)νℓ)

]
+ h.c.. (B.1)

As collider experiments do not distinguish between neutrino flavors, the sum over all flavors
appears in the ratio of branching fractions and its SM prediction

Rνν̄
K(∗) =

Brexp(B → K(∗)νν̄)
BrSM(B → K(∗)νν̄)

= (CSM
νν̄ + Ce

νν̄)2 + (CSM
νν̄ + Cµ

νν̄)2 + (CSM
νν̄ + Cτ

νν̄)2

3(CSM
νν̄ )2 , (B.2)

where CSM
νν̄ ≈ −6.35. The experimental limits from the Belle collaboration read Rνν̄

K < 3.9
and Rνν̄

K∗ < 2.7 at 90% C.L. [122]. The recent Belle-II measurement of Br(B+ → K++ inv.) =
(2.4±0.7)×10−5 [123], assuming three-body decay with massless neutrinos, may be contrasted
with the SM prediction for this branching ratio, BrSM(B+ → K+νν̄) = (2.81±0.15)×10−3 ×
VtbV

∗
ts [124]. This results in Rνν̄

K ≈ 5, which exceeds the previous constraint, and corresponds
to a ≈ 2.8σ deviation from the SM expectation. In the absence of considerable right-handed
vector currents, Rνν̄

K∗ = Rνν̄
K , and the Belle II measurement of ref. [123] is in conflict with the

experimental bound on Rνν̄
K∗ [125] and therefore only the latter will be used as a constraint.

For the considered scenarios in the main text we consider tree-level contributions from
the S1 singlet

Cτ
νν̄ = π√

2GF VtbV
∗

tsαem

yLL
1 33yLL ∗

1 23
M2

S1

, (B.3)

and Ce
νν̄ = Cµ

νν̄ = 0, and for the lepton-flavor universal triplet LQ Sℓ
3

Cℓ
νν̄ = π√

2GF VtbV
∗

tsαem

yLL
3 3ℓy

LL ∗
3 2ℓ

M2
S1

. (B.4)

We find the benchmark points considered in the main text satisfy the constraint from Rνν̄
K∗

for both LQ models. Reconciling the experimental results for Rνν̄
K∗ and Rνν̄

K requires new
physics couplings to right-handed b and s quarks (see e.g. ref. [125] for discussion), which
S3 ℓ and S1 cannot provide at tree-level.

B.2 Constraints from Z → ττ

For calculating the corrections to Z coupling to leptons, we follow the procedure of ref. [126].
To parametrize these effects, we consider the matrix element of the decay of a Z boson into
a SM fermion-antifermion pair (fi, f̄j),

M(Z → fif̄j) =
g

cos θW
ūiγ

µ
[
gij

fL
PL + gij

fR
PR

]
vjϵZ

µ , (B.5)
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where g is the SU(2)L gauge coupling, u and v are spinors, ϵZ
µ is the Z polarization vector,and

gij
fL(R)

= gSM
fL(R)

δij + δgij
fL(R)

. (B.6)

At tree level, the SM effective couplings are given by g0
fL

= T f
3 − Qf sin2 θW and g0

fR
=

−Qf sin2 θW , where Qf is the electric charge of the fermion f , and T f
3 is its third component

of weak isospin. At higher loop order in the SM, these couplings are modified by factors
ρf = 1.00937 and sin2 θeff = 0.231533 [127],

gSM
fL

= √
ρf (T f

3 − Qf sin2 θeff), gSM
fR

= −√
ρf Qf sin2 θeff. (B.7)

Focusing on the effective coupling to charged leptons, f = ℓ, and noting that gij
ℓ,V (A) = gij

ℓL
±gij

ℓR
,

we constrain the combination gii
ℓ,V (A)/gSM

ℓ for the lepton-flavor-diagonal couplings.
For the doublet LQ R2 as a solution to anomalies in b → cτν, dominant constraints

arise from loop-order corrections to Z → ττ couplings [112]. The leading-order contributions
to perturbing the effective couplings are given by δgτR = g33

ℓR
and δgτL = g33

ℓL
. The loop

corrections have been calculated as in [112],

δgτR = Nc|yLR
2 33|2

[
xt

32π2 (1 + log xt) (B.8)

+ xZ

144π2

[
−
(
sin2 θW − 3

2

)
(log xz + iπ) +

(
−1
4 + 2

3 sin2 θW

)] ]
,

δgτL = Nc|yRL
2 23|2

xz

72π2

[
sin2 θW

(
log xz + iπ + 1

12

)
− 1

8

]
, (B.9)

taking Vtb ≈ 1, Nc = 3 is the number of colours, sin2 θW is taken to be sin2 θeff, xt =
m2

t /m2
R2

and xZ = m2
Z/m2

R2
. These effective couplings given above are constrained by LEP

measurements of the Z decay widths and other electroweak observables [128]. Specifically,
for the effective coupling to the tau, the strongest constraints come from the axial-vector
coupling, Re(gτA)/gSM

A = 1.00154± 0.00128 which we require to be within two-sigma of the
central value [129]. The benchmark point examined in section 3.2.2 satisfies this constraint.

C Extending to other scalar leptoquark models

In this work, we highlight the three scalar leptoquarks S1, R2 and S3 relevant for flavour-
anomaly model building. Here we extend the calculations in section 2 to models featuring
the two other scalar LQs: S̃1 ∼ (3̄, 1, 4/3) and R̃2 ∼ (3, 2, 1/6). These extend the Lagrangian
in eq. (2.1) to include [43]

LLQ ⊃
3∑

j,k=1

2∑
a,b=1

[
ỹRR

1,ijdc
R

i
S̃1ej

R − ỹRL
2 ijdi

RR̃a
2ϵabLj,b

L + h.c. .
]

(C.1)

With the addition of these scalars, the only one-loop corrections to LQ vertices are from their
respective self-energy corrections. This extends the list of results in eq. (2.22) to include

κ̃RL
2 jk = 1−

∑3
l,n=1 |ỹRL

2 ln|2

32π2 , (C.2)

κ̃RR
1 jk = 1−

∑3
l,n=1 |ỹRR

1 ln|2

32π2 , (C.3)
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which may be integrated into the correction formula akin to those for the LQs discussed
in the main text.
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