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1 Introduction

The Standard Model (SM) of particle physics has been tested extensively and confirmed
within the last decades, culminating in the discovery of its last missing piece, the Higgs boson,
in 2012 at the LHC [1, 2]. Nonetheless, it is evident that the SM cannot be the ultimate
theory of nature, as it cannot for example account for dark matter or non-vanishing neutrino
masses. However, these phenomena can be accounted for by new physics (NP), which could
a priori lie within a wide energy range (i.e. from the keV to the scale of Grand Unification),
and is therefore not necessarily within the reach of current or even future colliders.

Fortunately, in recent years exciting hints for lepton flavour universality violation
(LFUV) beyond the SM have been accumulated (see e.g. refs. [3, 4] for recent reviews), and
an explanation of these anomalies requires TeV-scale new physics. This makes a discovery
at the LHC possible, and an observation at future colliders even guaranteed. In particular,
measurements of b → s`+`− [5–16] and b → cτν [17–22] observables deviate from their
corresponding SM predictions by more than 7σ [23–31] (this tension being reduced to 4−5σ
when including only LFUV observables [23–26, 32]) and by more than 3σ [33] respectively.
Moreover, measurements of the anomalous magnetic moment of the muon (g−2)µ [34, 35] are
known to deviate from the SM predictions by more than 4σ when following the community
consensus [36]. The latter is based on the results of refs. [37–56] that do not include the
recent lattice findings of the Budapest-Marseilles-Wuppertal collaboration (BMWc) for
the hadronic vacuum polarisation (HVP) contributions [57]. Whereas they render the SM
predictions for aµ compatible with data, the BMWc results are in tension with the HVP
value determined from e+e− → hadrons data [41–46]. Furthermore, HVP also enters global
electroweak (EW) fits [58], and its (indirect) determination leads to a value smaller than
that obtained by the BMWc [59]. Therefore, making use of the BMWc predictions for the
HVP contributions to aµ would increase the tension originating from the EW fits [60, 61],
and we opted for omitting it until the situation gets clarified.

Prime examples that can address most, if not even all, LFUV anomalies are models
featuring leptoquarks (LQs), hypothetical new particles with common couplings to quarks
and leptons. LQs were originally proposed in the Pati-Salam model [62] and in Grand Unified
Theories (GUTs) [63–67], and it has been shown that the anomalies in b→ s`+`− [68–96],
R(D(∗)) [68, 69, 71–75, 77–79, 81, 82, 86–89, 91–95, 97–132], b → cτν [68, 69, 71–75, 77–
79, 81, 82, 86–89, 91–95, 97–127, 129–135], and (g− 2)µ [91, 92, 94, 101, 109, 112, 115, 126,
132, 136–157] can all be explained by them. Moreover, LQs can provide an explanation for
the CMS excess in non-resonant di-electron production [158, 159].

In this context, models including a SU(2)L leptoquark doublet S2 that transforms under
the SM gauge group SU(3)c × SU(2)L × U(1)Y as

(
3,2, 7

6

)
, from now on called Φ2 (in the

literature also called R2), are particularly interesting. This LQ can restore the agreement
between theory and data for b → s`+`− observables via a W -box contribution [103],
for b → cτν observables and the excess [160] in CMS di-lepton data [161] via tree-level
contributions [158, 159], and for (g−2)µ via anmt/mµ chirally enhanced effect. Furthermore,
the tension in the difference of the B → D∗`ν forward-backward asymmetries (∆AFB) [162,
163] can be softened [164], and the global EW fit can be improved through the generation
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of a shift in the W -boson mass predictions [165], where a constructive effect is currently
preferred [166], via LQ interactions with the Higgs field [167].

However, a combined explanation of the flavour anomalies in the minimal setup with
a single leptoquark S2 is not possible as this would lead to unacceptably large charged
lepton flavour violation (LFV). In order to avoid this, we propose to extend the SM
by three generations of leptoquarks, like the three generations of squarks in minimal R-
parity violating supersymmetry [168, 169]. In this setup each LQ flavour couples to the
corresponding lepton flavour, i.e. the electroquark Φ2,e coupling to electrons, the muoquark
Φ2,µ to muons and the tauquark Φ2,τ to tau leptons. While this does not introduce additional
degrees of freedom concerning the couplings to fermions, it decouples the LQ interactions
with the different lepton generations from each others, rendering joint explanations of the
hints for LFUV possible.

We proceed by defining our three-generation model of S2 in section 2, then discuss the
most relevant observables in section 3. Section 4 contains our phenomenological analysis,
including a statistical analysis, and we conclude in section 5.

2 Setup

Minimal extensions of the SM with a single SU(2)L doublet scalar LQ Φ2 have been studied
in detail in the literature [86, 90, 100, 103, 117, 121, 137, 138, 143–145, 148, 151, 152, 154,
158, 159, 170–173]. In such models, the most general LQ Lagrangian reads [167]

LLQ =
(
Y RL
ij ūi [Φ2 · Lj ] + Y LR

ij

[
Q̄iejΦ2

]
+ H.c.

)
−
(
M2 + Y H(1)

[
H†H

])
Φ†2Φ2

− Y H(3)
[
H · Φ2

]†[
H · Φ2

]
+ L4Φ ,

(2.1)

where Qi ∼
(
3,2, 1

6

)
, Li ∼

(
1,2,−1

2

)
, ei ∼ (1,1,−1), ui ∼

(
3,1, 2

3

)
and H ∼

(
1,2, 1

2

)
are the usual SM fields, i, j = 1, 2, 3 are flavour indices and the dot stands for the invariant
product of two fields lying in the fundamental representation of SU(2)L. Considering the
version of the above Lagrangian after EW symmetry breaking, we refer to the SM fermions
by their usual names q ∈ {u, c, t, d, s, b}, ` ∈ {e, µ, τ} and ν` ∈ {νe, νµ, ντ}. Moreover, the
Lagrangian term L4Φ contains the LQ quartic interactions [167] that are not relevant for
our analysis.

The couplings Y LR
ij and Y RL

ij are a priori arbitrary complex matrices in the flavour
space, leading in general to charged lepton flavour violation. As outlined in the introduction,
explaining anomalies related to different lepton generations at the same time leads to
unacceptably large effects in charged lepton flavour violating observables. However, one can
avoid this by assigning a lepton flavour number to Φ2. In fact, in refs. [174, 175] a Lµ − Lτ
symmetry [176–178] was used to impose that Φ2 only interacts with second-generation
leptons. However, this model can at most address muon-related anomalies, and it might be
considered unnatural to give the muon such a special treatment because the tau lepton is
even more massive.

Therefore, we propose to introduce three generations of leptoquarks Φ2, so that the
field Φ2,` now carries a generation index ` = 1, 2, 3, or equivalently and interchangeably

– 2 –
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` = e, µ, τ . In addition, we require that Φ2,` only interacts with the lepton flavour `. While
we remain agnostic about the specific underlying mechanism that enforces this, it could
for instance again be achieved via a Lµ − Lτ symmetry by assigning the charges 0, 1 and
−1 to Φ2,e, Φ2,µ and Φ2,τ , respectively. In addition, the assignment of lepton flavours to
LQs automatically avoids proton decay to all orders in perturbation theory, as it forbids
di-quark couplings, in case this coupling would be allowed by the other quantum numbers.

In this setup, the LQ interaction Lagrangian reads

LLQ =
∑
`

(
Y RL
i` ūi [Φ2,` · L`] + Y LR

i`

[
Q̄ie`Φ2,`

]
+ H.c.

)

−
(
M2
` + Y

H(1)
`

[
H†H

])
Φ†2,`Φ2,` − Y

H(3)
`

[
H · Φ2,`

]†[
H · Φ2,`

]
+ L4Φ .

(2.2)

Comparing eq. (2.2) to eq. (2.1), it is apparent that we do not introduce any additional
degrees of freedom in the LQ couplings to fermions compared to the minimal model with a
single Φ2.

Once the Higgs doublet H acquires its vacuum expectation value v, the Yukawa terms
generate mass matrices for quarks and leptons. Here we assume that the lepton Yukawa
matrices are diagonal in the basis of eq. (2.2) such that no charged LFV is induced by EW
symmetry breaking. This means that lepton flavour is only broken by the tiny neutrino
masses, with negligible consequences in our phenomenological analysis. Concerning quarks,
we choose to work in the down-type quark basis, so that CKM matrix elements only appear
in couplings involving left-handed up-type quarks. We therefore define

Ŷ LR
i` ≡ V CKM

ij Y LR
j` (2.3)

for brevity.

3 Observables

In the following, we discuss the most relevant observables allowing to test and constrain our
model. For the low-energy precision and flavour observables we match the full LQ theory
onto the weak effective theory (WET) whose Lagrangian is generically written as

Leff =
∑
i

CiOi . (3.1)

We refer to the manual of flavio [179], a package that we employ in our phenomenological
analysis, for a precise definition of the operators.

3.1 RD(∗) anomalies

We consider the ratios
RD(∗) = Br(B → D(∗)τ ν̄)

Br(B → D(∗)`ν̄)

∣∣∣∣∣
`∈{e,µ}

, (3.2)

whose current experimental averages read

Rexp
D = 0.346(31) [18, 22, 180] and Rexp

D∗ = 0.296(16) [18, 22, 180, 181] . (3.3)
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These values are compared to our theoretical predictions whose SM component is provided
by flavio [173, 182–185],

RSM
D = 0.297(8) and RSM

D∗ = 0.245(8) , (3.4)

although more accurate predictions have been calculated in the meantime [33, 186–188]. At
low energy, the new physics contributions are described by the WET operators

(OSL)bcτντ = −4GF√
2
V CKM

23 (c̄PLb) (τ̄PLντ ) ,

(OT )bcτντ = −4GF√
2
V CKM

23 (c̄σµνPLb) (τ̄σµνPLντ ) ,
(3.5)

where PL and PR (for further reference) are the usual chirality projectors and GF is the
Fermi constant. The corresponding Wilson coefficients are evaluated at the matching scale,

(CSL)LQbcτντ = 4 (CT )LQbcτντ = −
√

2
4GFV CKM

23

(
Y RL

2τ Y LR∗
3τ

2M2
τ

)
. (3.6)

While WET renormalisation group (RG) running is accounted for by flavio, we additionally
multiply the predictions by appropriate correction factors to account for RG running from
Mτ to the electroweak scale MW in the SM Effective Field Theory (SMEFT). These factors
are determined using the Python package wilson [189],1 and are equal to 0.97 and 0.93
for CSL and CT respectively. They modify the ratio between CSL and CT at the low scale,
and are thus relevant in our analysis.

3.2 Rare B decays to kaons (b→ s`+`−)

The LHCb and Belle collaborations determined ratios R[q2
1 ,q

2
2 ]

K(∗) of B-meson branching fractions
into muons and electrons for different intervals q2

1 ≤ q2 ≤ q2
2 , the SM predicting values close

to one in all energy bins [190–195]. In our analysis, we use the measurements selected in
the package smelli [196] for the B+ → K(∗)`+`− and B0 → K(∗)`+`− decays,

R
exp[1.1,6.0]
K = 0.846+0.042

−0.039
+0.013
−0.012 [11] ,

R
exp[1.1,6.0]
K0
s

= 0.66+0.20
−0.14

+0.02
−0.04 [197] ,

R
exp[0.045,6.0]
K∗+ = 0.70+0.18

−0.13
+0.03
−0.04 [197] ,

(3.7)

that we complement with the complete set of observables related to rare B-decay into kaons
included both in the programs flavio and smelli.

1Whereas QCD matching corrections exist [84], we do not include them in our analysis as the package
wilson is restricted to one-loop RG evolution.
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Figure 1. Feynman diagrams depicting the one-loop contributions of Φ2,τ to the Wilson coefficients
(C9)bs``, (C7)bs and (C8)bs, that play an important role in the global fit to b→ s`+`− data.

After integrating out all leptoquarks in our model, the relevant effective operators for
b→ s`+`− decays are given by

(O7)bs = 4GF√
2
V CKM

33
(
V CKM

32
)∗ e

16π2mb (s̄σµνPRb)Fµν ,

(O8)bs = 4GF√
2
V CKM

33
(
V CKM

32
)∗ gs

16π2mb (s̄σµνT aPRb)Gaµν ,

(O9)bs`` = 4GF√
2
V CKM

33
(
V CKM

32
)∗ e2

16π2 (s̄γµPLb)
(

¯̀γµ`
)
,

(O10)bs`` = 4GF√
2
V CKM

33
(
V CKM

32
)∗ e2

16π2 (s̄γµPLb)
(

¯̀γµγ5`
)
,

(3.8)

where e stands for the electromagnetic coupling constant, and Fµν and Gµν are the photon
and gluon field strength tensors. While the anomalies in b → s`+`− observables mainly
point towards new physics interacting with muons, the presence of a tauquark Φ2,τ in the
model yields a flavour-universal contribution to C9 via the off-shell photon penguin diagrams
shown in the first line of figure 1. Calling it CU9 , it is given in the leading-logarithmic
approximation by

(
CU9
)LQ

=
√

2
4GF

1
V CKM

33
(
V CKM

32
)∗
Y

LR
2τ Y LR∗

3τ log
(
M2
τ

m2
b

)
3M2

τ

 . (3.9)

Additionally, the C7 and C8 Wilson coefficients are extracted from the diagrams shown in
the second line of figure 1, and read

(C7)LQbs = 8
3 (C8)LQbs =

√
2

4GF
1

V CKM
33

(
V CKM

32
)∗
(
Y LR

2τ Y LR∗
3τ

9M2
τ

)
, (3.10)
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following flavio’s sign conventions for covariant derivatives (see appendix A.3 of ref. [196]).
While C8 does not contribute to the b→ s`+`− observables directly, it mixes into C7 when
RG running from the scale Mτ to mb is accounted for,(

(C7)bs
(C8)bs

)
4.2GeV

=
(

0.49 0.12
0.0055 0.54

)(
(C7)bs
(C8)bs

)
1.7TeV

. (3.11)

In addition to these tauquark effects in b→ s`+`−, we get well-known contributions
from the muoquark Φ2,µ. Writing C`9 ≡ (C9)bs`` and C`10 ≡ (C10)bs`` to simplify the notation
(for further reference), the tree-level matching to the WET gives

(Cµ9 )LQ = (Cµ10)LQ = −
√

2
4GF

1
V CKM

33
(
V CKM

32
)∗ 16π2

e2

(
Y LR

2µ Y LR∗
3µ

4M2
µ

)
, (3.12)

whereas the one-loop contributions [103] are

(Cµ9 )LQ = − (Cµ10)LQ =
3∑

j,k=1

V CKM
j3

(
V CKM
k2

)∗
V CKM

33
(
V CKM

32
)∗Y RL

kµ Y RL∗
jµ F1(xj , xk, xµ) , (3.13)

with xµ = M2
µ/m

2
W , xi = m2

ui/m
2
W and [164]

F1(x, y, z) =
√
xy

8e2

[
y(y−4) log y

(y−1)(x−y)(y−z) + x(x−4) log x
(x−1)(y−x)(x−z) −

z(z−4) log z
(z−1)(z−x)(z−y)

]
.

(3.14)

3.3 B and D decays into tau leptons (b→ sτ+τ− and Ds → τν)

The structure of the tauquark couplings that yield contributions to b→ cτν and b→ sτ+τ−

decay observables also leads to effects in the branching ratios Br(B → K(∗)τ+τ−), Br(Bs →
τ+τ−) and Br(Ds → τν). In the SM, their values are given by 1.7(2)× 10−7, 7.8(3)× 10−7

and 0.0532(4) according to flavio.
The LQ effects from our model in B → K(∗)τ+τ− and Bs → τ+τ− decay observables are

embedded in the WET coefficients of eqs. (3.9) and (3.10). In contrast, the Ds → τν decay
is sensitive to the (OSL)LQscτντ and (OT )LQscτντ operators, whose associated Wilson coefficients
can be derived from eq. (3.6) by replacing the quark index 3 with 2. We finally have

Br(Bs → τ+τ−) =
∣∣∣1 + (Cτ10)LQ / (Cτ10)SM

∣∣∣2 , (3.15)

while for Br(B → K(∗)τ+τ−) we refer the reader to ref. [198].

3.4 Difference in forward-backward asymmetries ∆AFB

ref. [163] unveiled a tension of about 4σ between the SM predictions and data for the
difference between the forward-backward asymmetry originating from B̄ → D∗µν̄ decays
and that originating from B̄ → D∗eν̄ decays,

∆AFB = A
(µ)
FB −A

(e)
FB . (3.16)

– 6 –
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In their fit based on Belle data, the authors of ref. [163] found an experimental value of

∆Aexp
FB = 0.0349(89) [162] , (3.17)

which has to be compared to SM predictions exhibiting a negative value

∆ASM
FB = −0.0045(3) , (3.18)

as obtained using flavio.
Leptoquark solutions to this ∆AFB anomaly have been discussed in ref. [199]. While

models with an S2 leptoquark cannot describe the data as well as models with an S1
leptoquark, they can still significantly improve the fit. The relevant WET coefficients are
the ones shown in eq. (3.6), once we replace tau leptons τ with muons µ.

3.5 Anomalous magnetic moments and electric dipole moments of leptons

Measurements of charged lepton anomalous magnetic moments (a`) and electric dipole
moments (EDMs) are both highly sensitive probes of new physics. The effects of Φ2 on
the predictions for these observables are all related to the operator O7. Whereas we could
in principle consider all three generations of leptons, we ignore tau leptons as the existing
bounds are not constraining. We should however keep in mind that a polarised beam option
at Belle II [200] offers a possibility for a measurement of aτ that could be sensitive to
various new physics models [201–203], including ours.

The current averaged values for the muon and electron anomalous magnetic moments
read

aexpe = 115 965 218.091(26)×10−11 [204] and aexpµ = 116 592 061(41)×10−11 [35] , (3.19)

where the latter measurement includes Run 1 data from the Fermilab Muon g−2 experiment.
The corresponding SM predictions are given by

aSM, Cs
e = 115 965 218.161(23)× 10−11 [205] ,

aSM, Rb
e = 115 965 218.0252(95)× 10−11 [206] ,
aSMµ = 116 591 810(43)× 10−11 [36] .

(3.20)

For ae we quote two sets of contradicting predictions, that are respectively based on
the measurement of the fine-structure constant α−1 in Cs and in Rb atoms. While the
disagreement between the experimental determination and the SM prediction for ae remains
unclear, the deviation in aµ is better established and currently amounts to 4.2σ. It is widely
known as the (g − 2)µ anomaly. In our numerical analysis, we use the package flavio but
consider both theoretical determinations of ae stated in eq. (3.20) individually. In contrast,
the measurements of the lepton EDMs have so far all yielded null results. Currently, the
most stringent exclusion limits read

dexpe < 0.11× 10−28 e cm [204] , dexpµ < 1.8× 10−19 e cm [204] . (3.21)

While the latter limit is currently not constraining, it is expected to be significantly improved
in future experiments [207, 208].

– 7 –
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As already mentioned, the sole relevant WET operator governing charged lepton’s g− 2
and EDMs is the O7 operator, defined by

(O7)`` = 4GF√
2

e

16π2m`

(
¯̀σµνPR`

)
Fµν . (3.22)

Starting from our model featuring three generations of Φ2 LQs, the associated Wilson
coefficient is obtained after integrating out the heavy LQs [164, 172, 209, 210],

(C7)LQ`` ≈
√

2
4GFm`

[
−Ncm`

8M2
`

3∑
i=1

(∣∣∣Y LR
i`

∣∣∣2+
∣∣∣Y RL
i`

∣∣∣2)+ Nc

12M2
`

3∑
i=1

mui Ŷ
LR
i` Y RL∗

i` E1 (xi)
]
,

(3.23)
with xi = m2

ui/M
2
` and E1(x) ≡ 1 + 4 log(x). The dominant contribution is the one included

in the second term for i = 3, i.e. the contribution enhanced by the large value of the top
mass mt. Predictions for a` and d` are then given by

aLQ` = GFm
2
`√

2π2 Re
{

(C7)``
}

and
∣∣∣dLQ` ∣∣∣ = eGFm`

2
√

2π2

∣∣∣Im{ (C7)``
}∣∣∣ , (3.24)

with the dominant contribution being the one proportional to the real and imaginary part of
Ŷ LR

3` Y RL∗
3` respectively. In addition, the same combination of LQ Yukawa matrix elements

contributes to a radiative shift in the charged lepton masses [172],

mLQ
` ≈ −mtNc

16π2 E3

(
µ2

M2
`

,
m2
t

M2
`

)
Ŷ LR

3` Y RL∗
3` with E3 (x, y) = 1

ε
+1+log (x)+y log (y) , (3.25)

when we restrict ourselves to the contribution enhanced by the top mass.

3.6 Parity violation observables

By measuring parity-violating interactions between electrons and nucleons, the nucleon
weak charges can be determined. Currently, the best measurement of the weak charge of
the proton, Qpw, comes from the Qweak experiment [211, 212] at Jefferson Lab,

Qexp
w (p) = 0.0704(47) [159, 213]. (3.26)

In addition, the most precise results from atomic parity violation experiments were obtained
for 133Cs atoms [214, 215],

Qexp
w

(
133Cs

)
= −72.94(43) [216]. (3.27)

These weak charge measurements can be used to constrain the necessarily chiral quark-
electron interactions induced by LQs. The corresponding effects in parity violation (PV)
observables have already been studied in detail in ref. [159]. The relevant WET operators are(

OLRV
)
qqee

= 4GF√
2

(q̄γµPLq) (ēγµPRe) ,(
OLRV

)
eeqq

= 4GF√
2

(ēγµPLe) (q̄γµPRq) ,
(3.28)
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for q = u, d. Integrating out the heavy LQ fields in our model, we can derive the corre-
sponding Wilson coefficients,

(
CLRV

)LQ
uuee

= −
√

2
4GF

∣∣∣Ŷ LR
1e

∣∣∣2
2M2

e

,
(
CLRV

)LQ
eeuu

= −
√

2
4GF

∣∣∣Y RL
1e

∣∣∣2
2M2

e

,

(
CLRV

)LQ
ddee

= −
√

2
4GF

∣∣∣Y LR
1e

∣∣∣2
2M2

e

,
(
CLRV

)LQ
eedd

= 0 .

(3.29)

There, for our numerical analysis we use [158]

Qw = −2
[
Z (2Ce1u + Ce1d) +N (Ce1u + 2Ce1d)

]
, (3.30)

where Z and N are the atomic number and the number of neutrons in a nucleus respectively,
and where we have defined

Ce1q = Ce,SM1q + Ce,LQ1q . (3.31)

In this last relation,

Ce,SM1u = −0.1888 , Ce,SM1d = 0.3419 [204, 217] and Ce,LQ1q =
[(
CLRV

)LQ
qqee
−
(
CLRV

)LQ
eeqq

]
.

(3.32)
We recall that for protons Z = 1 and N = 0, whereas for 133Cs atoms we have Z = 55 and
N = 78. In order to extract constraints on our model, we finally build a likelihood functions

−2 logL = (Qexp
w −Qw)2

σ2 , (3.33)

where σ stands for the experimental resolution.

3.7 Z-boson decays into leptons and neutrinos

The Lagrangian describing the interaction of the Z boson with left-handed and right-handed
leptons can be generically written as

δLZeff = g

cw

∑
`

¯̀γµ
[
g`LPL + g`RPR

]
`Zµ + g

cw

∑
`

ν̄`γ
µ[gνLPL]ν`Zµ , (3.34)

where g is the weak coupling constant and cw = cos θw is the cosine of the electroweak
mixing angle θw. SM predictions for the charged lepton sector lead to

gSM`L = −0.26919(20) and gSM`R = 0.23208(17) , (3.35)

which can be compared with measurements at LEP [218],

gexpeL
= −0.26963(30) , gexpeR

= 0.23148(29) ,
gexpµL

= −0.2689(11) , gexpµR
= 0.2323(13) ,

gexpτL
= −0.26930(58) , gexpτR

= 0.23274(62) .
(3.36)
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In our numerical analysis, we include the impact of our model on those couplings through
the likelihood function

− 2 logL=
∑
`A,`

′
B

[(
gSM`A + Re

{
gLQ`A

}
− gexp`A

)(
V −1

)
`A`
′
B

(
gSM`′B

+ Re
{
gLQ`′B

}
− gexp`′B

)]
, (3.37)

where `, `′ ∈ {e, µ, τ}, A,B ∈ {L,R} and V stands for the covariance matrix including
the experimental uncertainties as well as the correlations among the measurements. The
expressions for gLQ`A quantifying the LQ contributions to the Z couplings are given in
appendix A.

The Z-boson coupling to neutrinos can be extracted from the LEP measurement of the
effective number of neutrino generations [218]

N exp
ν = 2.9840(82) . (3.38)

This last measurement can be numerically confronted to predictions from our model through
the likelihood function

− 2 logL = (Nν −N exp
ν )2

σ2 with Nν =
∑
i

(
1 +

Re{gLQν`,L}
gSMνL

)2

[219] , (3.39)

where σ refers to the experimental uncertainty. In this expression, we consider the SM
Z-boson coupling value that has been measured at LEP [218],

gSMνL = 0.50199(19) , (3.40)

and the expression for gLQν`,L given in appendix A.

3.8 ∆F = 2 meson mixing observables

Measurements of K0 − K̄0, Bd − B̄d, Bs − B̄s and D0 − D̄0 mixing parameters allow for
the extraction of constraints on our LQ model. We use in our analysis three meson mass
differences and a D-meson mixing parameter for which the associated measurements,

∆MK0 = −3.484(6)× 10−15 GeV [220] , (3.41)
∆MBd = −3.33(1)× 10−13 GeV [33] , (3.42)
∆MBs = −1.168(1)× 10−11 GeV [33] , (3.43)
xD0 = 0.0035(15) [221] , (3.44)

are in good agreement with SM theory predictions. For K0, Bd and Bs mixing the sign of
∆M is known, while this is not the case for D0 mixing. Moreover, we further include the
UTfit [222, 223] likelihood for the phase φBs , that restricts the new physics contributions
to the complex phase inherent to Bs − B̄s mixing, as well as the D0 − D̄0 mixing phase Φ12
whose UTfit value is

Φ12 = (0.045± 1.335)◦ . (3.45)
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Figure 2. The leading-order SM and LQ diagrams (drawn with TikZ-Feynman [225]) that contribute
to di-lepton production pp→ `+`− at the LHC. While the SM contribution occurs via the s-channel
exchange of a (virtual) photon or Z-boson, the LQ diagram on the right features a t-channel exchange
and receives an enhancement at high di-lepton invariant masses.

The relevant four-fermion operators affecting the ∆F = 2 observables related to D0−D̄0

mixing are (
OABV

)
ucuc

= (c̄γµPAu) (c̄γµPBu) , (3.46)

with A,B ∈ {L,R}, whilst those relevant for other meson mixings are obtained via straight-
forward exchanges of the quark flavours in the expression of the operators (3.46). At leading
order, the Wilson coefficients associated with these operators are [224]

(
CLLV

)LQ
ucuc

= −1
128π2

∑
`

(
Ŷ LR

1`

)2 (
Ŷ LR∗

2`

)2

M2
`

,

(
CRRV

)LQ
ucuc

= −1
64π2

∑
`

(
Y RL

1`

)2 (
Y RL∗

2`

)2

M2
`

,

(
CLRV

)LQ
ucuc

= 1
32π2

∑
`

(
Ŷ LR

1` Ŷ LR∗
2` Y RL

1` Y RL∗
2`

M2
`

)
,

(3.47)

whereas for B and K meson mixing, the relevant Wilson coefficients read

(
CLLV

)LQ
didjdidj

= −1
128π2

∑
`

(
Y LR
j`

)2(
Y LR∗
i`

)2

M2
`

,
(
CRRV

)LQ
didjdidj

=
(
CLRV

)LQ
didjdidj

= 0 , (3.48)

for generation indices (i, j) = (2, 1), (3, 1) and (3, 2).

3.9 Drell-Yan di-lepton searches at the LHC

As illustrated by the neutral-current Feynman diagrams shown in figure 2, LQ exchanges can
importantly contribute to Drell-Yan (DY) production at the LHC. Due to the relative energy
enhancement of the LQ t-channel partonic amplitude relative to the SM one, measuring
high-energy tails in pp → `+`− and pp → `ν processes at the LHC can potentially offer
competitive bounds on the LQ couplings to fermions, even when parton density suppression
is taken into account.
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The CMS analysis of non-resonant di-lepton production [161] provided measurements
for inclusive cross-section ratios in n=9 bins in the di-lepton invariant mass m`` included
in the [200, 3500]GeV range (with ` = e, µ),

Rµµ/ee,n ≡
∫
bin n

dσ(pp→µ+µ−)
dmµµ

dmµµ∫
bin n

dσ(pp→e+e−)
dmee

dmee

. (3.49)

In the CMS publication, the results are normalised to SM predictions obtained from
Monte-Carlo (MC) simulations,

Rdata
µµ/ee,n / R

MC
µµ/ee,n . (3.50)

In this double ratio, many uncertainties cancel [226]. Furthermore, Rµµ/ee was normalised
to unity in a combined bin ranging from 200 to 400GeV to correct for the different detector
sensitivity to electrons and muons. The CMS collaboration measured an excess in the
di-electron channel, so that the ratios Rµµ/ee,n are smaller than one for large m`` values.
This clearly points towards another source of LFUV.

LQ contributions that could explain this excess have been studied in refs. [158–160].
Here we largely follow the analysis presented in the addendum to ref. [158], but simulated
the cross-section with the full dependence on the LQ propagator. We determined∫

bin n

dσSM(+LQ)(pp→ `+`−)
dm``

dm`` , (3.51)

at leading order using MadGraph5_aMC@NLO [227] version 3.2.0 with the UFO [228] model
lqnlo_v52 [229, 230] and the PDF set NNPDF40_nlo_as_01180 [231].

On the other hand, the ATLAS collaboration also performed measurements of the
high-m`` tail in di-lepton production, that we can thus use as an additional probe for
our model. For electrons and muons we recast their non-resonant analysis presented
in ref. [232]. There, a parametric background-model function is fitted to the di-lepton
invariant mass distribution in the control regions mee ∈ [280GeV, 2200GeV] and mµµ ∈
[310GeV, 2070GeV] for electrons and muons, respectively, and then extrapolated to the
signal regions (SRs) in which mee ∈ [2200GeV, 6000GeV] and mµµ ∈ [2070GeV, 6000GeV].
SM predictions for the expected number of events in the SRs are next compared with
measurements to derive bounds on any new physics interfering constructively with SM DY
production. Interestingly, the ATLAS collaboration has also found slightly more di-electron
events and less di-muon events than expected.

For the tau-lepton channel, we recast the ATLAS search for heavy Higgs bosons decaying
into two tau leptons that has been presented in ref. [233]. We consider events where both
taus decay hadronically (τhadτhad), but we carry out a b-jet inclusive analysis.

Finally, charged-current DY processes can also yield strong constraints on our model.
In particular, limits from the process pp→ τν are directly sensitive to the Φ2,τ coupling
combination shown in eq. (3.6). Bounds on the S2 couplings to taus were presented

2Available from https://www.uni-muenster.de/Physik.TP/research/kulesza/leptoquarks.html.
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in ref. [234] based on the latest 139 fb−1 mono-tau search at the LHC [235]. The re-
interpretation of the results of this analysis includes all contributing Feynman diagrams,
and in particular those featuring a LQ propagator. The latter are found to be important
for LQ masses in the TeV range, which corresponds to a configuration for which an effective
field theory description is no longer valid. Limits derived from this pp→ τν analysis have
been found less constraining than the ones originating from the pp→ τ+τ− analysis. We
therefore impose the former as a sharp cut on the LQ parameter space, without deriving in
detail a full likelihood function.

More information on all considered analyses and how we use them to constrain our
model can be found in appendix B.

3.10 Single-resonant leptoquark production (SRP)

In ref. [236], limits on LQ Yukawa couplings are derived based on LQ single-resonant
production `q → Φ2,` → `q, where the initial-state lepton ` originates from the lepton
density in the proton. The authors include e + qlight and µ + qlight final states in their
analysis, where qlight ∈ {u, d, c, s}, and they further assume a minimal model containing a
single SU(2)L LQ singlet that couples exclusively to one quark and one lepton generation.
In our numerical analysis we generalise this setup and implement SRP exclusion limits as
sharp cuts in the LQ parameter space. This makes sure that current SRP bounds are not
violated through a choice of large enough LQ masses.

Since the Φ2,` states have multiple SU(2)L components and they potentially couple to
multiple quark generations, we need to recast the limits of ref. [236] accordingly. In the
minimal model and assuming M` � m`,mq, the cross section for the process `qi → Φ2,` →
`qlight is proportional to

∣∣λqi`∣∣2, where λqi` for q = u, d are the Yukawa couplings to the ith
quark generation and the lepton flavour `. Comparing this to our model, we define the
effective couplings

∣∣∣λu,effi`

∣∣∣2 ≡ (∣∣∣Ŷ LR
i`

∣∣∣2 +
∣∣∣Y RL
i`

∣∣∣2) ∑2
j=1

∣∣∣Ŷ LR
j`

∣∣∣2 +
∣∣∣Y RL
j`

∣∣∣2∑3
j=1

∣∣∣Ŷ LR
j`

∣∣∣2 +
∣∣∣Y RL
j`

∣∣∣2 ,
∣∣∣λd,effi`

∣∣∣2 ≡ ∣∣∣Y LR
i`

∣∣∣2 ∑2
j=1

∣∣∣Y LR
j`

∣∣∣2∑3
j=1

∣∣∣Y LR
j`

∣∣∣2 +
∣∣∣Y RL
j`

∣∣∣2 ,
(3.52)

such that σ ∼
∣∣∣λq,effi`

∣∣∣2. Using the limits
∣∣∣λq,limi`

∣∣∣ derived in ref. [236], the effective couplings
of our model must satisfy

2∑
i=1

∣∣∣∣∣ λ
u,eff
i`

λu,limi`

∣∣∣∣∣
2

+
∣∣∣∣∣ λ

d,eff
i`

λd,limi`

∣∣∣∣∣
2

< 1 , (3.53)

for ` = e, µ. Here we assume that the mass difference between the SU(2)L components of
Φ2,` is negligible, which holds for v �M`.

3.11 Leptoquark pair production (PP)

The ATLAS and CMS collaborations have published several analyses targeting the pro-
duction of a pair of scalar LQs decaying into a specific ` + q or ν + q final state. Since
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Coupling
Y RL

1e Y RL
2e Y RL

3e Y RL
1µ Y RL

2µ Y RL
3µ Y RL

3τ

Limit [GeV] 1790 1760 1480 1730 1690 1470 1440
Analysis e+ qlight e+ c e+ t µ+ qlight µ+ c µ+ t τ + t

Reference [237] [237] [238] [237] [237] [238] [239]
βeff 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Y LR
1e Y LR

2e Y LR
3e Y LR

1µ Y LR
2µ Y LR

3µ Y LR
3τ

Limit [GeV] 1910 1790 1740 1850 1730 1720 1440
Analysis e+ qlight e+ qlight e+ b µ+ qlight µ+ qlight µ+ b τ + t

Reference [237] [237] [237] [237] [237] [237] [239]
βeff 1.9 1.0 1.0 1.9 1.0 1.0 1.0

Table 1. 95% C.L. limits on the LQ masses M` derived from the ATLAS pair production analyses
targeting the processes pp→ Φ2,`Φ2,` → `q`q. Only the couplings indicated in the table header are
assumed to be non-zero. We state the ATLAS analysis that yields the most stringent limits for the
respective scenario, and additionally indicate the corresponding βeff value. The light quarks qlight
consist of u, d and s quarks. No analysis exists for leptoquark states coupling to τ and one of the u,
d, c or s quarks.

the exclusion limits based on the former decay mode are more constraining and since
β ≡ Br (Φ2,` → `+ q) ≥ 0.5 in general, we solely focus on the `q`q class of final states in
our numerical analysis. We derive mass limits for the specific coupling structure that we
consider, and make sure that the LQ masses M` lie well above these bounds.

In analogy to section 3.10, we make the choice of recasting exclusion limits obtained
by the ATLAS collaboration, enforcing the fact that Φ2,` multiplets have two SU(2)L
components and that β can be different from 1 for a specific choice of ` and q flavours.
Again assuming that the mass difference between the SU(2)L components of Φ2,` is negligible,
we introduce an “effective” βeff parameter,

β2
eff ≡


∑
i∈U

∣∣∣Ŷ LR
i`

∣∣∣2 +
∣∣∣Y RL
i`

∣∣∣2∑3
i=1

∣∣∣Ŷ LR
i`

∣∣∣2 +
∣∣Y RL
i`

∣∣2


2

+


∑
i∈D

∣∣∣Y LR
i`

∣∣∣2∑3
i=1

∣∣Y LR
i`

∣∣2 +
∣∣Y RL
i`

∣∣2


2

, (3.54)

for an analysis that would effectively include up-quark generations U ⊂ {1, 2, 3}, down-
quark generations D ⊂ {1, 2, 3} and charged-lepton generations ` = e, µ, τ . Considering the
β-dependence of the limits given in refs. [237–240], we obtain the LQ mass limits presented
in table 1.

3.12 Oblique corrections

The effect of vacuum-polarization amplitudes of EW gauge bosons can be parametrized by the
oblique Peskin-Takeuchi parameters S, T and U [241]. The authors of ref. [242] performed
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a global fit to electroweak precision observables including LEP [218], Tevatron [243] and
LHC [244] data. While the fit is compatible with SM predictions, it can be improved via a
positive contribution to ∆T .

The oblique corrections from LQs were studied extensively in ref. [165]. Their contribu-
tions to the Peskin-Takeuchi parameters read

SLQ ≈ −7Ncv
2

36π
∑
`

Y
H(3)
`

M2
`

and TLQ ≈ + Ncv
2

96π2α

∑
`

(
Y
H(3)
`

M`

)2

. (3.55)

4 Phenomenological analysis

In this section we perform a global analysis of our model with three generations of the Φ2
leptoquark. For this we construct full likelihood functions for the LQ parameters whenever
possible [245]. Implementing the formulas of section 3, we use for the numerical analysis the
software packages flavio [179] and smelli [196]. In order to maximize the log likelihood
−2 logL, we employ the optimize.fmin algorithm of scipy [246].

4.1 Tauquark

As pointed out in ref. [170], we can explain the RD and RD∗ anomalies with the product
of couplings Y LR∗

3τ Y RL
2τ , given the presence of a large complex phase. This phase avoids

interference with the SM, at the price that the couplings need to be large and the LQ
mass needs to be low. We thus set Mτ = 1.7TeV, which is compatible with the limits
originating from LQ pair production given in table 1. In fact, such a choice leads to a LQ
pair-production cross section that is a factor 4 smaller than the corresponding bound. At
the same time, a non-zero Y LR

3τ value leads to an m2
t /m

2
Z enhancement in the Zτ+τ− and

Zν̄ν couplings, and our non-zero Y LR
2τ value contributes significantly, due to the second

generation quarks involved, to non-resonant pp→ τ+τ− and pp→ τν production.
We display in figure 3 the preferred parameter space region that provides an explanation

for the RD(∗) anomalies (orange), the results being projected in the Y LR
3τ –Y RL

2τ plane. As
can be seen, this leads to strong bounds on the size of the tauquark couplings to fermions.
In order to derive those constraints, we have profiled over the relative complex phase of
the Y LR∗

3τ and Y RL
2τ couplings, which we attribute to Y RL

2τ (i.e. we assume that Y LR
3τ is real).

Despite of this new source of CP violation, EDM bounds are not (yet) constraining (see
appendix C). The figure also shows the parameter space region favoured by Z → τ+τ−

and Z → ν̄ν coupling data (blue) as well as by neutral-current and charged-current DY
measurements at the LHC in the di-tau (red) and mono-tau (hatched) channel. While the
RD(∗) anomalies can be partially explained, there is a mild tension with the EW fit (i.e. with
Z → τ+τ− and Z → ν̄ν data), and the DY di-tau bounds derived from recent measurements
achieved by the ATLAS collaboration. This leads to a combined likelihood difference

− 2∆ logL ≡ 2 logLSM − 2 logL = −8.34 , (4.1)

which corresponds to a pull of 2.1σ for three degrees of freedom (d.o.f.).
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∣ ∣ Y
R
L
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τ

∣ ∣

Profiling over arg(Y RL2τ )

−2∆ logL = −8.34

Tauquark Couplings (Mτ = 1.7 TeV)

pp→ τ+τ− ATLAS (2σ)

pp→ τν LHC (2σ, excluded)

Z`+`− and Zν̄ν (1σ, 2σ)

b→ cτν (1σ, 2σ)

Combined (1σ, 2σ)

Best fit point

Figure 3. Preferred parameter space region providing an explanation for the RD(∗) anomalies
(orange), shown in the Y LR3τ –Y RL2τ plane. Our results assume that Y LR3τ is real and we profile over
the phase of Y RL2τ . We overlay to this contour the region favoured by Zτ+τ− and Zν̄ν data (blue),
as well as that favoured by the di-tau ATLAS DY analysis (red) and that excluded by the mono-tau
search (hatched). Our results exhibit a mild tension.

As calculated in section 3.2, the loop-diagrams in figure 1 induce lepton flavour violation
universal effects in b→ s`+`− decays (via OU9 and O7 operators) that are proportional to
the product of couplings Y LR

2τ Y LR∗
3τ . While these contributions cannot account for the RK(∗)

anomalies, they are capable of explaining (partially) P ′5 and Bs → φµ+µ− data. Moreover,
as shown in the next subsection, this effect further improves the fit to b → s`+`− data
once the LFUV effects originating from the presence of the muoquark are included. On the
other hand, the size of Y LR

2τ Y LR∗
3τ is limited by Bs − B̄s mixing. While Y LR∗

3τ was already
constrained by Zτ+τ− and Zν̄ν data (see above), a non-zero value of Y LR

2τ additionally
contributes to D0 − D̄0 mixing. However, for |Y LR

2τ | ≈ 1/2Y LR∗
3τ , Bs − B̄s mixing provides

the leading constraint and the corresponding bounds, together with their impact on the
Wilson coefficients CU9 and C7 are shown in figure 4.

4.2 Muoquark

Regarding b → s`+`−, an excellent fit to data can be obtained in new physics scenarios
featuring an LFU CU9 effect in addition to a LFUV violating effect Cµ9 = −Cµ10 [247, 248].
In fact, this scenario even constitutes the two-dimensional one which gives the best fit to
data [25]. This is precisely the setup realised in the considered model with three generations
of LQs, in which the photon penguin contribution induced by the presence of the tauquark
is combined with the W -box contribution involving the muoquark, so that Cµ9 = −Cµ10.
We checked that the tree-level effect giving rise to Cµ9 = +Cµ10 does not improve the fit,
such that Y LR∗

3µ Y LR
2µ must be small. Furthermore, also the preferred value of Ce9 = +Ce10

that is induced by the electroquark is consistent with zero once added to the other LQ
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Figure 4. CU9 ≈ 36 × C7(µb) as a function of Y LR2τ Y LR∗3τ for Mτ = 1.7TeV. The contour lines
indicate predicted values for the Bs → τ+τ− branching ratio, and in the grey region the effect in
Bs − B̄s mixing is higher than 20% of the SM predictions.

contributions. As before, we choose the muoquark mass to be as low as possible while still
satisfying the limits from LQ pair-production searches at the LHC by a clear margin. We
hence fix Mµ = 2TeV.

In figure 5 we focus on the three couplings Y LR
3τ , Y LR

2τ and Y RL
3µ of the tauquark Φ2,τ

and the muoquark Φ2,µ, assuming them to be real. While these couplings are constrained
by Bs− B̄s mixing, D0− D̄0 mixing, as well as by Zτ+τ− and Zν̄ν coupling measurements,
we can still significantly improve the fit to b → s`+`− data. In fact, a likelihood value
−2∆ logL = −70.4, corresponding to a combined pull of 7.9σ for three d.o.f., can be reached.
Whereas theW -box contribution leading to Cµ9 = −Cµ10 via a Y RL

3µ coupling is in tension with
Zµ+µ− and Zν̄ν [170] data, this tension is reduced once the contribution from the tauquark
discussed in section 4.1 is accounted for. Therefore, the combined effect of Φ2,τ and Φ2,µ
leptoquarks does not only result in a better fit to b→ s`+`− data, but also weakens the
bounds from EW precision observables as a smaller coupling Y RL

3µ suffices.
We now include (g − 2)µ in our analysis. To provide an explanation to this anomaly,

we need the combined effect of non-zero Y RL
3µ and Y LR

3µ couplings so that we can get the
desired mt/mµ enhancement. Adding therefore Y LR

3µ as a free parameter, but profiling
over Y LR

3τ and Y LR
2τ , we obtain the results of figure 6. While we have assumed that all

couplings are real, they can generally be complex. As consequence, a large muon EDM can
be generated [147]. Our results additionally show that a chirally enhanced explanation for
the (g − 2)µ anomaly leads to large radiative contributions to the muon mass as well as
to the h → µµ branching ratio [249]. While in order to measure the latter percent-level
effect a future precision determination, like at FCC-hh [250], would be necessary [154, 164],
the contribution to the muon mass can be of order one (see the dashed isolines in figure 6).
However, this effect is not physical. It can be absorbed in a re-definition of the muon
mass and thus only be bounded by fine-tuning arguments requiring the absence of large
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Figure 5. Top: bounds on the Φ2,τ couplings Y LR3τ and Y LR2τ derived from the combined fit of Φ2,τ
and Φ2,µ effects to b→ s`+`− observables (orange). Our results are obtained by profiling over the
Φ2,µ contributions depending on the Y RL3µ coupling. The coupling Y LR2τ is tightly constrained by
D0 − D̄0 mixing (green), and large Y LR3τ values worsen the fit to Bs − B̄s mixing (green as well)
and leads to tension with Z`+`− and Zν̄ν data (blue). The figure also includes predictions for
the Bs → τ+τ− branching ratio. Bottom: the same solution presented in terms of the product
Y LR2τ Y LR∗3τ and the muoquark coupling Y RL3µ . We profile over the ratio Y LR∗3τ /Y LR2τ that is relevant
for the bounds originating from D0 − D̄0 mixing, as well as from the fit to Zτ+τ− and Zν̄ν data.
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Figure 6. Simultaneous solution to the b→ s`+`− (orange) and (g − 2)µ (light blue) anomalies, as
obtained by combining the effects of the couplings Y LR3τ , Y LR2τ , Y RL3µ and Y LR3µ . We additionally show
the relative radiative correction to the muon mass (black lines), that are derived by only taking into
account only the finite part of the involved loop function.

accidental cancellations. The combined log-likelihood difference is further decreased to
−87.5, corresponding to a SM pull of 8.7σ for four d.o.f.

Finally, as shown in ref. [199], the presence of a muoquark in the model can only
weaken, but not fully explain, the anomaly in ∆AFB. In this case, a product of couplings
Y RL

2µ Y LR∗
3µ ≈ −1.4 would lead to a pull of 1.8σ for two d.o.f. .

4.3 Electroquark

In the electron sector we aim to explain the CMS excess found in non-resonant di-electron
production. In order to satisfy the bounds on the electroquark mass coming from its
pair production at the LHC, Me should be of at least 2.1TeV. However, we also have
to consider SRP limits. The latter severely restrict the electroquark couplings to light
quarks, which need to be large enough to yield a sizeable effect in non-resonant di-electron
production to explain the deviations considered. Importantly, SRP involves on-shell LQs,
while the corresponding effect on the non-resonant di-electron spectrum occurs from t-
channel exchange (see the diagram on the right in figure 2). Therefore, by increasing the
electroquark mass, the former bounds can be avoided independently of the LQ couplings
while sizeable contributions to the latter process are still possible. We find thatMe > 3.5TeV
is sufficient to avoid any SRP limits without requiring a too large Yukawa couplings when
building an explanation for the non-resonant di-electron signal.

The corresponding preferred region of the parameter space is presented in the Y LR
1e –Y RL

1e
plane in figure 7. Our results combine the CMS and ATLAS analyses of non-resonant
di-electron production, and are shown in blue. Interestingly, these couplings can also achieve
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Figure 7. Parameter space region leading to a possible explanation for the excess in di-electrons
found by the CMS collaboration (light blue). The solution via real couplings Y LR1e and Y RL1e prefers
values of O(0.6), which also yields an improved fit to PV observables [159]. The limit from the
electron EDM measurement additionally places a strong constraint on the complex phases of the
couplings.

a slightly improved fit to the low-energy parity violation data [159]. Moreover, for sizeable
Y LR

1e values the electron EDM limit places a strong constraint on arg(Y LR
1e Y RL∗

1e ). For the
best-fit point in figure 7, it has to be smaller than O(10−5).

Finally, the electroquark couplings Y LR
3e and Y RL

3e could in principle also lead to a
deviation from SM predictions in (g − 2)e. The corresponding preferred regions in the
parameter space are shown in figure 8 for the two contradicting determinations of α
considered. In this case, significant radiative corrections to the electron mass arise, which
can become larger than the measured mass itself. Additionally, the same couplings can
also give rise to an electron EDM, placing strong constraints on the complex phases of the
involved couplings. For the best fit values for the product Y LR

3e Y RL∗
3e (i.e. at the center of

the blue and orange regions in figure 7), the complex phase needs to be . O(10−5) in order
to satisfy EDM constraints.

4.4 W mass

Finally, we discuss the shift in the predictions for the W mass generated by the presence
of LQs in our model. We show the global fit [242] to new physics contributions in the
Peskin-Takeuchi parameters S and T in figure 9 (for one d.o.f.), together with the effects
that our model can yield. The agreement with data is improved for positive values for ∆S
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Figure 8. Potential effect of the Φ2,e leptoquark on (g − 2)e via the couplings Y LR3e and Y RL3e . We
show the preferred parameter space regions for the two contradicting SM determinations of (g − 2)e
based on Rb (blue) and Cs (orange) atoms. In the preferred parameter space regions, sizeable loop
corrections to the electron mass are generated, and the EDM constraint places strong limits on the
complex phases of these couplings.

and ∆T . As an illustration, the best fit point in our model is given by

Y
H(3)
` = −1.16 (` = e, µ, τ ) , (4.2)

where we assume that Y H(3)
e = Y

H(3)
µ = Y

H(3)
τ for simplicity. The corresponding likelihood

difference value is −1.54.

5 Conclusions

While it is known that a single SU(2)L doublet of scalar leptoquarks can explain b→ s`+`−

data, RD(∗) and (g − 2)µ separately, a common explanation is not possible. This would
indeed require couplings to taus, muons and electrons simultaneously, which would lead
to unacceptably large effects in charged lepton flavour violating processes. In order to
overcome this obstacle, we proposed in this article to extend the SM by three generations of
scalar SU(2)L doublets Φ2,e, Φ2,µ and Φ2,τ , each of them carrying the corresponding lepton
flavour number. In that way, we can have multiple sources of LFUV while the individual
lepton flavours are still exactly conserved, as in the SM (with massless neutrinos). As
a result, our setup can be distinguished from LQ scenarios with a single LQ already by
considering low energy observables: it predicts that while effects in observables involving
different lepton generations are possible, no sign of charged lepton flavour violating should
be observed. Furthermore, assigning lepton flavour numbers to LQs automatically avoids
bounds from proton decay experiments, as it forbids di-quark couplings.
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Figure 9. Global fit to the (difference of the) Peskin-Takeuchi parameters ∆S and ∆T . This fit
can be improved via a positive contribution to both ∆S and ∆T , which corresponds to negative
couplings Y H(3)

` . We indicate the position of the points Y H(3) = ±1,±2 when we assume that
Y
H(3)
e = Y

H(3)
µ = Y

H(3)
τ ≡ Y H(3).

In this setup we showed that:

• The tauquark Φ2,τ , despite effects in Z → τ+τ−, Z → ν̄ν, D0 − D̄0 mixing and the
bounds stemming from τ+τ− searches at the LHC, can (mostly) explain b → cτν

data in the presence of a complex phase.

• The presence of the tauquark Φ2,τ generates a universal operator OU9 via off-shell
photon penguin diagram contributions with tau leptons running in the loop. While
the effect is bounded by Bs− B̄s mixing and crucially depends on Mτ (i.e. the relative
effect in Bs − B̄s mixing is enhanced for larger LQ masses), a relevant contribution is
possible.

• An excellent fit to b → s`+`− data can be obtained via a combination of tauquark
contributions (generating CU9 ) and muoquark W -box contribution (generating Cµ9 =
−Cµ10). This leads to a likelihood difference −2∆ logL = −70.4, which corresponds to
7.9σ for three d.o.f. .

• (g − 2)µ can be explained via an mt/mµ enhanced muoquark contribution.

• The electron excess appearing in the invariant-mass tails of DY di-electron production
at the LHC pp→ e+e− can be accounted for via a contribution from the electroquark
alone, without violating any bounds from D0 − D̄0 mixing.

• The EW fit can be improved by a constructive contribution to the W -boson mass.

• A (possible) new physics effect in (g − 2)e could be incorporated.

For the latter, the phase of the couplings in general needs to be precisely tuned in order
to avoid the bounds from electron EDM. However, this obstacle could be resolved in our
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model by requiring that the lepton masses are generated at the loop level [175]. Such a
radiative mass generation leads to an automatic phase alignment between the mass term
and the dipole operators such that the electron EDM vanishes [251, 252].

A Leptoquark effects in Z-boson couplings

The Φ2,` contributions gLQ`A to the Z boson couplings to leptons are given by [164, 219]3

gLQ`L = Nc
Y RL

3` Y RL∗
3`

16π2

[
xt,` (xt,` − 1− log xt,`)

2 (xt,` − 1)2 + xZ,`
12 GL(xt,`, gtree`L

)
]

+ xZ,`Nc

∑
k=1,2

Y RL
k` Y RL∗

k`

48π2

[
2s2
w

3

(
log xZ,` − iπ −

1
6

)
+
gtree`L

6

]
,

gLQ`R = Nc
Ŷ LR

3` Ŷ LR∗
3`

16π2

[
− xt,` (xt,` − 1− log xt,`)

2 (xt,` − 1)2 + xZ,`
12 GR(xt,`, gtree`R

)
]

+ xZ,`Nc

∑
k=1,2

Ŷ LR
k` Ŷ LR∗

k`

48π2

[(
−1

2 + 2s2
w

3

)(
log xZ,` − iπ −

1
6

)
+
gtree`R

6

]

+ xZ,`Nc

∑
k=1,2,3

Y RL
k` Y RL∗

k`

48π2

[(
1
2 −

s2
w

3

)(
log xZ,` − iπ −

1
6

)
+
gtree`R

6

]
,

(A.1)

where xt,` ≡ m2
t /M

2
` , xZ,` ≡ m2

Z/M
2
` and the tree-level SM couplings are gtree`L

= −1
2 + s2

w

and gtree`R
= s2

w. The functions GL and GR contain the O (xZ log xt) terms that induce
non-negligible corrections when the LQ mass is small. They read

GL(R)(x, g`) = gtreeuR(L)

(x− 1)
(
5x2 − 7x+ 8

)
− 2

(
x3 + 2

)
log x

(x− 1)4

+ gtreeuL(R)

(x− 1)
(
x2 − 5x− 2

)
+ 6x log x

(x− 1)4

+ g`
(x− 1)

(
−11x2 + 7x− 2

)
+ 6x3 log x

3 (x− 1)4 ,

(A.2)

where gtreeuL
= 1

2 −
2
3s

2
w and gtreeuR

= −2
3s

2
w. The neutrino coupling gLQν`,L can be derived from

gLQ`L by replacing the tree-level coupling gtree`L
by gtreeν`,L

= 1
2 .

B Details of the LHC analyses

B.1 CMS non-resonant di-lepton production at the LHC

We determined the cross sections in eq. (3.51) for each value of the couplings Y LR
i` , Y RL

i` ∈
{0.25, 0.5, 1.0, 2.0} individually, setting the other couplings to zero. We implemented a
selection on the transverse momentum and pseudo-rapidity of the electrons (muons), namely
pT > 35GeV (53GeV) and |η| < 2.5 (2.4), which allows us to mimic the lepton candidate

3Similar results for the diquark contribution to Z → `+`− have been obtained in ref. [253].
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Figure 10. The resulting values Rµµ/ee in the nine di-lepton mass bins. We show the distributions
for an electroquark extension of the SM with Y LR1e = 1.0 and/or Y RL1e = 1.0.

definitions of ref. [161]. By fitting a polynomial in the Yukawa couplings to the resulting
cross sections, we determined the contributions from the SM alone, the LQs alone, and
the LQ-SM interference term for LQ-fermion couplings set to one. This provides enough
information to calculate the different components of the cross section for general Yukawa
coupling values through a rescaling of the results.

Based on these cross sections we derive the ratios RLQ+SM
µµ/ee,n

/
RSM
µµ/ee,n. The results for a

specific scenario are shown in figure 10, overlayed with the data from ref. [161]. This allows
us to build the likelihood function

− 2 logL =
9∑

n=1

Rdata
µµ/ee,n

RMC
µµ/ee,n

−
RSM+LQ
µµ/ee,n

RSM
µµ/ee,n

2

σ2
n

, (B.1)

where n runs over the nine m`` bins and σn are the experimental uncertainties reported in
ref. [161].

B.2 ATLAS non-resonant di-lepton production at the LHC

In our analysis, we estimated the individual cross sections in the SRs chosen by the ATLAS
collaboration using MadGraph_aMC@NLO, analogously to the setup described in section 3.9.
We implemented lepton pT cuts of 30GeV (30GeV) and |η| cuts of 2.47 (2.5) on electron
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(muon) candidates. Based on the resulting cross sections for Yukawa coupling values of one,
we extracted the ratios

µ` ≡
∫
SR

dσLQ+SM

dm``

(
pp→ `+`−

)
dm``∫

SR
dσSM

dm``
(pp→ `+`−) dm``

(B.2)

with ` = e, µ for general Yukawa coupling matrices Y LR and Y RL. We then followed the
statistical analysis achieved by the ATLAS collaboration, and built a likelihood function
using a single-bin Poissonian counting-experiment approach. In the latter, the uncertainties
are accounted for as Gaussian constraints that we profile over [232, 254].

B.3 Non-resonant di-tau production at the LHC

We focus on the production of a pair of tau leptons at the LHC when the di-tau system
has a large invariant mass. We consider di-tau events populating the signal region of the
ATLAS analysis of ref. [232], and focus on the six highest bins in the total transverse mass
mtot
T bins defined by

mtot
T ≡

√(
pτ1
T + pτ2

T + Emiss
T

)2 − (pτ1
T + pτ1

T + Emiss
T

)2
. (B.3)

In this expression, pτ1
T and pτ2

T are the transverse momenta of the visible daughter particles
originating from the two hadronically-decaying taus, and Emiss

T is the total missing transverse
momentum vector stemming from the unresolved particles including the daughter neutrinos.
In our notation, pτ1

T , pτ2
T and Emiss

T are the respective moduli of the different two-vectors.
The corresponding measurements are shown in figure 11 for mtot

T bins defined by endpoints
in {600, 700, 800, 900, 1000, 1150, 1500}GeV.

In our analysis, we generated partonic pp → τ+τ− events using MadGraph_aMC@NLO,
analogously to what has been done in section 3.9 but with loose cuts on the tau leptons (pT >
65GeV, |η| < 2.5) and on the invariant mass of the di-tau system mττ > 200GeV. We then
showered these events with Pythia version 8.306 [255] and analysed the resulting hadronic
events using MadAnalysis 5 [256–258] and a FastJet-based detector simulation [259, 260].
At the reconstructed level, we imposed pT > 160GeV and |η| < 2.5 for each hadronic tau
and finally carried out the binning in mtot

T .
This yielded

µτ,n ≡

∫
bin n

dσLQ+SM

dmtot
T

(
pp→ τ+

hadτ
−
had

)
dmtot

T∫
bin n

dσSM

dmtot
T

(
pp→ τ+

hadτ
−
had

)
dmtot

T

×Rn , (B.4)

for the n = 1, . . . , 6 bins indicated above, and for general Yukawa coupling matrices Y LR

and Y RL. The factor Rn ∈ [0, 1] accounts for the additional SM backgrounds originating
from multijet production and the charged-current process pp → W → τν that are small
but not negligible compared to the background from the Drell-Yan process pp→ (Z/γ)∗ →
τ+τ− [233]. The resulting signal ratios for a specific scenario are given in figure 11. Finally,
we again built a likelihood using a multi-bin Poissonian counting-experiment approach with
Gaussian constraints for the uncertainties.
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Figure 11. Signal ratios µτ for the six mtot
T bins studied in the considered ATLAS analysis (for mT

ranging from 600 to 1500GeV). We show the contributions of a tauquark Φ2,τ with a mass Mτ =
1.7TeV and Yukawa couplings Y LR2τ = 1.5 and Y RL2τ = 1.5. We distinguish between the contributions
from Y LR2τ and those from Y RL2τ , taking the two couplings individually, and include as well results
for a setup with both of them included.

C Electric dipole moments of hadrons

The experiments targeting the observation of EDMs in neutrons [261–263] and Hg atoms [264,
265] have so far yielded null results. For our model, the most relevant resulting upper limits
(at 90% C.L.) are given by

dn < 1.8× 10−26e cm and dHg < 6.3× 10−30e cm . (C.1)

Ref. [266] presented a detailed study of the LQ effects in the EDMs of hadrons. In table 2
we list the subset of their limits that are more stringent than the ones coming from the
lepton EDMs, extracting the bounds on the quantity

Xi` ≡ Im
[
Ŷ LR
i` Y RL∗

i`

M2
`

]
, (C.2)

for i, ` = 1, 2, 3. The authors of ref. [266] presented two sets of limits. The first one is based
on a “pessimistic” approach (fundamental limits), where all matrix elements are varied
within their admissible theoretical ranges without assuming any probability distribution.
This method is called the range-fit method that is suitable to rule out models. The second
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Coupling
X12 X22 X13 X23

Fundamental limits < 9× 10−4 — < 7× 10−5 —
Measurement dn — dn —
Strict limits 4× 10−4 0.5 (3) 3× 10−5 3× 10−2(0.2)
Measurement dHg dHg dHg dHg

Table 2. Limits on the LQ couplings to fermions coming from EDM measurements in hadrons.
We only show the constraints that are more stringent than the ones originating from lepton EDM
measurements.

set of limits is based on a more “optimistic” approach (strict limits), where the theoretical
uncertainties are neglected and the central values of the hadronic, nuclear, and atomic
matrix elements are assumed to be true. The real constraints are likely to lie between
these two extremes. The table additionally includes, in parentheses, the limits that can be
obtained after neglecting the contributions from charm tensor charge.

Whereas the strictest limit for X23 in table 2 would rule out the Φ2,τ solution to RD(∗) ,
the authors of ref. [266] noted that due to the large theoretical uncertainties inherent to
the derivation of this limit it is too early to draw strong conclusions regarding the viability
of the Φ2,τ solution. It will however be interesting to see whether next-generation dn or
dHg experiments will be able to detect EDM signals.
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