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Figure 2: Results for the CP -averaged angular observables FL, AFB, S5 and P 0
5 in bins of q2.

The data are compared to SM predictions based on the prescription of Refs. [43,44], with the
exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].

q2 [72, 73] to yield more precise determinations of the form factors over the full q2 range.

For the P (0)
i observables, predictions from Ref. [70] are shown using form factors from

Ref. [71]. These predictions are restricted to the region q2 < 8.0GeV2/c4. The results
from Run 1 and the 2016 data are in excellent agreement. A stand-alone fit to the Run 1
data reproduces exactly the central values of the observables obtained in Ref. [1].

Considering the observables individually, the results are largely in agreement with the
SM predictions. The local discrepancy in the P 0

5 observable in the 4.0 < q2 < 6.0GeV2/c4

and 6.0 < q2 < 8.0GeV2/c4 bins reduces from the 2.8 and 3.0 � observed in Ref. [1] to 2.5
and 2.9 �. However, as discussed below, the overall tension with the SM is observed to
increase mildly.

Using the Flavio software package [42], a fit of the angular observables is performed
varying the parameter Re(C9). The default Flavio SM nuisance parameters are used,
including form-factor parameters and subleading corrections to account for long-distance
QCD interference e↵ects with the charmonium decay modes [43, 44]. The same q2 bins as
in Ref. [1] are included. The 3.0 � discrepancy with respect to the SM value of Re(C9)
obtained with the Ref. [1] data set changes to 3.3 � with the data set used here. The
best fit to the angular distribution is obtained with a shift in the SM value of Re(C9) by
�0.99+0.25

�0.21. The tension observed in any such fit will depend on the e↵ective coupling(s)
varied, the handling of the SM nuisance parameters and the q2 bins that are included in
the fit. For example, the 6.0 < q2 < 8.0GeV2/c4 bin is known to be associated with larger
theoretical uncertainties [47]. Neglecting this bin, a Flavio fit gives a tension of 2.4 �
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Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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[LHCb, JHEP 08 (2017), 055; PRL 125 (2020) 011802; …; global fits by many theorists]
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exception of the P 0

5 distribution, which is compared to SM predictions based on Refs. [70, 71].
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of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be
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The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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While b → s anomalies may have similar significance than data that led to 
Higgs discovery, there are at least two important differences. First, Higgs has 
been discovered by two independent experiments & second Higgs has been 

detected by observing a resonance in two different final states. Case of flavour 
anomalies would be significantly stronger IMHO, if ATLAS/CMS would also 

see hints of them, in best-case scenario by finding a bump in a high-pT search

[LHCb, JHEP 08 (2017), 055; PRL 125 (2020) 011802; …; global fits by many theorists]



Leptoquark (LQ) search strategies @ the LHC
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But @ LHC no resonant LQ production …
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… since a proton consists of quarks & gluons

7
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QFT to the rescue!
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Proton has a little bit of photons & leptons!

9
[Manohar et al. PRL 117 (2016) 24; JHEP 12 (2017) 046; Buonocore et al., JHEP 08 (2020) 019]
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].

[Buonocore, UH, Nason, Tramontano & Zanderighi, PRL 125 (2020) 23]
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.
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|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of

p
s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].

[Buonocore, UH, Nason, Tramontano & Zanderighi, PRL 125 (2020) 23]



1000 2000 3000 4000 5000

0.01

0.10

1

10

100

mej [GeV]

ev
en
ts
/b
in
/1
00
fb

-1

LHC, s = 13 TeV

16

Resonant LQ production @ the LHC

LQ

ee

u
u

p

p

2

multijet

W- + j

Z + j

e- + j

WW

W-Z + tW

LQ

1000 2000 3000 4000 5000

0.01

0.10

1

10

100

mej [GeV]

ev
en
ts
/b
in
/1
00
fb

-1

LHC, s = 13 TeV

FIG. 2. Distributions of mej after imposing the experimental
selection requirements as detailed in the text. The coloured his-
tograms are stacked and represent the SM backgrounds. The LQ
signal prediction corresponds to M = 3TeV and �eu = 1 and is
superimposed as a black line. The events are binned in 100GeV
bins and all predictions are obtained for 100 fb�1 of pp collisions
at a centre-of-mass energy of
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s = 13TeV.

second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].
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second-generation leptons and quarks.1 The corresponding
Feynman diagram is shown in Fig. 1.

LQ interactions. We follow [18] and consider scalar LQs
which couple only to one lepton and quark flavour, taking
them to be singlets under the SU(2)L part of the SM gauge
group. To obtain SU(2)L invariant interactions, we couple
the LQs to the SU(2)L singlet leptons and quarks, i.e. the
right-handed SM fermions. Using the notation where all
singlet fields are represented by left-handed charge conju-
gate fields, the scalar LQ coupling to singlet electrons and
up quarks can then be written as

L � �euLQeu (EcU c)⇤ + h.c. , (1)

where the spinor indices of Ec and U c are contracted
anti-symmetrically. In the limit of large scalar LQ
masses, i.e. M � m`, mq, the corresponding total decay
width of the LQ is given by

� =
|�eu|2

16⇡
M , (2)

and due to the minimal character of the LQ, it decays almost
exclusively to final states with an electron and an up quark.
The expressions (1) and (2) also apply to all other flavour
combinations after obvious replacements of fields and in-
dices.

1
The same idea has already been submitted two decades ago [28, 29],

but a reliable estimate of the lepton PDFs was missing, and the

resulting LHC phenomenology has not been studied in detail.

Analysis strategy. The signal predictions correspond-
ing to s-channel single LQ production pp ! LQ ! `q
are generated at leading order (LO) using the implemen-
tation of the Lagrangian (1) presented in [14] together with
the LUXlep PDF set, which has been obtained by com-
bining the lepton PDFs of [27] with the NNPDF3.1luxQED
set [30]. Event generation and showering is performed
with MadGraph5 aMCNLO [31] and PYTHIA 8.2 [32]. Since at
present PYTHIA 8.2 cannot handle incoming leptonic par-
tons, we have replaced all initial state leptons by photons
in the Les Houches files to shower the events.2 The parton
shower backward evolution of PYTHIA 8.2 then produces
only quarks from photon splitting, so after showering our
simulation includes initial-state quarks instead of leptons.3

Our analysis uses experimentally identified jets, elec-
trons, muons and missing transverse energy (ET,miss).
FastJet 3 [34] is used to construct anti-kt jets [35] of radius
R = 0.4. Our analysis is implemented in CheckMATE 2 [36],
which employs Delphes 3 [37] as a fast detector simulator.
Detector e↵ects are simulated by smearing the momenta of
the reconstructed objects, and by applying reconstruction
and identification e�ciency factors tuned to mimic the per-
formance of the ATLAS detector. In particular, electron
candidates are required to satisfy the tight identification
criteria of ATLAS [38], while muon candidates must ful-
fil the ATLAS quality selection criteria optimised for high-
pT performance [39, 40]. The corresponding reconstruc-
tion and identification e�ciency for electrons amounts to
90% for pT > 500 GeV, while for muons the reconstruction
and identification e�ciency is 69% (57%) at pT = 1 TeV
(pT = 2.5 TeV) — cf. for example [41, 42]. ET,miss is re-
constructed from the sum of the smeared calorimeter de-
posits, including an extra smearing factor that e↵ectively
parametrises additional QCD activity due to pile-up and
has been tuned to match the ATLAS distributions.

The basic selections in our signal region require a lepton (e
or µ) with |⌘`| < 2.5 and pT,` > 500 GeV and a light-flavour
jet with |⌘j | < 2.5 and pT,j > 500 GeV. We furthermore de-
mand ET,miss < 50 GeV, veto events that contain additional
leptons with |⌘`| < 2.5 and pT,` > 7 GeV and impose a jet
veto on subleading jets with |⌘j | < 2.5 and pT,j > 30 GeV.
The jet veto limits the amount of hadronic activity and en-
sures that the background from tt̄, and s- and t-channel
single top production are negligible in the signal region.

The dominant background turns out to be W�+j produc-
tion which is generated at next-to-leading order (NLO) in
QCD. Next-to-next-leading order QCD and electroweak ef-
fects that would e↵ectively reduce the size of the W� + j
background prediction in the phase space region of inter-
est [43] are not included in our analysis. Subleading back-
grounds arise from Z + j, WW , W�Z and tW produc-
tion and are simulated at LO and normalised to the known
NLO QCD cross sections. At high values of m`j also `� + j

2
This replacement leads to a mismodelling of the signal strength af-

ter imposing the lepton and jet veto present in our analysis. We

estimate this e↵ect to be of O(10%), and therefore to only mildly

a↵ect the derived LQ limits.
3
We remark that the inclusion of incoming leptons in shower

Monte Carlos is not di�cult to realise and one can expect it to

become available in the near future [33].

Sum over backgrounds is a steeply falling distribution, while signal exhibits a narrow peak

[Buonocore, UH, Nason, Tramontano & Zanderighi, PRL 125 (2020) 23]
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Given discovery reach of resonant LQ signature, dedicated 
searches for final states with a light lepton & a light-flavour jet 
should be added to exotics search canon of ATLAS & CMS

[Buonocore, UH, Nason, Tramontano & Zanderighi, PRL 125 (2020) 23]
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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Scalar leptoquarks
<latexit sha1_base64="SaQavi4cCrO2BlUOmZQuvfeNxWo=">AAACAnicbZC7SkNBEIbneDfeohYiNotBsArn2Gglgo2lolEhCWHOZpIs2XNxd44YDsHGV7GxUMTWp7DzJXwGN4mFtx8WPv6ZYXb+MNXKsu+/e2PjE5NT0zOzhbn5hcWl4vLKuU0yI6kiE52YyxAtaRVThRVrukwNYRRqugi7h4P6xTUZq5L4jHsp1SNsx6qlJLKzGsX1GtMN56cSNRqhKeXkKkPTtf1GseSX/aHEXwi+oHSw9vEhAOC4UXyrNROZRRSz1GhtNfBTrudoWElN/UIts5Si7GKbqg5jjMjW8+EJfbHlnKZoJca9mMXQ/T6RY2RtLwpdZ4Tcsb9rA/O/WjXj1l49V3GaMcVytKiVacGJGOQhmsqQZN1zgNIo91chO2hQskut4EIIfp/8F853yoHjE5fGPow0AxuwCdsQwC4cwBEcQwUk3MI9PMKTd+c9eM/ey6h1zPuaWYUf8l4/AVTbmjo=</latexit><latexit sha1_base64="JDZ80ATk9SO4h37XhlTEJ8ZNwMQ=">AAACAnicbZC7SkNBEIb3eI3xkqiFiM2iCFZyjo0WIgEby4gmEZJDmLOZ6JI9F3fniOEQbHwVGwtF0voUdj6AbZ7BTWLh7YeFj39mmJ0/SJQ05LrvzsTk1PTMbG4uP7+wuFQoLq9UTZxqgRURq1hfBGBQyQgrJEnhRaIRwkBhLegcD+u1G9RGxtE5dRP0Q7iMZFsKIGs1i+sNwlvKzgQo0FxhQvF1Crpjes3ilrvrjsT/gvcFW6W1waBw2P8oN4tvjVYs0hAjEgqMqXtuQn4GmqRQ2Ms3UoMJiA5cYt1iBCEaPxud0OPb1mnxdqzti4iP3O8TGYTGdMPAdoZAV+Z3bWj+V6un1D7wMxklKWEkxovaqeIU82EevCU1ClJdCyC0tH/l4go0CLKp5W0I3u+T/0J1b9ezfGrTOGJj5dgG22Q7zGP7rMROWJlVmGB37IE9sWfn3nl0Xpz+uHXC+ZpZZT/kvH4CrrCb/Q==</latexit><latexit sha1_base64="JDZ80ATk9SO4h37XhlTEJ8ZNwMQ=">AAACAnicbZC7SkNBEIb3eI3xkqiFiM2iCFZyjo0WIgEby4gmEZJDmLOZ6JI9F3fniOEQbHwVGwtF0voUdj6AbZ7BTWLh7YeFj39mmJ0/SJQ05LrvzsTk1PTMbG4uP7+wuFQoLq9UTZxqgRURq1hfBGBQyQgrJEnhRaIRwkBhLegcD+u1G9RGxtE5dRP0Q7iMZFsKIGs1i+sNwlvKzgQo0FxhQvF1Crpjes3ilrvrjsT/gvcFW6W1waBw2P8oN4tvjVYs0hAjEgqMqXtuQn4GmqRQ2Ms3UoMJiA5cYt1iBCEaPxud0OPb1mnxdqzti4iP3O8TGYTGdMPAdoZAV+Z3bWj+V6un1D7wMxklKWEkxovaqeIU82EevCU1ClJdCyC0tH/l4go0CLKp5W0I3u+T/0J1b9ezfGrTOGJj5dgG22Q7zGP7rMROWJlVmGB37IE9sWfn3nl0Xpz+uHXC+ZpZZT/kvH4CrrCb/Q==</latexit><latexit sha1_base64="eeopCuwUAdm0AtYPtOrC1olpqhw=">AAACAnicbZC7SkNBEIb3xFuMt6iV2CwGwSqcY6OVBGwsI5oLJCHM2UySJXsu7s4RwyHY+Co2ForY+hR2vo2bS6GJPyx8/DPD7Px+rKQh1/12MkvLK6tr2fXcxubW9k5+d69qokQLrIhIRbrug0ElQ6yQJIX1WCMEvsKaP7gc12v3qI2MwlsaxtgKoBfKrhRA1mrnD5qED5TeCFCgucKYorsE9MCM2vmCW3Qn4ovgzaDAZiq381/NTiSSAEMSCoxpeG5MrRQ0SaFwlGsmBmMQA+hhw2IIAZpWOjlhxI+t0+HdSNsXEp+4vydSCIwZBr7tDID6Zr42Nv+rNRLqnrdSGcYJYSimi7qJ4hTxcR68IzUKUkMLILS0f+WiDxoE2dRyNgRv/uRFqJ4WPcvXbqF0MYsjyw7ZETthHjtjJXbFyqzCBHtkz+yVvTlPzovz7nxMWzPObGaf/ZHz+QMxF5fn</latexit>

Vector leptoquarks
<latexit sha1_base64="r025V8aLjJ7YOyTlFEUFw+7u+/I=">AAACAnicbVC7SgNBFL3rM8ZX1ELEZjAIVrJro5UEbCwVTBSSEGYnd3XI7M46c1cMS7DxV2wsFLH1K+z8Cb/ByaPQxFMdzrmXe88JUyUt+f6XNzU9Mzs3X1goLi4tr6yW1tZrVmdGYFVopc1VyC0qmWCVJCm8Sg3yOFR4GXZO+v7lHRordXJB3RSbMb9OZCQFJye1SlsNwnvKayhIG6YwJX2bcdOxvVap7O/7A7BJEoxIubL5/c0A4KxV+my0tchiTEgobm098FNq5tyQFAp7xUZmMeWiw6+x7mjCY7TNfBChx3ad0maR+yHSCbGB+nsj57G13Th0kzGnGzvu9cX/vHpG0VEzl0maESZieCjKFCPN+n2wtjQuu+o6woWR7lcmbrjhglxrRVdCMB55ktQO9gPHz10bxzBEAbZhB/YggEOowCmcQRUEPMATvMCr9+g9e2/e+3B0yhvtbMAfeB8/goOaVw==</latexit><latexit sha1_base64="UErNy/AUHnc+OW93LvjEqE9+rKc=">AAACAnicbVC7SgNBFJ31GeMjqxYiNoMiWMmujRYiARvLCCYKyRJmJ3eTIbM768xdMSzBxl+xsVAkrV9h5wfY5hucJBa+TnU4517uPSdMpTDoee/O1PTM7Nx8YaG4uLS8UnJX12pGZZpDlSup9FXIDEiRQBUFSrhKNbA4lHAZdk9H/uUNaCNUcoG9FIKYtRMRCc7QSk13s4Fwi3kNOCpNJaSorjOmu6bfdHe8fW8M+pf4X2SnvDEclo4HH5Wm+9ZoKZ7FkCCXzJi676UY5Eyj4BL6xUZmIGW8y9pQtzRhMZggH0fo012rtGhkf4hUgnSsft/IWWxMLw7tZMywY357I/E/r55hdBTkIkkzhIRPDkWZpKjoqA/aEtpmlz1LGNfC/kp5h2nG0bZWtCX4vyP/JbWDfd/yc9vGCZmgQLbINtkjPjkkZXJGKqRKOLkjD+SJPDv3zqPz4gwmo1PO1846+QHn9RPcWJwa</latexit><latexit sha1_base64="UErNy/AUHnc+OW93LvjEqE9+rKc=">AAACAnicbVC7SgNBFJ31GeMjqxYiNoMiWMmujRYiARvLCCYKyRJmJ3eTIbM768xdMSzBxl+xsVAkrV9h5wfY5hucJBa+TnU4517uPSdMpTDoee/O1PTM7Nx8YaG4uLS8UnJX12pGZZpDlSup9FXIDEiRQBUFSrhKNbA4lHAZdk9H/uUNaCNUcoG9FIKYtRMRCc7QSk13s4Fwi3kNOCpNJaSorjOmu6bfdHe8fW8M+pf4X2SnvDEclo4HH5Wm+9ZoKZ7FkCCXzJi676UY5Eyj4BL6xUZmIGW8y9pQtzRhMZggH0fo012rtGhkf4hUgnSsft/IWWxMLw7tZMywY357I/E/r55hdBTkIkkzhIRPDkWZpKjoqA/aEtpmlz1LGNfC/kp5h2nG0bZWtCX4vyP/JbWDfd/yc9vGCZmgQLbINtkjPjkkZXJGKqRKOLkjD+SJPDv3zqPz4gwmo1PO1846+QHn9RPcWJwa</latexit><latexit sha1_base64="YNlfrLXuW6sYarCdIBLjndi8gMg=">AAACAnicbVC7TsNAEDzzDOFloEI0JyIkqsimgQpFoqEMEnlISRSdL+vklLPP3K0RkRXR8Cs0FCBEy1fQ8TdcEheQMNVoZle7M0EihUHP+3aWlldW19YLG8XNre2dXXdvv25UqjnUuJJKNwNmQIoYaihQQjPRwKJAQiMYXk38xj1oI1R8i6MEOhHrxyIUnKGVuu5hG+EBszpwVJpKSFDdpUwPzbjrlryyNwVdJH5OSiRHtet+tXuKpxHEyCUzpuV7CXYyplFwCeNiOzWQMD5kfWhZGrMITCebRhjTE6v0aGh/CFWMdKr+3shYZMwoCuxkxHBg5r2J+J/XSjG86GQiTlKEmM8OhamkqOikD9oT2maXI0sY18L+SvmAacbRtla0JfjzkRdJ/azsW37jlSqXeR0FckSOySnxyTmpkGtSJTXCySN5Jq/kzXlyXpx352M2uuTkOwfkD5zPH16/mAQ=</latexit>

 

b → s (b → c) anomalies alone can  
be accommodated by several simple 
single-mediator models

Simplified models for B anomalies
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[see for instance Buttazzo, Greljo, Isidori & Marzocca, JHEP 11 (2017) 044]

https://arxiv.org/pdf/1706.07808.pdf


=3

Model Mediator b� s b� c

B� = (1, 1, 0)

W � = (1, 3, 0)

S1 = (3̄, 1, 1/3)

S3 = (3̄, 3, 1/3)

U1 = (3, 1, 2/3)

U3 = (3, 3, 2/3)
<latexit sha1_base64="Za9Ync6JcK7YmbAY1lFHrefk1F0="></latexit><latexit sha1_base64="Za9Ync6JcK7YmbAY1lFHrefk1F0="></latexit><latexit sha1_base64="Za9Ync6JcK7YmbAY1lFHrefk1F0="></latexit><latexit sha1_base64="Za9Ync6JcK7YmbAY1lFHrefk1F0="></latexit>

✓ ✗

✗ ✓

✓ ✓
✗✓

✓ ✗

✗ ✓

Colorless vectors
<latexit sha1_base64="vq96fAzFHtLs8hpx2qC2F4TzFVw=">AAACAXicbVC7SgNBFL3r2/hatRFsBoNgFXa10EoDNpYKRgPJEmYnN3Fw9sHMXTEssfFXbCwUsbX0D+z8GyebFJp4YOBwzrncuSdMlTTked/O1PTM7Nz8wmJpaXlldc1d37gySaYF1kSiEl0PuUElY6yRJIX1VCOPQoXX4e3pwL++Q21kEl9SL8Ug4t1YdqTgZKWWu9UkvKe8CCo0ht2hoESbfsstexWvAJsk/oiUTz4PDqoAcN5yv5rtRGQRxiQUN6bheykFOdckhcJ+qZkZTLm45V1sWBrzCE2QFxf02a5V2qyTaPtiYoX6eyLnkTG9KLTJiNONGfcG4n9eI6POUZDLOM0IYzFc1MkUo4QN6mBtqe3BqmcJF1ravzJxwzUXZEsr2RL88ZMnydV+xbf8witXj2GIBdiGHdgDHw6hCmdwDjUQ8ABP8AKvzqPz7Lw578PolDOa2YQ/cD5+AMD7mTA=</latexit><latexit sha1_base64="8bUjPnV6qGzZwc79XGeg+OX792E=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWAQrMKuFlppwMYygnlAsoTZyU0yZPbBzN1gWGLjr9hYKGJr6R/Y+TdONik08cDA4ZxzuXOPH0uh0XG+rdzS8srqWn69sLG5tb1j7+7VdJQoDlUeyUg1fKZBihCqKFBCI1bAAl9C3R9cT/z6EJQWUXiHoxi8gPVC0RWcoZHa9kEL4R7TLChBazoEjpHS47ZddEpOBrpI3BkpXn2eZai07a9WJ+JJACFyybRuuk6MXsoUCi5hXGglGmLGB6wHTUNDFoD20uyCMT02Sod2I2VeiDRTf0+kLNB6FPgmGTDs63lvIv7nNRPsXnipCOMEIeTTRd1EUozopA7aEcocLEeGMK6E+SvlfaYYR1NawZTgzp+8SGqnJdfwW6dYviRT5MkhOSInxCXnpExuSIVUCScP5Im8kFfr0Xq23qz3aTRnzWb2yR9YHz97+Jm8</latexit><latexit sha1_base64="8bUjPnV6qGzZwc79XGeg+OX792E=">AAACAXicbVC7SgNBFJ2NrxhfqzaCzWAQrMKuFlppwMYygnlAsoTZyU0yZPbBzN1gWGLjr9hYKGJr6R/Y+TdONik08cDA4ZxzuXOPH0uh0XG+rdzS8srqWn69sLG5tb1j7+7VdJQoDlUeyUg1fKZBihCqKFBCI1bAAl9C3R9cT/z6EJQWUXiHoxi8gPVC0RWcoZHa9kEL4R7TLChBazoEjpHS47ZddEpOBrpI3BkpXn2eZai07a9WJ+JJACFyybRuuk6MXsoUCi5hXGglGmLGB6wHTUNDFoD20uyCMT02Sod2I2VeiDRTf0+kLNB6FPgmGTDs63lvIv7nNRPsXnipCOMEIeTTRd1EUozopA7aEcocLEeGMK6E+SvlfaYYR1NawZTgzp+8SGqnJdfwW6dYviRT5MkhOSInxCXnpExuSIVUCScP5Im8kFfr0Xq23qz3aTRnzWb2yR9YHz97+Jm8</latexit><latexit sha1_base64="mxaorm8eLOTctb9ygD4po4mL+QI=">AAACAXicbVC7SgNBFJ31GeNr1UawGQyCVdi10UoCNpYRzAOSJcxO7iZDZh/M3A2GJTb+io2FIrb+hZ1/42SzhSYeGDiccy537vETKTQ6zre1srq2vrFZ2ipv7+zu7dsHh00dp4pDg8cyVm2faZAiggYKlNBOFLDQl9DyRzczvzUGpUUc3eMkAS9kg0gEgjM0Us8+7iI8YJYHJWhNx8AxVnrasytO1clBl4lbkAopUO/ZX91+zNMQIuSSad1xnQS9jCkUXMK03E01JIyP2AA6hkYsBO1l+QVTemaUPg1iZV6ENFd/T2Qs1HoS+iYZMhzqRW8m/ud1UgyuvExESYoQ8fmiIJUUYzqrg/aFMgfLiSGMK2H+SvmQKcbRlFY2JbiLJy+T5kXVNfzOqdSuizpK5IScknPikktSI7ekThqEk0fyTF7Jm/VkvVjv1sc8umIVM0fkD6zPH4M/l4g=</latexit>

Scalar leptoquarks
<latexit sha1_base64="SaQavi4cCrO2BlUOmZQuvfeNxWo=">AAACAnicbZC7SkNBEIbneDfeohYiNotBsArn2Gglgo2lolEhCWHOZpIs2XNxd44YDsHGV7GxUMTWp7DzJXwGN4mFtx8WPv6ZYXb+MNXKsu+/e2PjE5NT0zOzhbn5hcWl4vLKuU0yI6kiE52YyxAtaRVThRVrukwNYRRqugi7h4P6xTUZq5L4jHsp1SNsx6qlJLKzGsX1GtMN56cSNRqhKeXkKkPTtf1GseSX/aHEXwi+oHSw9vEhAOC4UXyrNROZRRSz1GhtNfBTrudoWElN/UIts5Si7GKbqg5jjMjW8+EJfbHlnKZoJca9mMXQ/T6RY2RtLwpdZ4Tcsb9rA/O/WjXj1l49V3GaMcVytKiVacGJGOQhmsqQZN1zgNIo91chO2hQskut4EIIfp/8F853yoHjE5fGPow0AxuwCdsQwC4cwBEcQwUk3MI9PMKTd+c9eM/ey6h1zPuaWYUf8l4/AVTbmjo=</latexit><latexit sha1_base64="JDZ80ATk9SO4h37XhlTEJ8ZNwMQ=">AAACAnicbZC7SkNBEIb3eI3xkqiFiM2iCFZyjo0WIgEby4gmEZJDmLOZ6JI9F3fniOEQbHwVGwtF0voUdj6AbZ7BTWLh7YeFj39mmJ0/SJQ05LrvzsTk1PTMbG4uP7+wuFQoLq9UTZxqgRURq1hfBGBQyQgrJEnhRaIRwkBhLegcD+u1G9RGxtE5dRP0Q7iMZFsKIGs1i+sNwlvKzgQo0FxhQvF1Crpjes3ilrvrjsT/gvcFW6W1waBw2P8oN4tvjVYs0hAjEgqMqXtuQn4GmqRQ2Ms3UoMJiA5cYt1iBCEaPxud0OPb1mnxdqzti4iP3O8TGYTGdMPAdoZAV+Z3bWj+V6un1D7wMxklKWEkxovaqeIU82EevCU1ClJdCyC0tH/l4go0CLKp5W0I3u+T/0J1b9ezfGrTOGJj5dgG22Q7zGP7rMROWJlVmGB37IE9sWfn3nl0Xpz+uHXC+ZpZZT/kvH4CrrCb/Q==</latexit><latexit sha1_base64="JDZ80ATk9SO4h37XhlTEJ8ZNwMQ=">AAACAnicbZC7SkNBEIb3eI3xkqiFiM2iCFZyjo0WIgEby4gmEZJDmLOZ6JI9F3fniOEQbHwVGwtF0voUdj6AbZ7BTWLh7YeFj39mmJ0/SJQ05LrvzsTk1PTMbG4uP7+wuFQoLq9UTZxqgRURq1hfBGBQyQgrJEnhRaIRwkBhLegcD+u1G9RGxtE5dRP0Q7iMZFsKIGs1i+sNwlvKzgQo0FxhQvF1Crpjes3ilrvrjsT/gvcFW6W1waBw2P8oN4tvjVYs0hAjEgqMqXtuQn4GmqRQ2Ms3UoMJiA5cYt1iBCEaPxud0OPb1mnxdqzti4iP3O8TGYTGdMPAdoZAV+Z3bWj+V6un1D7wMxklKWEkxovaqeIU82EevCU1ClJdCyC0tH/l4go0CLKp5W0I3u+T/0J1b9ezfGrTOGJj5dgG22Q7zGP7rMROWJlVmGB37IE9sWfn3nl0Xpz+uHXC+ZpZZT/kvH4CrrCb/Q==</latexit><latexit sha1_base64="eeopCuwUAdm0AtYPtOrC1olpqhw=">AAACAnicbZC7SkNBEIb3xFuMt6iV2CwGwSqcY6OVBGwsI5oLJCHM2UySJXsu7s4RwyHY+Co2ForY+hR2vo2bS6GJPyx8/DPD7Px+rKQh1/12MkvLK6tr2fXcxubW9k5+d69qokQLrIhIRbrug0ElQ6yQJIX1WCMEvsKaP7gc12v3qI2MwlsaxtgKoBfKrhRA1mrnD5qED5TeCFCgucKYorsE9MCM2vmCW3Qn4ovgzaDAZiq381/NTiSSAEMSCoxpeG5MrRQ0SaFwlGsmBmMQA+hhw2IIAZpWOjlhxI+t0+HdSNsXEp+4vydSCIwZBr7tDID6Zr42Nv+rNRLqnrdSGcYJYSimi7qJ4hTxcR68IzUKUkMLILS0f+WiDxoE2dRyNgRv/uRFqJ4WPcvXbqF0MYsjyw7ZETthHjtjJXbFyqzCBHtkz+yVvTlPzovz7nxMWzPObGaf/ZHz+QMxF5fn</latexit>

Vector leptoquarks
<latexit sha1_base64="r025V8aLjJ7YOyTlFEUFw+7u+/I=">AAACAnicbVC7SgNBFL3rM8ZX1ELEZjAIVrJro5UEbCwVTBSSEGYnd3XI7M46c1cMS7DxV2wsFLH1K+z8Cb/ByaPQxFMdzrmXe88JUyUt+f6XNzU9Mzs3X1goLi4tr6yW1tZrVmdGYFVopc1VyC0qmWCVJCm8Sg3yOFR4GXZO+v7lHRordXJB3RSbMb9OZCQFJye1SlsNwnvKayhIG6YwJX2bcdOxvVap7O/7A7BJEoxIubL5/c0A4KxV+my0tchiTEgobm098FNq5tyQFAp7xUZmMeWiw6+x7mjCY7TNfBChx3ad0maR+yHSCbGB+nsj57G13Th0kzGnGzvu9cX/vHpG0VEzl0maESZieCjKFCPN+n2wtjQuu+o6woWR7lcmbrjhglxrRVdCMB55ktQO9gPHz10bxzBEAbZhB/YggEOowCmcQRUEPMATvMCr9+g9e2/e+3B0yhvtbMAfeB8/goOaVw==</latexit><latexit sha1_base64="UErNy/AUHnc+OW93LvjEqE9+rKc=">AAACAnicbVC7SgNBFJ31GeMjqxYiNoMiWMmujRYiARvLCCYKyRJmJ3eTIbM768xdMSzBxl+xsVAkrV9h5wfY5hucJBa+TnU4517uPSdMpTDoee/O1PTM7Nx8YaG4uLS8UnJX12pGZZpDlSup9FXIDEiRQBUFSrhKNbA4lHAZdk9H/uUNaCNUcoG9FIKYtRMRCc7QSk13s4Fwi3kNOCpNJaSorjOmu6bfdHe8fW8M+pf4X2SnvDEclo4HH5Wm+9ZoKZ7FkCCXzJi676UY5Eyj4BL6xUZmIGW8y9pQtzRhMZggH0fo012rtGhkf4hUgnSsft/IWWxMLw7tZMywY357I/E/r55hdBTkIkkzhIRPDkWZpKjoqA/aEtpmlz1LGNfC/kp5h2nG0bZWtCX4vyP/JbWDfd/yc9vGCZmgQLbINtkjPjkkZXJGKqRKOLkjD+SJPDv3zqPz4gwmo1PO1846+QHn9RPcWJwa</latexit><latexit sha1_base64="UErNy/AUHnc+OW93LvjEqE9+rKc=">AAACAnicbVC7SgNBFJ31GeMjqxYiNoMiWMmujRYiARvLCCYKyRJmJ3eTIbM768xdMSzBxl+xsVAkrV9h5wfY5hucJBa+TnU4517uPSdMpTDoee/O1PTM7Nx8YaG4uLS8UnJX12pGZZpDlSup9FXIDEiRQBUFSrhKNbA4lHAZdk9H/uUNaCNUcoG9FIKYtRMRCc7QSk13s4Fwi3kNOCpNJaSorjOmu6bfdHe8fW8M+pf4X2SnvDEclo4HH5Wm+9ZoKZ7FkCCXzJi676UY5Eyj4BL6xUZmIGW8y9pQtzRhMZggH0fo012rtGhkf4hUgnSsft/IWWxMLw7tZMywY357I/E/r55hdBTkIkkzhIRPDkWZpKjoqA/aEtpmlz1LGNfC/kp5h2nG0bZWtCX4vyP/JbWDfd/yc9vGCZmgQLbINtkjPjkkZXJGKqRKOLkjD+SJPDv3zqPz4gwmo1PO1846+QHn9RPcWJwa</latexit><latexit sha1_base64="YNlfrLXuW6sYarCdIBLjndi8gMg=">AAACAnicbVC7TsNAEDzzDOFloEI0JyIkqsimgQpFoqEMEnlISRSdL+vklLPP3K0RkRXR8Cs0FCBEy1fQ8TdcEheQMNVoZle7M0EihUHP+3aWlldW19YLG8XNre2dXXdvv25UqjnUuJJKNwNmQIoYaihQQjPRwKJAQiMYXk38xj1oI1R8i6MEOhHrxyIUnKGVuu5hG+EBszpwVJpKSFDdpUwPzbjrlryyNwVdJH5OSiRHtet+tXuKpxHEyCUzpuV7CXYyplFwCeNiOzWQMD5kfWhZGrMITCebRhjTE6v0aGh/CFWMdKr+3shYZMwoCuxkxHBg5r2J+J/XSjG86GQiTlKEmM8OhamkqOikD9oT2maXI0sY18L+SvmAacbRtla0JfjzkRdJ/azsW37jlSqXeR0FckSOySnxyTmpkGtSJTXCySN5Jq/kzXlyXpx352M2uuTkOwfkD5zPH16/mAQ=</latexit>
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U1 singlet vector LQ is the only 
single-mediator model that can 
explain both sets of anomalies

Simplified models for B anomalies
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb
scenario the tuning problem is moved from the �F = 2 sector to that of electroweak

observables. We will present an explicit realisation of the small �q

sb
scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S1 ⇠ (3̄,1, 1/3) and S3 ⇠ (3̄,3, 1/3), and coloured vectors Uµ

1 ⇠

(3,1, 2/3) and Uµ

3 ⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative

11

[see for instance Buttazzo, Greljo, Isidori & Marzocca, JHEP 11 (2017) 044]

https://arxiv.org/pdf/1706.07808.pdf


Singlet vector LQ models for B anomalies

26

<latexit sha1_base64="xHNWuJxr5uJ+lqmnh9mGKVPB5zU="></latexit>

L �
gU
p
2

h
�ij
L Q̄i,a

L �µL
j
L + �ij

R d̄i,aR �µ`
j
R

i
Uµ,a + h.c. ,

���22
L

�� .
���32

L

�� ⌧
���23

L

�� .
���33

L

�� = O(1)

<latexit sha1_base64="wCCV85zgHO97slC2Dotrzhu/OJM="></latexit>

Parameters Branching ratios

�33
L �23

L BR (U ! b⌧+) BR (U ! t⌫̄⌧ ) BR (U ! s⌧+) BR (U ! c⌫̄⌧ )

1 0 51% 49% 0% 0%

1 1 25% 22% 25% 27%

b + τ 

signature

mono-top 
signature

mono-jet 
signature



LQ contributions to b + τ signature
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For βL  = 0, b + τ signal arises only from 2 → 2 process, while for βL  ≠ 0 also 2 → 3 
scattering is relevant. Since two topologies lead to final states with very different 
kinematic features, it is essential to develop two separate search strategies for them 
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Kinematic distributions of b + τ signal

[UH & Polesello, 2012.11474]
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Kinematic distributions of b + τ signal

[UH & Polesello, 2012.11474]
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b + τ search probes interesting parts of LQ parameter space 
addressing B anomalies. Having dedicated ATLAS & CMS           

b + τ analyses would add to discovery potential of LHC 

Constraints from new LQ search strategies
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• Precision determination of lepton PDFs opens up new ways to test SM 

(e.g. l±l± production) & to search for new physics @ the LHC 


• Resonant LQ production allows to probe so far unexplored parameter 

space & has discovery potential


• Further theoretical developments needed to achieve next-to-leading order 

(NLO) plus parton shower (PS) accuracy for fiducial LQ cross sections

Summary

[very recent progress towards NLO PS by Richardson, unpublished; Greljo & Selimovic, JHEP 03 (2021) 279]
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LQ searches triggered by B anomalies

[Bauer & Neubert, PRL 116 (2016) 141802; ATLAS, arXiv:2101.11582]
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Figure 14: The observed (solid) local ?0 as a function of LQd
3 mass (<LQd

3
) assuming B = 0.5 (blue) and B = 1 (red).

The dashed curve shows the expected local ?0 under the hypothesis of a LQd
3 signal at that mass. The horizontal

dashed lines indicate the ?-values corresponding to significances of 2 to 5 standard deviations.
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Figure 15: (a) Observed (solid line) and expected (dashed line) 95% CL upper limits on the LQd
3 pair production

cross section as a function of <LQd
3

resulting from the combination of all analysis channels, assuming B = 1. The
surrounding shaded band corresponds to the ±1 standard deviation (±1f) uncertainty around the combined expected
limit, as estimated using the asymptotic approximation (see text). This approximation is found to overestimate the
+1f (�1f) uncertainty of the combined expected limit by about 5%–15% (15%–30%), depending on <LQd

3
. The red

line and band show the theoretical prediction and its ±1f uncertainty. The individual expected limits for the 1✓+�1g
channel and the combination of the 2✓OS+�1g and 2✓SS/3✓+�1g channels are shown as the magenta and blue dashed
lines, respectively. (b) Observed (solid line) and expected (dashed line) 95% CL upper limits on B as a function of
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resulting from the combination of all analysis channels. The surrounding shaded band corresponds to the ±1f

uncertainty around the combined expected limit. The same statement regarding the asymptotic approximation given
for (a) applies. The dotted red line around the observed limit indicates how the observed limit changes when varying
the theoretical prediction for the LQd

3 pair production cross section by its ±1f uncertainty.
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Signal events after cuts:


NHL-LHC(e-e-) ≃ 700,


NHL-LHC(μ-μ-) ≃ 550,


NHL-LHC(τ-τ-) ≃ 250


Dominant SM background from W-W- 

production after same cuts close to 0

[Buonocore, Nason, Tramontano & Zanderighi, JHEP 08 (2020) 019; ATLAS analysis ongoing]

Same sign lepton-pair production @ LHC



• Since PYTHIA currently cannot handle incoming leptonic partons, initial-state leptons 

have been replaced by photons to shower events. Our simulations do thus not include 

leptons but quarks from photon splitting in PS backward evolution 


• As a result, jet- & lepton-veto induce a mismodelling of signal strength. By studying 

process qγ → LQ l → ql+l-, we estimate this effect to be of O(10%) & therefore to only 

mildly affect derived LQ limits 


• Above PS issue needs to be resolved before NLO QCD & QED corrections for LQ 

signal can be correctly included in differential fashion

38

Simulation of 1st & 2nd resonant LQ signals



[UH & Polesello, 2012.11474]
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Figure 5. Upper panel: E
miss
T

distribution for the background and two t+E
miss
T

signals. Lower panel: E
miss
T

dis-
tribution for the background and two j + E

miss
T

signals. The background distributions (coloured histograms)
are stacked and the signal distributions in both panels correspond to gU = 3, �33

L
= �23

L
= 1, �33

R
= 0 and

MU = 1 TeV (black dotted lines) or MU = 2 TeV (black solid lines). The displayed predictions are obtained
for LHC collisions at 14 TeV.

to target the c⌫̄⌧ (⌫⌧) final state. Our analysis hence resembles the canonical approach of searching
for DM at the LHC, which has received much experimental [76, 88–90] and theoretical [91] at-
tention, resulting in high precision estimates of the dominant E

miss
T

backgrounds associated to the
production of a Z or W boson accompanied by at least one high-transverse momentum jet.

We use as a reference the ATLAS analysis described in [76] but employ a higher E
miss
T

cut of
E

miss
T
> 350 GeV, which reflects the fact that we are aiming for the energetic decay products of

a LQ with a mass in excess of 1 TeV. We require the presence of a high-transverse momentum
jet with pT ( j) > 150 GeV within |⌘| < 2.4, and no more than four jets with pT ( j) > 30 GeV
within |⌘| < 2.8. The selection ��min > 0.4, where ��min is the minimum angular di↵erence
in the azimuthal plane between a reconstructed jet and E
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, is used to fully suppress the multi-
jet background. All events containing a reconstructed electron or muon, or the hadronic decay
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Figure 5. Upper panel: E
miss
T

distribution for the background and two t+E
miss
T

signals. Lower panel: E
miss
T

dis-
tribution for the background and two j + E

miss
T

signals. The background distributions (coloured histograms)
are stacked and the signal distributions in both panels correspond to gU = 3, �33

L
= �23

L
= 1, �33

R
= 0 and

MU = 1 TeV (black dotted lines) or MU = 2 TeV (black solid lines). The displayed predictions are obtained
for LHC collisions at 14 TeV.

to target the c⌫̄⌧ (⌫⌧) final state. Our analysis hence resembles the canonical approach of searching
for DM at the LHC, which has received much experimental [76, 88–90] and theoretical [91] at-
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miss
T

backgrounds associated to the
production of a Z or W boson accompanied by at least one high-transverse momentum jet.

We use as a reference the ATLAS analysis described in [76] but employ a higher E
miss
T

cut of
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> 350 GeV, which reflects the fact that we are aiming for the energetic decay products of

a LQ with a mass in excess of 1 TeV. We require the presence of a high-transverse momentum
jet with pT ( j) > 150 GeV within |⌘| < 2.4, and no more than four jets with pT ( j) > 30 GeV
within |⌘| < 2.8. The selection ��min > 0.4, where ��min is the minimum angular di↵erence
in the azimuthal plane between a reconstructed jet and E

miss
T

, is used to fully suppress the multi-
jet background. All events containing a reconstructed electron or muon, or the hadronic decay
of a ⌧ are rejected. The sensitivity of the search is extracted through a multi-bin comparison of
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Prospects of LQ search strategies


