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Collider signatures of leptoquarks
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What is a leptoquark?

Like a cross between a beaver & a duck is a platypus or a cross between a keyboard 
& a guitar is a keytar, a cross between a lepton & a quark is a leptoquark (LQ) 
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Existing LQ search strategies @ the LHC
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Since they are coloured, TeV-scale LQs can be produced in pairs @ LHC with fb rates. Also 
single & t-channel DY production possible but only recently considered by ATLAS & CMS

[full list of ATLAS & CMS results available through their exotics web pages]
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Existing LQ search strategies @ the LHC

Channels complementary because they provide different sensitivities on LQ parameter space
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[sketch adopted from Dorsner & Greljo, 1801.07641]



Existing LQ search strategies @ the LHC
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LQ production mechanisms studied by ATLAS & CMS lead to complicated multi-particle 
final states. Depending on experimental selections individual channels lead to overlapping 
contributions, which calls for a precise modelling of LQ signal at level of hadronic events
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Existing LQ search strategies @ the LHC
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QCD effects particularly relevant for final states with b-jets due to small b-quark parton 
distribution function (PDF). LHC Run II results based on merging & matching but full next-
to-leading order plus parton shower (NLO+PS) Monte Carlos now available in some cases
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[see for instance NLO+PS POWHEG implementation of pp → l+l- based on UH, Schnell & Schulte, 2207.00356; 2209.12780]



Lepton-jet searches are much simpler …
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[there is only one such search @ the LHC, i.e. the quantum-black-hole search by ATLAS reported in 1311.2006]



but LHC collides protons …
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& protons consist of quarks & gluons
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[Manohar et al., 1607.04266, 1708.01256; Buonocore et al., 2005.06477]
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Quantum field theory to the rescue!
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Resonant LQ production @ LHC

Non-zero lepton PDFs allow for resonant LQ production @ pp machines such as LHC
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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].

[search strategy proposed in Buonocore et al., 2005.06475 & refined in Greljo & Selimovic, 2012.02092; Buonocore et al., 2209.02599]
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Resonant LQ production @ LHC
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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].

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

[search strategy proposed in Buonocore et al., 2005.06475 & refined in Greljo & Selimovic, 2012.02092; Buonocore et al., 2209.02599]
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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].

 Compared to 1 background event, 9 events per 100 fb-1 for LQ of M = 3 TeV & λeu = 1 @ 13 TeV

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475]
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LHC limits on 1st & 2nd generation LQs

[Buonocore, UH, Nason, Tramontano & Zanderighi, 2005.06475]

low-energy weak charge 
measurements (QW)

resonant production
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Lepton flavour non-universality in b → clν 
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BaBar, Belle & LHCb measurements of lepton flavour universality ratios RD *  show a 3σ tension(  )

[https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/r_dtaunu/rdrds_prel_2022.pdf]
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Singlet vector LQ models for B anomalies



Possible singlet vector LQ signatures

17

b → clν anomalies single out pp → τ+τ- as most interesting channel. After latest 
LHCb measurements of RK * , pp → bτ, τμ, τν & μ+μ- production seem less relevant(  )

[singlet vector LQ effects in pp → bτ, mono-top & mono-jet production have been studied in UH & Polesello, 2012.11474]
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Ditau searches @ LHC Run II

Three different ditau LHC Run II analyses, all considering events without & with an extra b-jet

[ATLAS, 2002.12223; CMS, 2208.02717; CMS PAS EXO-19-016]
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Figure 1: The mtot
T for the b-veto (left) and b-tag (right) categories of the ⌧lep⌧had channel (top) and ⌧had⌧had channel

(bottom). The binning displayed is that entering into the fit. The predictions and uncertainties for the background
processes are obtained from the fit assuming the background-only hypothesis. Expectations from signal processes
are superimposed. Overflows are included in the last bin of the distributions.
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Figure 7: Distributions of mtot
T in the global (left) no b-tag and (right) b-tag categories in the

(upper row) eµ, (middle row) eth and µth, and (lower row) thth final states, for the most
signal sensitive categories. For the eµ final state, the Medium-Dz category is displayed, for
the eth and µth final states the Tight-mT categories are shown. The black horizontal line in
the upper panel of each subfigure indicates the change from logarithmic to linear scale on the
vertical axis. The distributions are shown for all data-taking years combined.

ATLAS data agrees with background predictions but both CMS analyses see a 3σ excess

[ATLAS, 2002.12223; CMS, 2208.02717; CMS PAS EXO-19-016]
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Figure 7: Distributions of mtot
T in the global (left) no b-tag and (right) b-tag categories in the

(upper row) eµ, (middle row) eth and µth, and (lower row) thth final states, for the most
signal sensitive categories. For the eµ final state, the Medium-Dz category is displayed, for
the eth and µth final states the Tight-mT categories are shown. The black horizontal line in
the upper panel of each subfigure indicates the change from logarithmic to linear scale on the
vertical axis. The distributions are shown for all data-taking years combined.

Non-resonant (resonant) excess in b-tag (b-veto) sample fits (does not fit) LQ explanation

[ATLAS, 2002.12223; CMS, 2208.02717; CMS PAS EXO-19-016]
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Size of NLO & interference effects
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In b-veto (b-tag) sample, LQ corrections amount to 10% (85%) compared to DY background  

[UH, Schnell & Schulte, 2209.12780]
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Size of NLO & interference effects
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NLO QCD corrections exceed 50% in signal regions & grow in size with transverse mass 

[UH, Schnell & Schulte, 2209.12780]
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Size of NLO & interference effects
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Relative to LQ tree-level contributions interference effects do not exceed level of 10%
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ATLAS ditau limits on singlet vector LQs

b

b

τ

τ

U
U

U

g

g

g

b

b
U

τ

b

τ

[UH, Schnell & Schulte, 2209.12780]
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ATLAS ditau limits on singlet vector LQs

95% CL region 
favoured by b → c 

anomalies 

ditau constraints start 
to test LQ explanations 
of b → c anomalies — 

leading limits arise from 
events with b-jets

[UH, Schnell & Schulte, 2209.12780]
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Conclusions & outlook

• Precision determination of lepton PDFs opens up new ways to test 

Standard Model (e.g. l±l± production) & to search for new physics @        

the LHC. For instance, resonant LQ production allows to probe so far 

unexplored parameter space & has discovery potential


• Models of new physics such as singlet vector LQs that explain b → clν 

anomalies generically lead to signatures (e.g. pp → τ+τ-, bτ, tt & high-

multiplicity final states with τ, b, t & ET,miss) testable @ the LHC. High-

luminosity LHC needed to cover full theory space
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Computation of lepton PDFs

[Buonocore, Nason, Tramontano & Zanderighi, 2005.06477]

(a) Structure function computation (b) Parton level computation

Figure 1: Our basic fictitious process, with a scalar of momentum r scattering o↵ a

light lepton and turning it into a heavy lepton of mass M , represented by the thick red

fermion line. In (a) we show the sum of the two diagrams that relate this process to the

ep scattering structure functions. In (b) we show the diagrams that enter the calculation

of the same process at next-to-leading order according to the QCD factorization formula.

Notice that the second and third diagram in (b) (unlike the (a) diagrams) are computed

for an on-shell photon, and the collinear singularity from the photon splitting into leptons

that arises there is subtracted.

is instead more similar to the photon one, where the structure functions are needed also in

the very low Q
2 region, and thus must be extracted from low Q

2 experimental data.

The paper is organized as follows. In Sec. 2 we present our calculation of the lepton

PDFs. We first define our target accuracy, that is based on a careful counting scheme

of the strong and electromagnetic coupling constants and of the relevant logarithms. We

then proceed to the calculation of the lepton PDF in the limit of zero lepton mass, first

in terms of the electroproduction structure function, and then according to the parton

model formula at next-to-leading order (NLO). We use the two results to extract a formula

for the lepton PDF. We then illustrate how the result changes when the lepton mass is

included in the calculation. Finally, we explicitly verify that our lepton PDF satisfies the

Altarelli-Parisi evolution equation [5], including QED splitting processes that also involve

a term of second order in QED.

In Sec. 3 we explain our procedure to assess the theoretical uncertainty of our fi-

nal result, which closely follows the one used in LUX2. In Sec. 4 we describe how one

can add our lepton PDFs to any full LHAPDF set and we do this in the case of the

NNPDF31 nlo as 0118 luxqed set of Ref. [6]. In Sec. 5 we show a number of results that

validate our procedure. In Sec. 6 we present a number of phenomenological applications of

our lepton PDFs. In particular we consider rare SM signatures of di↵erent flavour isolated

di-lepton production; the production of leptophilic Z
0; the production of doubly charged

Higgs; and the production of leptoquarks. For this last case, we show that we can reach un-

explored regions of the parameter space using already existing data from the LHC. Finally,

we give our conclusions in Sec. 7. In the Appendices A-D we provide further technical

details.

– 3 –

2.1 Calculation in terms of Structure Functions

We begin by considering the scattering process

�(r) + �(�q) !  h(k,M) +  (k, 0) , (2.1)

where �(r) denotes a scalar of momentum r, �(�q) a photon of momentum �q (Q2 = �q
2),

 h(k,M) is the (hypothetical) heavy anti-lepton of mass M and momentum k, and  (k, 0)

is a massless lepton of momentum k. We define the kinematics of the process in terms of

the following variables

S = (p+ r)2 ⇡ 2p · r ,

E
2
cm = (r � q)2 = �2q · r �Q

2
,

(2.2)

where p is the proton momentum. We introduce the following dimensionless variables:

x` =
M

2

S
, x =

E
2
cm

S
, z` =

M
2

E2
cm

=
x`

x
, (2.3)

xbj =
Q

2

2p · q
, z =

x

xbj

. (2.4)

In the parton model language x` can be identified with the fraction of momentum of the

lepton with respect to the proton; x with the fraction of momentum of the photon with

respect to the proton; z` with the fraction of momentum of the lepton with respect to the

photon that has created it; xbj with the fraction of momentum of the quark with respect to

the proton; and z with the fraction of momentum of the photon with respect to the quark

that has emitted it.

Summing the two diagrams in Fig. 1 (left) we obtain the amplitude for this process

A
µ(r, q, k) = ū(k,M)

i(/k � /r)

(r � k)2
(�ie�

µ)v(k, 0) + ū(k,M)(�ie�
µ)

i(/k + /q)

(k + q)2
v(k, 0) , (2.5)

from which, upon integration over the two-body phase space, we obtain the leptonic tensor

L
µ⌫(r, q) =

Z
[d�2]A

µ(r, q, k)A⌫⇤(r, q, k) , (2.6)

where we have implicitly assumed the sum and averages over the spin of the external

particles. The cross section can then be written as1

� =
1

4p · r

Z
d4q

(2⇡)4
1

Q4
L
µ⌫(r, q)(4⇡)Wµ⌫(p, q) , (2.7)

where Wµ⌫ is the standard hadronic tensor, which, for the scattering of a photon of mo-

mentum q o↵ a proton of momentum p, has the form

Wµ⌫(p, q) = F1

✓
�gµ⌫ +

qµq⌫

q2

◆
+

F2

p · q

✓
pµ �

p · q qµ

q2

◆✓
p⌫ �

p · q q⌫

q2

◆
. (2.8)

1This is as Eq. (1) in Ref. [1], except for the delta function present there that represents the one-particle

phase space. Here the phase space is included in L.
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µ)

i(/k + /q)

(k + q)2
v(k, 0) , (2.5)

from which, upon integration over the two-body phase space, we obtain the leptonic tensor

L
µ⌫(r, q) =

Z
[d�2]A

µ(r, q, k)A⌫⇤(r, q, k) , (2.6)

where we have implicitly assumed the sum and averages over the spin of the external

particles. The cross section can then be written as1

� =
1

4p · r

Z
d4q

(2⇡)4
1

Q4
L
µ⌫(r, q)(4⇡)Wµ⌫(p, q) , (2.7)

where Wµ⌫ is the standard hadronic tensor, which, for the scattering of a photon of mo-

mentum q o↵ a proton of momentum p, has the form

Wµ⌫(p, q) = F1

✓
�gµ⌫ +

qµq⌫

q2

◆
+

F2

p · q

✓
pµ �

p · q qµ

q2

◆✓
p⌫ �

p · q q⌫

q2

◆
. (2.8)

1This is as Eq. (1) in Ref. [1], except for the delta function present there that represents the one-particle

phase space. Here the phase space is included in L.

– 5 –

leptonic tensor hadronic tensor

proton structure functions that can be precisely 
extracted from low-energy ep scattering data
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Computation of lepton PDFs

[Buonocore, Nason, Tramontano & Zanderighi, 2005.06477]

(a) Structure function computation (b) Parton level computation

Figure 1: Our basic fictitious process, with a scalar of momentum r scattering o↵ a

light lepton and turning it into a heavy lepton of mass M , represented by the thick red

fermion line. In (a) we show the sum of the two diagrams that relate this process to the

ep scattering structure functions. In (b) we show the diagrams that enter the calculation

of the same process at next-to-leading order according to the QCD factorization formula.

Notice that the second and third diagram in (b) (unlike the (a) diagrams) are computed

for an on-shell photon, and the collinear singularity from the photon splitting into leptons

that arises there is subtracted.

is instead more similar to the photon one, where the structure functions are needed also in
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2 region, and thus must be extracted from low Q

2 experimental data.

The paper is organized as follows. In Sec. 2 we present our calculation of the lepton

PDFs. We first define our target accuracy, that is based on a careful counting scheme

of the strong and electromagnetic coupling constants and of the relevant logarithms. We

then proceed to the calculation of the lepton PDF in the limit of zero lepton mass, first

in terms of the electroproduction structure function, and then according to the parton

model formula at next-to-leading order (NLO). We use the two results to extract a formula

for the lepton PDF. We then illustrate how the result changes when the lepton mass is

included in the calculation. Finally, we explicitly verify that our lepton PDF satisfies the

Altarelli-Parisi evolution equation [5], including QED splitting processes that also involve

a term of second order in QED.

In Sec. 3 we explain our procedure to assess the theoretical uncertainty of our fi-

nal result, which closely follows the one used in LUX2. In Sec. 4 we describe how one

can add our lepton PDFs to any full LHAPDF set and we do this in the case of the

NNPDF31 nlo as 0118 luxqed set of Ref. [6]. In Sec. 5 we show a number of results that

validate our procedure. In Sec. 6 we present a number of phenomenological applications of

our lepton PDFs. In particular we consider rare SM signatures of di↵erent flavour isolated

di-lepton production; the production of leptophilic Z
0; the production of doubly charged

Higgs; and the production of leptoquarks. For this last case, we show that we can reach un-

explored regions of the parameter space using already existing data from the LHC. Finally,

we give our conclusions in Sec. 7. In the Appendices A-D we provide further technical

details.
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where we have replaced dz` = z`dx/x, and used x` = M
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/S. We recall that F2, FL are

evaluated at (xbj, Q
2), with xbj = x/z. We now recall the expression for the photon PDF,
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(a) Structure function computation (b) Parton level computation
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fermion line. In (a) we show the sum of the two diagrams that relate this process to the
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of the same process at next-to-leading order according to the QCD factorization formula.

Notice that the second and third diagram in (b) (unlike the (a) diagrams) are computed

for an on-shell photon, and the collinear singularity from the photon splitting into leptons

that arises there is subtracted.
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Figure 7: The lepton-gluon (lg, purple), photon-photon (��, red), lepton-up (lu, orange),

lepton-photon (l�, green), and lepton-lepton (ll, blue) luminosities at 13 TeV (left), 27 TeV

(center) and 100 TeV (right) in pp collisions (as defined in the text) in the case of the

electron, computed using the LUXlep set. Di↵erences with respect to the muon or tau case

cannot be appreciated on the scale of the plot.

coming from the low Q
2 region (see Fig. 18 of LUX2) that amounts to about 50% of the

total, and can only be computed with reliable accuracy by exploiting the electron scattering

data as we do.

6 Phenomenology

The precise determination of the leptonic content of the proton allows us to consider the

LHC also as either a (broad band beams) high energy lepton-(quark/gluon) or a lepton-

lepton collider, even including muons and taus in the initial state, which are beyond the

current collider accelerator technology. In the next subsections, after a brief illustration of

the associated luminosities, we present some physically motivated applications of lepton-

initiated processes at the LHC.

6.1 Lepton luminosities

We begin by showing in Fig. 7 the luminosities, defined as
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uncertainties 
below 5% for a 
wide range of 

invariant masses 
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Figure 8: The ratio of the lepton-gluon (lg, purple), photon-photon (��, red), lepton-up

(lu, orange), lepton-photon (l�, green), and lepton-lepton (ll, blue) luminosities involving

muons (upper panels) or taus (bottom panels) to the same luminosities involving electrons,

at 13 TeV (left), 27 TeV (center) and 100 TeV (right).

Z contributions can consistently be used, as long as Z exchange e↵ects are included as

higher-order corrections, that, due to the Z mass, do not present collinear singularities.

Thus, the e↵ect of the inclusion of Z exchange should be considered together with the

inclusion of NLO e↵ects, that we are neglecting in the following examples.

6.3 Lepton-lepton scattering

Signatures that at the LHC have been considered exotic so far, and important to test

flavour violating interactions, are two isolated, back-to-back leptons of di↵erent flavours

with the same or with opposite charge (see e.g. Refs.[19–22]). Since our parton densities

now include lepton PDFs, we are in a position to estimate the Standard Model (SM)

contribution to these signatures coming from ``
0
! ``

0 scattering mediated by a photon.

These SM processes are accompanied by no other significant activity in the event.

We consider here both 13 and 27 TeV collisions and require standard transverse mo-

mentum and rapidity cuts on the leptons,

pt,` > 20GeV , |⌘`| < 2.4 . (6.2)

Since the processes we are considering are dominated by a photon exchange in the t-

channel, we set the factorization scale to the lepton transverse momentum, and estimate
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now include lepton PDFs, we are in a position to estimate the Standard Model (SM)
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0 scattering mediated by a photon.

These SM processes are accompanied by no other significant activity in the event.

We consider here both 13 and 27 TeV collisions and require standard transverse mo-
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higher-order corrections, that, due to the Z mass, do not present collinear singularities.

Thus, the e↵ect of the inclusion of Z exchange should be considered together with the

inclusion of NLO e↵ects, that we are neglecting in the following examples.
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flavour violating interactions, are two isolated, back-to-back leptons of di↵erent flavours

with the same or with opposite charge (see e.g. Refs.[19–22]). Since our parton densities

now include lepton PDFs, we are in a position to estimate the Standard Model (SM)

contribution to these signatures coming from ``
0
! ``

0 scattering mediated by a photon.

These SM processes are accompanied by no other significant activity in the event.

We consider here both 13 and 27 TeV collisions and require standard transverse mo-
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pt,` > 20GeV , |⌘`| < 2.4 . (6.2)

Since the processes we are considering are dominated by a photon exchange in the t-

channel, we set the factorization scale to the lepton transverse momentum, and estimate
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μ

For TeV-scale resonances, μ/e (τ/e) luminosity ratio above 95% (around 85%)
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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, 2005.06475]
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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, 2005.06475]
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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, 2005.06475]
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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
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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].
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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
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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.
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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].
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FIG. 3. 95% CL limits on the parameter space of minimal LQeq bosons with q = u, d, s, c. The red (orange) shaded regions correspond
to the parameter space that is excluded by resonant single LQ production at the LHC Run II (future LHC runs). The black lines
indicate the PP limits obtained in [18] by recasting the results [9], the green lines correspond to the DY bounds derived in [18]
using [58], while the yellow lines represent the SP projections [18] of the search [59]. The dashed blue lines depicts the constraints
from QW measurements [18]. The parameter spaces to the left and/or above the lines are ruled out. See text for further details.

LHC the corresponding limits can be expected to surpass
the bounds from QW measurements for minimal scalar LQ
masses up to around 5.7 TeV (4.2 TeV). Strong bounds
on the couplings �µu and �µd are also obtained using our
method, while the minimal scalar LQ interactions involving
a s or a c quark are more di�cult to constrain given the
suppression of the relevant quark PDFs.

Conclusions and outlook. In this letter, we have
demonstrated that lepton-initiated processes, which so far

have been completely neglected experimentally, can be valu-
able probes of BSM physics at hadron colliders. We have, in
particular, shown that s-channel single LQ production pro-
vides very sensitive direct tests of certain LQ-`-q couplings
at the LHC. Our new proposal takes advantage of the fact
that the lepton PDFs in the proton are su�ciently large
to yield measurable rates for `q ! LQ ! `q scattering in
pp collisions. By studying final states with a high-pT elec-
tron or muon and a light-flavour jet, we have shown that a

5

FIG. 4. 95% CL limits on the parameter space of minimal LQµq bosons with q = u, d, s, c. Apart from the PP exclusions that have
been obtained in [18] by a recast of [7], the colours, styles and meanings of the shown bounds resemble those of Fig. 3. Consult the
main text for further explanations.

simple ET,miss requirement combined with a lepton and jet
veto are su�cient to suppress all relevant SM backgrounds
to a level that allows for a successful bump hunt for LQ
masses in the TeV range, potentially leading to a discov-
ery. For the case of minimal scalar LQs, we have performed
a dedicated analysis considering all possible flavour combi-
nations of first- and second-generation leptons and quarks.
We have found that the limits that can be derived from
LHC Run II data represent the most stringent direct con-
straints to date on the interactions involving an up or a down
quark. In fact, in the case of the LQ-e-u (LQ-e-d) cou-

pling the obtained exclusions are so strong that they even
surpass the indirect limits from QW measurements for LQ
masses below 3.2 TeV (2.1 TeV). At the HL-LHC the lat-
ter bounds can be expected to be pushed up to approxi-
mately 5.7 TeV (4.2 TeV). Given the suppression of the rel-
evant quark PDFs, minimal scalar LQ interactions involving
a strange or a charm quark are more di�cult to constrain
using our search strategy. In view of the simplicity of the
proposed LQ signature and its discovery reach, we urge the
ATLAS and CMS collaborations to perform dedicated res-
onance searches in final states featuring a single electron or
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LQ contributions to pp → bτ signature
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For βL  = 0, bτ 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 pp → bτ signal
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Kinematic distributions of pp → bτ signal
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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

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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Constraints from bτ, mono-top & mono-jet
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Prospects of LQ search strategies

[UH & Polesello, 2012.11474; Cornella, Faroughy, Fuentes-Martin, Isidori & Neubert, 2103.16558]
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[CMS, 2208.02717]

[NLO+PS accurate results for t-channel ditau production in LQ models obtained in UH, Schnell & Schulte, 2207.00356; 2209.12780]



Figure 6: Exclusion limits from the pp ! ⌧⌫ search in the (�23
L ,MU ) plane for di↵erent values of the

coupling �33
R . We fix �

33
L = 1, gU = 3 and the leptoquark width to its natural value. The corresponding

limits from pp ! ⌧⌧ and pair-production, using the same parameter points, are overlaid.

reinterpret the collider bounds in terms of the model in section 3 to set limits on �
L
32 and ⇣

23
` , as a

function of the leptoquark and Z
0 masses, respectively.

4.4.1 Search strategy

We use Madgraph5 aMC@NLO v2.6.3.2 [59] with the NNPDF23 lo as 0119 qed PDF set [60] to com-
pute the NP contribution to the pp ! ⌧µ process. The output is passed to Pythia 8.2 [61] for tau
hadronization and the detector e↵ects are simulated with Delphes 3.4.1 [63]. The ATLAS Delphes
card has been adjusted to satisfy the object reconstruction and identification criteria in the search.
In particular we have modified the muon e�ciency and momentum resolution to match the High-pT

muon operating point, and adjusted the missing energy reconstruction to account for muon e↵ects.
We have further included the ⌧ -tagging e�ciencies quoted in the experimental search [46].

After showering and detector simulation, we apply the selection cuts specified in table 5 using
MadAnalysis 5 v1.6.33 [64]. The resulting events are binned according to their dilepton invariant
mass. Following the approach described by ATLAS [46], the tau momentum is reconstructed from the
magnitude of the missing energy and the momentum direction of the visible tau decay products. This
approach relies on the fact that the momentum of the visible tau decay products and the neutrino
momentum are nearly collinear.

In order to validate our procedure, we have simulated the Z
0 signal quoted in the experimental

search [46], finding good agreement between our signal and the one by ATLAS.
We compared our results with the binned invariant mass distribution in [46]. Since the error

correlations are not provided, we treat the bin errors as uncorrelated. We use the modified frequentist
CLs method [65] to obtain 95% CL limits. These limits are computed using the ROOT [66] package
Tlimit [67]. In the determination of those limits, we include a systematic uncertainty of 20% for
the NP signal to account for possible uncertainties related to the PDF, tau hadronization, detector
simulation and unaccounted NLO corrections.
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NLO+PS calculation for scalar LQs

[UH, Schnell & Schulte, 2207.00356]

Figure 1: Examples of LQ contributions to DY dimuon production initiated by bottom-
quark fusion. The left Feynman diagram describes the tree-level process involving t-
channel LQ exchange, while the middle (right) graph represents the corresponding real
(virtual) QCD corrections. See main text for further details.

where u, d and ` represent the right-handed up-type, down-type quarks and charged lepton
fields, respectively, and the superscript c denotes charge conjugation. The fermionic SM
fields are understood to be mass eigenstates, i.e. the states that lead to diagonal SM Yukawa
coupling matrices after spontaneous EW symmetry breaking. The couplings Yu` and Yd`
are complex 3 ⇥ 3 matrices in flavour space, while the fields S1 and S̃1 correspond to
the two SU(2)L LQ singlets allowed by gauge invariance. Explicitly, the LQ fields trans-
form as S1 ⇠ (3, 1,�1/3) and S̃1 ⇠ (3, 1,�4/3) under the full SU(3)C ⇥ SU(2)L ⇥ U(1)Y
SM gauge group. Notice that the size of the modifications in pp ! `+`� production due
to LQ exchange depends primarily on the flavour structure and the magnitude of the cou-
plings Yu` and Yd`. However, once interference effects between the LQ signal and the SM
background are considered also the representation of the LQ plays a role because the in-
terference pattern depends on the quantum numbers of the exchanged LQ [21]. In fact, in
the case of S1

�
S̃1

�
it turns out that the above Lagrangian gives rise to destructive (con-

structive) interference of the LQ signal with the SM DY background. The interactions (2.1)
can therefore be used as a template to cover the full space of scalar LQ models which en-
tails besides the SU(2)L singlets S1 and S̃1 the SU(2)L doublets S2 and S̃2 and an SU(2)L
triplet S3. In this context, we add that the fields S2 and S3 lead to constructive interference,
while S̃2 interferes destructively with the SM DY background.

3 Calculation in a nutshell

Figures 1 and 2 display representative Feynman diagrams inducing DY dimuon produc-
tion in the presence of (2.1). The first figure shows the tree-level contribution involving t-
channel LQ exchange (left) and the corresponding real (middle) and virtual (right) QCD cor-
rections. Notice that all depicted contributions are initiated by bottom-quark (bb̄) fusion1

and that the exchanged LQ is an S̃1. An assortment of LQ contributions to DY dimuon
production that arise beyond the LO in perturbation theory is given in the second figure.
The left Feynman diagram gives rise to resonant single-LQ production with subsequent de-

1Throughout this article we work in the five-flavour scheme, where charm- and bottom-quarks are
considered as partons in the proton and as such have a corresponding parton distribution function (PDF).
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Figure 2: An assortment of LQ contributions to DY dimuon production that arise beyond
the leading order in perturbation theory. The left graph is an example of resonant single-
LQ production followed by the decay of the LQ, whereas the middle and right diagram
represent EW corrections involving LQ exchange. For additional explanations consult the
main text.

cay of the LQ to a pair of a bottom quark and an anti-muon, i.e. gb ! S̃1µ� with S̃1 ! bµ+.
Notice that graphs of this type as well as the real and virtual corrections shown in Figure 1
all represent a O(↵s) correction to the inclusive DY dilepton production rate. In order
to achieve NLO accuracy in QCD one therefore has to include all three classes of graphs.
Notice that the diagrams in Figure 1 and the left graph in Figure 2 with bottom replaced
by charm quarks arise in the case of the LQ singlet S1.

Besides QCD corrections to pp ! `+`� we also consider EW effects to DY produc-
tion in our article. Two prototype graphs of this kind are shown in the centre and on
the right-hand side of Figure 2. The first type of diagrams encodes the virtual corrections
to the Z`+`� and �`+`� vertices involving the exchange of an LQ. These vertex correc-
tions appear both in the initial and the final state. The second type of EW corrections is
associated to one-loop Feynman graphs with W -boson exchange. Notice that due to the
structure of (2.1), which only involves right-handed fermionic fields, EW contributions of
the latter kind are strongly chirally suppressed by small SM Yukawa couplings. In the
case of DY production by heavy-quark fusion these corrections furthermore involve small
Cabibbo-Kobayashi-Maskawa matrix elements. We therefore do not include EW corrections
related to W -boson exchange in our analysis. Likewise, we also do not consider EW contri-
butions due to SM Higgs-boson exchange, because these corrections are again insignificant
as they are proportional to small SM Yukawa couplings.

The third kind of quantum effects that we consider in our work is the interference be-
tween the LQ and the SM contributions to tree-level qq̄ ! `+`� scattering. We treat these
contributions at the LO in perturbation theory, which means that our POWHEG-BOX imple-
mentation contains the squared matrix elements built from the t-channel LQ contribution
and the SM corrections involving Z-boson or photon exchange in the s-channel.

All matrix elements are computed using conventional dimensional regularisation for
both ultraviolet (UV) and infrared (IR) singularities. The actual generation and com-
putation of squared matrix elements relies on the Mathematica packages FeynRules [62],
FeynArts [63], FormCalc [64], LoopTools [65] and Package-X [66]. Our calculation of
NLO QCD and EW effects is performed in the on-shell scheme. In order to deal with the
soft and collinear singularities of the real corrections to the t-channel LQ exchange con-
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Size of NLO, EW & interference effects 
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Figure 3: Inclusive pp ! µ+µ� production cross sections as a function of mµµ.
The left (right) plot shows the results for Ybµ = 2,MLQ = 2TeV

�
Ybµ = 3,MLQ = 3TeV

�
.

The LQ couplings not specified in the headline of the plots are set to zero. The yellow and
red curves correspond to the LQ distributions at the LO (LQ LO) and the NLO (LQ NLO)
in QCD, respectively, while the green and blue histograms illustrate the impact of EW ef-
fects (LQ EW) and the size of the interference effects between the LQ signal and the SM
background (SM-LQ LO). The parts of the green curves that are dotted correspond to
negative EW contributions to the differential cross sections. The lower panels depict the
ratios between the different LQ contributions and the relevant LQ LO distribution.

the case of Ybµ = 3,MLQ = 3TeV are 25% and 40%. Higher-order EW corrections are far
less important than the NLO QCD contributions at low invariant masses2 but become rele-
vant at high energies where they can lead to enhancements of the production rates of more
than 30% for Ybµ = 2,MLQ = 2TeV. This feature is well-known (cf. for example [72]) and
due to the appearance of Sudakov logarithms of the form ln2

�
m2

µµ/M
2
LQ

�
which are associ-

ated to virtualites q2 ' m2
µµ that are much larger than the mass of the LQ entering the loop

diagrams. The double-logarithmic behaviour also explains why for Ybµ = 3,MLQ = 3TeV

the EW corrections are less pronounced than in the case of Ybµ = 2,MLQ = 2TeV. In-
terference effects between the LQ signal and the SM background amount in both cases
to approximately 5% in the high-mass tail of the mµµ spectrum and are therefore only of
minor importance.

2Below the LQ threshold the EW effects lead to a reduction of the differential DY cross section. This is in-
dicated in Figure 3 by the dotted green parts of the histograms.
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Dimuon constraints on scalar LQs

Figure 7: Left: Comparison of the 95% CL constraints on the MLQ –Ybµ plane following
from different search strategies at LHC Run II. The yellow, red and green limit corresponds
to the inclusive DY search [2] and the DY analysis [4] in the b -veto and b -tag category,
respectively. The hatched grey parameter space is instead excluded by the search [84] for
strong LQ pair production. Right: Comparison of the 95% CL constraints on the MLQ –Yb⌧
plane that arise from the LHC Run II double hadronic ditau analysis [6]. The green (red)
exclusion corresponds to the no b -tag (b -tag) category of the latter search, while the hatched
grey parameter space is excluded by strong pair production of third-generation LQs [85].
Consult the main text for additional explanations.

analyses performed at LHC Run II. Additional exclusions limits on the parameter space of
second-generation scalar LQs can be found in Appendix A. In the left panel of Figure 7
we show the 95% CL limits on the MLQ –Ybµ parameter space. The yellow, red and green
bound arises from the inclusive DY search [2] and the DY analysis [4] in the b -veto and
b -tag category, respectively. All exclusions are based on NLO+PS predictions obtained
with the POWHEG-BOX. The hatched grey region of parameter space with MLQ < 1720GeV

is finally excluded by the search [84] for QCD pair production of scalar LQs. The displayed
exclusions are derived directly from the observed model-independent upper 95% CL limits
on the visible cross section times branching ratio provided in [2, 4]. From the shown results
it is evident that the search strategy that requires besides two OSSF muons a b -tag leads to
the best exclusion. As explained in Section 4.2 this is to be expected because the require-
ment of an additional b -tagged jet leads to a strong reduction of the signal-to-background
ratio. Notice also that for MLQ . 1.7TeV the exclusions contour starts to deviate from
its linear behaviour. This is a consequence of the contribution associated to single-LQ
production with subsequent decay of the LQ, cf. the left diagram in Figure 2, scaling as
|Ybµ|2 compared to the |Ybµ|4 dependence of the squared amplitude of the t-channel Born-
level LQ contribution. Another interesting feature of the results shown on the left-hand
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Figure 8: As Figure 7 but for the couplings Ysµ (left panel) and Yc⌧ (right panel). See
main text for further explanations.

dilepton analyses performed at LHC Run II. Such limits are of interest because besides the
Yukawa entries Ybµ and Yb⌧ discussed in Section 5 also Ysµ and Yc⌧ enter the predictions
for b ! sµ+µ� and b ! c⌧⌫ in scalar LQ models. All results displayed below are based
on NLO+PS predictions obtained with our dedicated POWHEG-BOX implementation of the
interaction Lagrangian (2.1). Our statistical analyses employ the methodologies that have
been briefly described in Section 5.

The yellow and red bound shown on the left-hand side of Figure 8 corresponds to
the inclusive search [2] and the analysis [4] imposing a b -veto. For comparison, we also
display the parameter space with MLQ < 1730GeV that is excluded by the search [84]
for strong LQ pair production as a hatched grey vertical band. Like in the case of the
coupling Ybµ, cf. the left panel in Figure 7, one sees that the exclusion following from
the b -veto search surpasses the limit that derives from the inclusive analysis. The reason
is again that by choosing mmin

µµ appropriately the sensitivity of the b -veto search can be
improved over that of the inclusive analysis which uses a fixed and rather high value of mmin

µµ .
On the right in Figure 8 we finally present the 95% CL exclusion limit on the MLQ –Yc⌧
plane that originates from a recast of the search with a b -veto that has been performed
in the publication [4]. Notice that neither ATLAS nor CMS has searched for pairs of
scalar LQs decaying into light-flavour quarks and tau leptons. This explains why no bound
from QCD LQ pair production included in the right panel of Figure 8. Finally, we add
that a DY ditau search that requires a c -tag is likely to allow to strengthen the exclusion
bounds on the MLQ –Yc⌧ plane compared to the limits presented in this appendix. Given the
latest advances in tagging charm quarks at the LHC [75, 90] and the successful applications
of these techniques in the recent searches for the SM Higgs boson decaying to charm-
quark pairs [91, 92], we believe that OSSF dilepton searches with the requirement of an

– 15 –
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NLO+PS calculation for singlet vector LQs

[UH, Schnell & Schulte, 2209.12780]
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Figure 1. Examples of singlet vector LQ contributions to the DY ditau spectrum initiated
by bottom-quark fusion. The left Feynman diagram describes the tree-level process involving t-
channel singlet vector LQ exchange (U), while the middle (right) graph represents the real gluon (G)
corrections with non-resonant (resonant) intermediate U . See main text for further details.
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Figure 2. Virtual O(↵s) corrections to the singlet vector LQ contribution in DY ditau production,
with a gluon (G) or a coloron (G0) running in the loop. The three graphs on the left show the
factorisable contributions. They arise from LQ-quark-lepton vertex corrections as well as from
LQ and quark wave function corrections. The diagram on the far right depicts a non-factorisable
contribution due to a box diagram. For additional explanations consult the main text.

elements built from the SM corrections involving Z-boson or photon exchange in the s-
channel and the t-channel singlet vector LQ exchange contribution (cf. the left diagram in
Figure 1).

In the calculation of the squared matrix elements, we use conventional dimensional
regularisation for both UV and IR singularities. For the generation and computation
of the squared matrix elements, we rely on the Mathematica packages FeynRules [97],
FeynArts [98], FormCalc [99] and Package-X [100], while making use of LoopTools [101]
for the numerical evaluation of the Passarino-Veltman integrals that appear in the one-loop
contributions. Throughout this article we work in the on-shell scheme. To deal with the
soft and collinear singularities of the real corrections to the t-channel singlet vector LQ ex-
change contribution, cf. the middle diagram in Figure 1, and to cancel the IR poles of
the one-loop virtual corrections, cf. the first and the third diagram in Figure 2, we exploit
the Frixione-Kunszt-Signer subtraction [102, 103]. Specifically, we use the POWHEG-BOX to
automatically build the soft and collinear counterterms and remnants, also checking the
behaviour of the real squared matrix elements in the soft and collinear limits against their
soft and collinear approximations. Notice that the real NLO QCD contributions that de-
scribe resonant single production of a U and its subsequent decay, cf. the right diagram
in Figure 1, are IR finite and hence do not require an IR subtraction. Our MC code there-
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elements built from the SM corrections involving Z-boson or photon exchange in the s-
channel and the t-channel singlet vector LQ exchange contribution (cf. the left diagram in
Figure 1).

In the calculation of the squared matrix elements, we use conventional dimensional
regularisation for both UV and IR singularities. For the generation and computation
of the squared matrix elements, we rely on the Mathematica packages FeynRules [97],
FeynArts [98], FormCalc [99] and Package-X [100], while making use of LoopTools [101]
for the numerical evaluation of the Passarino-Veltman integrals that appear in the one-loop
contributions. Throughout this article we work in the on-shell scheme. To deal with the
soft and collinear singularities of the real corrections to the t-channel singlet vector LQ ex-
change contribution, cf. the middle diagram in Figure 1, and to cancel the IR poles of
the one-loop virtual corrections, cf. the first and the third diagram in Figure 2, we exploit
the Frixione-Kunszt-Signer subtraction [102, 103]. Specifically, we use the POWHEG-BOX to
automatically build the soft and collinear counterterms and remnants, also checking the
behaviour of the real squared matrix elements in the soft and collinear limits against their
soft and collinear approximations. Notice that the real NLO QCD contributions that de-
scribe resonant single production of a U and its subsequent decay, cf. the right diagram
in Figure 1, are IR finite and hence do not require an IR subtraction. Our MC code there-
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Size of NLO & interference effects 
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Figure 6. Distributions of mtot
T in the no b -tag (left panel) and the b -tag (right panel) category

in the final state containing two hadronic tau leptons. The black curves correspond to the SM
expectations of the DY background provided by CMS in [54]. This search is based on 138 fb�1 of
integrated luminosity collected in pp collisions at

p
s = 13TeV. The yellow and red curves instead

represent the LQ LO and LQ NLO predictions assuming g4 = 1 and MU = 2TeV. In the case of the
solid (dashed) red lines the coloron mass is set to MG0 = 2TeV (MG0 = 5TeV). The blue histograms
illustrate the size of the interference effects between the LQ signal and the SM background called
SM-LQ LO. The definition of the signal regions (SRs) and other experimental details can be found
in the main text.

where �� is the azimuthal angular difference between the vectors ~p
i
T and ~p

j
T .

In Figure 6 we compare the m
tot
T distributions as defined in (5.1) within the SM and

the 4321 model (2.7) for the parameter choices g4 = 1 and MU = 2TeV. The left (right)
panel displays the results for the no b -tag (b -tag) category. The black curves represent
the SM expectations of the DY background taken from [54], while the yellow and red his-
tograms are the LQ LO and LQ NLO predictions obtained using our POWHEG-BOX code.
The solid (dashed) red LQ NLO results assume MG0 = 2TeV (MG0 = 5TeV). All predic-
tions correspond to 138 fb�1 of pp data collected at

p
s = 13TeV. From the lower left panel

one sees that in the no b -tag category the NLO LQ contribution amounts to a relative
correction of less than 10% compared to the SM DY background for m

tot
T > 1300GeV.

For what concerns the b -tag category, one instead observes from the lower right panel that
in the highest m

tot
T bin with m

tot
T > 900GeV the NLO LQ signal constitutes around 85%

of the SM DY background. This feature clearly shows that for third-generation vector LQs
the sensitivity of DY searches notably improves by demanding an additional b -jet in the

– 12 –
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Z′ contributions in 4-3-2-1 model 

[UH, Schnell & Schulte, 2209.12780]
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Figure 9. As Figure 6 but comparing a LQ and a Z
0 signal hypothesis. The black curves

correspond to the SM expectations of the DY background provided by CMS in the publication [54].
The red curves represent the LQ NLO predictions assuming g4 = 1, MU = 2TeV and MG0 = 2TeV,
while the blue histograms illustrate the LO Z

0 predictions for g
0
Z = 1 and MZ0 = 2TeV. Further

details such as the choice of the flavour-dependent Z
0-boson couplings ⇣

ij
 can be found in the

main text.

can be found at the beginning of Section 5. The red curves are the LQ NLO predic-
tions obtained using our POWHEG-BOX code and they employ the parameter choices g4 = 1,
MU = 2TeV and MG0 = 2TeV. The Z 0 predictions have instead been obtained at LO using
MadGraph5_aMCNLO together with the implementation of (C.1) provided in the article [62].
Our Z 0-boson event samples correspond to g

0
Z = 1, ⇣33 = 1 and MZ0 = 2TeV, while setting

all remaining flavour-dependent couplings ⇣
ij
 to zero. From both panels one observes that

the m
tot
T spectra of the Z

0 signal are on average harder than the distributions resulting
from LQ exchange. This is expected because the Z

0 signal arises from s-channel exchange,
while the LQ contributions are dominantly associated to t-channel scattering. It is also
evident from the two plots that a simple cut-and-count analysis based on the observable
m

tot
T will only have limited power to distinguish between a LQ and a Z

0 hypothesis. Multi-
variate discriminants that incorporate the event kinematics of the selected ditau events in
both the no b -tag and the b -tag category are likely to enhance the sensitivity to different
realisations of the 4321 model. A dedicated analysis of this issue is however clearly beyond
the scope of this appendix.
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B anomalies in a nutshell
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Both sets of B anomalies challenge(d) assumption of lepton flavour 
universality (LFU), which is usually taken for granted in high-energy physics
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B anomalies in a nutshell

Suppression of operators suggests that explanations of b → c anomalies 
should lead to testable high-pT signals, while b → s case looks grim
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Both scalar & vector LQ have important advantage with respect to other tree-level 
mediators that they do not induce tree-level contributions to B mixing & τ → μνν
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Searches for bsμ+μ- contact interactions

First search for bs μ+μ- four-Fermi operator by ATLAS, but bounds on suppression scale are  

a factor of O(20) below sensitivity needed to test b → s anomalies model independently

(a) (b)

(c) (d)

Figure 3: Model-independent observed (solid line) and expected (dashed line) upper limit on the visible cross section
(�vis = � · ✏ · A) for the (a) electron b-veto, (b) electron b-tag, (c) muon b-veto and (d) muon b-tag categories. The
uncertainty bands on the expected limit represent the 68% and 95% confidence intervals. The theory lines (dotted
lines) correspond to particular ⇤/g⇤ values of the signal model, and the red marker presents the strongest expected
lower limit on ⇤/g⇤.
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[ATLAS-CONF-2021-012]
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Testing LFU with dilepton events @ LHC

CMS observes good agreement with LFU up to masses of 1.5 TeV, but above 1.8 TeV 
there is slight excess in dielectron channel leading to a deviation of LFU ratio from 1 

[CMS, 2103.02708 & for interpretations see for instance Crivellin et al., 2103.12003, 2104.06417]
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Figure 12: Ratio of the differential dilepton production cross section in the dimuon and dielec-
tron channels Rµ+µ�/e+e� , as a function of m`` for (upper left) events with two barrel leptons,
(upper right) at least one lepton in the endcaps, and (lower) their combination. The ratio is ob-
tained after correcting the reconstructed mass spectra to particle level. The error bars include
both statistical and systematic uncertainties.

spin-1 and spin-2 resonances are the most stringent to date.

For spin-1 resonances that act as a mediator between SM particles and dark matter (DM), exclu-
sion limits are set in the mass plane of the mediator and DM particles. For large values of mDM,
mediator masses below 1.92 (4.64) TeV are excluded in a model where the mediator is a vector
(axial vector) with small (large) coupling to leptons. For mDM = 0, these limits are reduced to
1.04 and 3.41 TeV, respectively.

Two models of nonresonant signatures have been considered. In case of a four-fermion con-
tact interaction, lower limits on the ultraviolet cutoff parameter L range from 23.8 to 36.4 TeV
depending on the helicity structure of the interaction and the sign of its interference with the
SM Drell–Yan background. In the Arkani-Hamed, Dimopoulos, and Dvali model of large extra
dimensions, lower limits on the ultraviolet cutoff ranging from 5.9 to 8.9 TeV are set, depending
on the parameter convention.

The dimuon and dielectron invariant mass spectra are corrected for the detector effects and, for
the first time in this kind of analysis, compared at the TeV scale. No significant deviation from
lepton flavor universality is observed.
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Table 4: Results for the measurement of DAFB and DA0 between the muon and electron chan-
nels from the maximum likelihood fit to data in different dilepton mass bins as well as an
inclusive measurement across all mass bins. The first and second uncertainties listed with each
measurement are statistical and systematic, respectively.

Mass (GeV) DAFB DA0
170–200 �0.045 ± 0.019 ± 0.009 0.018 ± 0.016 ± 0.032
200–250 �0.042 ± 0.019 ± 0.006 �0.027 ± 0.019 ± 0.048
250–320 �0.052 ± 0.023 ± 0.006 �0.092 ± 0.026 ± 0.045
320–510 0.015 ± 0.023 ± 0.008 �0.046 ± 0.032 ± 0.045
510–700 �0.013 ± 0.043 ± 0.007 �0.184 ± 0.075 ± 0.053
700–1000 0.055 ± 0.064 ± 0.008 �0.034 ± 0.128 ± 0.068
> 1000 �0.099 ± 0.104 ± 0.014 �0.090 ± 0.214 ± 0.111

Inclusive, Mass > 170 �0.026 ± 0.010 ± 0.004 �0.018 ± 0.011 ± 0.018
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Figure 5: Measurement of the difference in forward-backward asymmetry between the dimuon
and dielectron channels. The green line is drawn at zero, the predicted value for DAFB assum-
ing lepton flavor universality. The black points and error bars represent the measurements of
DAFB in different mass bins. The blue line and shaded light blue region represent the inclusive
measurement of DAFB and corresponding uncertainty. The error bars on the measurements
and the shaded region include both statistical and systematic components.

[CMS, 2202.12327]

CMS recently also measured difference 
between dimuon & dielectron forward-
backward asymmetry (AFB). Result is 
found to agree with zero within 2.4σ. 
Like rate measurement, also AFB results 
show a slight dielectron excess


