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Leptoquarks (LQs) in a nutshell
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for a recent LQ review see Dorsner et al., 1603.04993 
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https://arxiv.org/pdf/1603.04993.pdf
http://www.apple.com/uk


Complementarity of LQ searches
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https://arxiv.org/pdf/1801.07641.pdf


May 2020 summary of LHC limits

Most existing searches have targeted LQ PP. Scalar LQ masses below 

around 1.5 TeV (1.0 TeV) are excluded for 1st & 2nd (3rd) generation LQs 
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CMS EXO results

ATLAS Exotics Searches

https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v6.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.pdf


First full LHC Run II results of ATLAS
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Figure 8: The observed and expected limits on the leptoquark pair production cross-section at 95% CL for B = 1
into electrons or muons, shown as a function of mLQ for the di�erent leptoquark channels. The green and yellow
bands show the ±1� and ±2� ranges of the expected limit. Also included on the plots is the expected theoretical
cross-section. The thickness of the theory curve represents the theoretical uncertainty from PDFs, renormalisation
and factorisation scales, and the strong coupling constant ↵S.
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LQs masses below 1.8 TeV (1.7 TeV) are excluded in the electron (muon) 

channel, assuming a branching ratio into a charged lepton & a quark of 100%

ATLAS, 2006.05872

https://arxiv.org/pdf/2006.05872.pdf


But as Luca explained before, “a proton 

is a quark is a photon is a lepton”, so 

LQs can also be produced resonantly     

in proton-proton collisions. Are the 

corresponding rates large enough to   

be measurable at the LHC?

Main idea of 2005.06475

see also Ohnemus et al., hep-ph/9406235
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https://arxiv.org/pdf/hep-ph/9406235.pdf


Analysis strategy

• Target final states with a high transverse momentum (pT) lepton & a high-pT jet: 

• To suppress backgrounds, cut on missing energy (ET,miss), veto extra leptons & jets:

7

ET,miss < 50GeV , |⌘l2 | < 2.5 , pT,l2 > 7GeV , |⌘j2 | < 2.5 , pT,j2 > 30GeV

<latexit sha1_base64="X5m2FB/dJgwZEsbyKsyR7SAvlTU="></latexit>

|⌘l1 | < 2.5 , pT,l1 > 500GeV , |⌘j1 | < 2.5 , pT,j1 > 500GeV

<latexit sha1_base64="bjo7awrodwe/nX8H3Wwi2r9eHi8="></latexit>



Benchmark signal

At 13 TeV LHC, 9 events per 100 fb-1 for minimal scalar LQ of M = 3 TeV & geu = 1
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Backgrounds
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Backgrounds
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Background decomposition

14

m    = 2 TeV

2 %

4 %

6 %
88 %

W  + j Z + j e  + j WW

m    = 5 TeV

2 %42 %

5 %

51 %

ej ej

- -



Signal vs. backgrounds
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Signal vs. backgrounds
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Comments on simulation of signal
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• Since PYTHIA currently  cannot handle incoming leptonic partons, initial-state 

leptons have been replaced by photons to shower events.  Our simulation does thus 

not include leptons but quarks from photon splitting in the parton (PS) shower 

backward evolution  

• In consequence, the jet- & lepton-veto induce a mismodelling of the signal strength.  

By studying the process q γ -> LQ l -> q l l, we estimate this effect to be of O(10%) 

& therefore to only mildly affect the derived LQ limits  

• The above PS issue needs to be resolved before next-to-leading order corrections 

for the signal can be correctly included 

†In the meantime, Peter Richardson implemented initial-state leptons into HERWIG. Now undergoing testing …

†



Comments on backgrounds & analysis
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• The impact of multijet backgrounds is incorporated in our analysis by employing the 

post-fit systematic uncertainties of  the ATLAS l + ET,miss search 1906.05609. 

Doubling the quoted errors we find uncertainties of 3%, 30% & 250% (3%, 24% 

& 50%) for mej (mμj ) values of 1 TeV, 3 TeV & 5 TeV 

• The resolution of the invariant lepton-jet mass is estimated by combining the       

information on the dilepton & dijet mass resolutions given in 1903.06248 & 

1910.08447. We find that the mass resolution amounts to 2.2% (4.3%) at        

1 TeV &1.5% (11%) at 5 TeV in the electron (muon) case 

• Derived limits IMHO conservative, as ATLAS & CMS could probably improve analysis

https://arxiv.org/pdf/1906.05609.pdf
https://arxiv.org/pdf/1903.06248.pdf
https://arxiv.org/pdf/1910.08447.pdf


Summary of 95% CL limits: eu case
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PP limit from Schmaltz & Zhong,1810.10017
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Summary of 95% CL limits: eu case
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DY limit from Schmaltz & Zhong,1810.10017
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Summary of 95% CL limits: eu case
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SP limit from Schmaltz & Zhong,1810.10017
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Summary of 95% CL limits: eu case
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Summary of 95% CL limits: eu case
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Summary of 95% CL limits: eu case

QW limit from Schmaltz & Zhong,1810.10017
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weak charge measurements (QW) 

from parity-violating electron 

scattering & atomic parity violation

https://arxiv.org/pdf/1810.10017.pdf
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Summary of 95% CL limits: eu case

In eu case our hypothetical 139 fb-1 

bounds are more stringent than the 

constraints from QW measurements for 

LQ masses below around 3.4 TeV. At 

high-luminosity LHC the corresponding 

limits can be improved to 5.2 TeV
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Summary of 95% CL limits: ed case

Slightly weaker limits in ed case due 

to smaller d luminosity. Nevertheless 

our bounds are still superior to QW 

measurements for scalar LQ masses 

below roughly 2.3 TeV (4.1 TeV) 

assuming 139 fb-1 (3 ab-1) of data
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Summary of 95% CL limits: other e cases

Notable weaker constraints in s & c case due to smaller parton distribution functions (PDFs)
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Summary of 95% CL limits: μ cases

Constraints on μq & eq couplings similar. Weaker μq limits at low LQ mass due to lower muon 

detection efficiencies, but stronger bounds at high LQ mass given lower multijet background 
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Figure 9: Number of events (upper plots) and significance (lower plots) for the production

of a Z
0 coupled only to muons and taus, and decaying into muons, in the mass-coupling

plane (MZ0 , g) in proton-proton collisions at 13 TeV with 300 fb�1 (left), 14 TeV with

3 ab�1 (center) and 27 TeV with 15 ab�1 (right) of integrated luminosity. The contours

corresponding to 1, 10, 102, 103 and 104 events are shown in black in the upper plots, and

the 2-, 3- and 5-sigma contours are shown in the lower plots. The region above the red

line, corresponding to MZ0 = g ⇥ 540GeV, is excluded by neutrino trident production.

In the following we consider, for reference, a Z
0 that couples vectorially only to muons and

taus (and to the corresponding left-handed neutrinos), that is the least constrained in the

model of Ref. [23], and consider the µ+
µ
� final state. In this case, we have B1 = B2 = 1/3,

and the production proceeds from both µ
+
µ
� and ⌧

+
⌧
� annihilation. The width is given

by

� =
g
2

4⇡
M . (6.8)

We now give a very rough estimate of the production rate and significance of the cor-

responding signal, assuming an irreducible Drell-Yan background. For the muon energy

resolution we interpolate the measured points illustrated in Fig. 9 of Ref. [24], and the

reconstruction e�ciency times the acceptance was obtained by a rough interpolation of

Fig. 2 of Ref. [25]. The significance plot for such an object is shown in Fig. 9 (bottom

panels), while the upper panels show the number of expected events. The plots were ob-

tained in the following way. For each Z
0 mass we compute the number of signal events

falling in a bin centered around MZ0 , with a size bw =
q
�2 + r2M2

Z0 , where r is the muon
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the 2-, 3- and 5-sigma contours are shown in the lower plots. The region above the red

line, corresponding to MZ0 = g ⇥ 540GeV, is excluded by neutrino trident production.
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Lμ-Lτ Z’ bosons

Direct LHC limits weaker than indirect constraints from neutrino trident production
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Lμ-Lτ Z’ bosons

Need LHC energy upgrade to make direct & indirect bounds comparable in strength
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and the production proceeds from both µ
+
µ
� and ⌧

+
⌧
� annihilation. The width is given

by

� =
g
2

4⇡
M . (6.8)

We now give a very rough estimate of the production rate and significance of the cor-

responding signal, assuming an irreducible Drell-Yan background. For the muon energy

resolution we interpolate the measured points illustrated in Fig. 9 of Ref. [24], and the

reconstruction e�ciency times the acceptance was obtained by a rough interpolation of

Fig. 2 of Ref. [25]. The significance plot for such an object is shown in Fig. 9 (bottom

panels), while the upper panels show the number of expected events. The plots were ob-

tained in the following way. For each Z
0 mass we compute the number of signal events

falling in a bin centered around MZ0 , with a size bw =
q
�2 + r2M2

Z0 , where r is the muon

– 23 –
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Figure 10: Number of events for the productions of doubly charged Higgs production.

The solid line correspond to 2, 3, 5, 10, 20 and 50 events. The thin red lines represent the

projected limits from using H
±±-pair production [36] at 139 fb�1, 3 ab�1 and 15 ab�1 for

the current LHC, the High Luminosity and the High Energy upgrades respectively.

an appealing explanation for tensions in flavour physics. For a review of the various aspects

of the LQ physics we refer to the Refs. [37–40].

As an illustrative model, we consider a chiral R2 LQ of charge 5/3 (following the

nomenclature in Ref. [41]), which couples to the conjugate of the left charged leptons

to right u-type quarks. A summary of LQ searches based on both single and pair LQ

production can be found in [42]. According to this analysis, based on 36 fb�1 data at

13TeV, the point mLQ = 2TeV, yeu = 0.3 in the mass-Yukawa coupling parameter space

is still allowed for a LQ which couples only to the quark up and the positron3. For the

case of a LQ which couples only to the quark up and the muon and for the same value of

the LQ mass, slightly larger couplings remain unconstrained, as for example yµu = 0.5. In

the following, we consider these two points as our benchmark scenarios. As for the width,

we assume it is dominated by the 2-body decay and it is given by

�LQ =
y
2
lq

16⇡
mLQ, (6.10)

neglecting all fermion masses.

Having at our disposal a precise determination of the lepton densities, we can inves-

tigate the sensitivity reach of a completely unexplored mechanism: the production of a

single leptoquark in the s�channel via the process `+q ! `+q. Here, we consider the two

subprocesses e
+ + u ! e

+ + u and µ
+ + u ! µ

+ + u separately. As for the background,

we assume as main source the associated production of a jet and a W boson decaying

leptonically. We require that the lepton and the jet are both central, |⌘| < 2.5, and with

transverse-momentum larger than 500GeV. Furthermore, since the signal is a lepton+jet

system balanced in the transverse plane, for the background estimate we veto missing

transverse-momentum associated to the neutrino larger than 50GeV.

In Figs. 11 and 12 we plot the invariant mass of the lepton+jet system and the charged

3It is not excluded even if one considers the more stringent bounds coming from the recast of the

– 26 –
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For sufficiently large Yukawa couplings y    s-channel production of a doubly-

charged Higgs may have a mass reach comparable to analyses relying upon PP

μμ
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Conclusions & outlook

• Resonant LQ production induced by lepton PDFs provides sensitive 

direct probes of 1st- & 2nd -generation scalar LQs at the LHC 

• In view of the simplicity of the proposed LQ signature & its discovery 

reach, ATLAS & CMS should perform dedicated resonance searches in 

lepton-jet final states at future LHC runs 

• After some modifications our general search strategy can also be 

applied to other new-physics searches: leptophilic Z’ bosons, doubly-

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

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

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

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

sb
scenario in Section 3.3.

3 Simplified models

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

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

µ ⇠ (1,1, 0) and W 0
µ ⇠

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

1 ⇠

(3,1, 2/3) and Uµ

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

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

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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see for instance Buttazzo et al., 1706.07808

b→s (b→c) anomalies alone can 

be explained by several simple 

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

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

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

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

sb
scenario in Section 3.3.

3 Simplified models

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

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

µ ⇠ (1,1, 0) and W 0
µ ⇠

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

1 ⇠

(3,1, 2/3) and Uµ

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

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

1 , which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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B� = (1, 1, 0)

W � = (1, 3, 0)

S1 = (3̄, 1, 1/3)

S3 = (3̄, 3, 1/3)

U1 = (3, 1, 2/3)

U3 = (3, 3, 2/3)
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U1 vector LQ is the only single-

mediator model that can 

explain both sets of anomalies

see for instance Buttazzo et al., 1706.07808
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New resonant U1 search channels
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Lepton-initiated scatterings allow for new resonant U1 contributions to              

bτ, mono-top & mono-jet production. This feature has not been explored yet   
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