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Central question

2

If leptoquarks exist,  
could we detect them at future hadron colliders?



Outline

• Motivation: 

• Our strategy and methodology: 

• Projections for future colliders:
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Why future colliders? 
Why leptoquarks?

simulation tools.

results.



Future colliders

How can we detect new physics beyond the 
standard model?
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Higher precision Higher energy
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LHC

13 TeV

High luminosity (HL) LHC

HL-LHC

14 TeV

increase
luminosity
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HE-LHC FCC-hh

High energy pp colliders

27 TeV

100 TeV
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High energy pp colliders
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High energy pp colliders

Proposals for ee colliders also exist e.g. FCC-ee. 

These provide a much cleaner environment with 
reduced background noise, but do not have the same 
energy reach. 

pp colliders have the potential to reach high centre of 
mass energies  

• better prospects for direct detection of TeV 
scale new physics.
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Leptoquarks as solutions to the neutral 
current B anomalies
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LHCb, Belle, BaBar: measured discrepancies from 

the SM at the level of            in observables including:
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• Theoretical predictions have low uncertainties 
due to lepton flavour universality in the SM:
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• All observables are related to 

• Theoretical predictions have low uncertainties 
due to lepton flavour universality in the SM:
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Fits to flavour anomaly data prefer new physics in

with from the SM. 

Aebischer, Altmannshofer, Guadagnoli, Reboud, Stangl, Straub 1903.10434. 

Leptoquarks as solutions to the neutral 
current B anomalies
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Figure 1: Leptoquark mediating a tree-level b ! sµ+µ� transition

The operators O9 and O10 may arise due to heavy new physics mediating a tree-level
interaction between muons and b and s quarks. Possible types of new physics include a Z 0

or scalar and vector leptoquarks. The focus of this report is on scalar leptoquarks solutions.
A scalar leptoquark with µLsL and µLbL couplings may mediate a b ! sµ+µ� transition
at tree level, as demonstrated in Figure 1. Following the notational conventions of [21, 22],
such a scalar leptoquark is denoted by S3 and has charges (3̄, 3, 1

3) under SU(3)c⇥SU(2)L⇥
U(1)Y . The lepton-quark couplings of S3 are described by the Lagrangian

L � yq̄cLi⌧2⌧klLSk
3

= ... + ybµS3b̄LµL + ysµS3s̄LµL + ...,
(1.4)

where y denotes the coupling strength, qL and lL are left-handed SU(2) quark and lepton
doublets respectively, ⌧k, k = 1, 2, 3 are the generators of SU(2) and Sk

3 are the components
of the SU(3) triplet S3. In the second line the Lagrangian has been expanded to show
schematically the couplings to µL, bL and sL parametrised by ybµ and ysµ. Working at the
scale of the weak effective theory, we can integrate out the heavy leptoquark to reproduce a
four-fermion interaction of the same form as OC9=�C10 . Comparing this with 1.1, a relation
can be found between the couplings ybµ, ysµ, the leptoquark mass mLQ and the Wilson
coefficient CLL [23] given by

ybµy⇤sµ =
CLLVtbV ⇤

ts↵EM

2⇡v2
m2

LQ, (1.5)

where Vtb and Vts are elements of the CKM matrix and v is the electroweak scale.
The LHC has already undertaken searches for the single and pair production of scalar

leptoquarks. This includes the most recent ATLAS search for second generation leptoquarks
at 13 TeV which rules out scalar leptoquarks up to masses of 1.5 TeV [24]. Other constraints
on the S3 mass mLQ arise from perturbative unitary, which requires the leptoquark mass to
satisfy mLQ < 68TeV. The leptoquark S3 contributes to neutral B meson Bs � B̄s mixing
via the Feynman diagram shown in Figure 2. However, the most recent determination of
the predictions for Bs � B̄s mixing find that these constraints are not very strong due to
the fact that the leptoquarks only contribute to the mixing at loop level [25]. Perturbative
unitarity is found to provide the stronger constraint.
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If LQs exist and are responsible for these anomalies, 
could we detect them at future hadron colliders?
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Fits to the flavour 
anomalies require the 
couplings and mass to 
sit along this purple 
curve. 

Leptoquark parameter space
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Constraints on leptoquarks

How far into this unconstrained parameter space can we 
expect future colliders to probe?
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Perturbative unitarity

LHC 13 TeV pair production

Constraints from:
LHC searches for LQ 
pair production

Perturbative unitarity

Neutral B meson mixing: 

Luzioa, Kirk, Lenz, Rauh: 1909.11087

ATLAS:1906.08983  CMS:1808.05082

                            for LQ 
solutions to the B anomalies
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Figure 5: Leptoquark pair production via gluon-gluon interactions

sum of the transverse momentum pT of all objects within a cone of radius Rmax around
a muon, excluding the pT of the muon itself. If the sum satisfies psumT < pmax

T for fixed
pmax
T , the muon is considered isolated. At 13 TeV and 14 TeV we select only isolated

muons with pmax
T = 0.2 GeV and Rmax = 0.2, choosing these parameters to reproduce

the 13 TeV ATLAS analysis. At 27 TeV and 100 TeV we make no selection on the muon
isolation criteria, following the same reasoning as in [1]. This choice is made because the
overall normalisation of the standard model background is found to be very dependent
on the muon isolation criteria and the specific selection made will likely vary in different
future analyses. Relative to our simulations, any selection on muon isolation at future
experiments will only reduce the standard model background producing a better sensitivity
to the leptoquark signal.

2.4 Generating events in the tail of a distribution

We are interested in the search for TeV-scale leptoquarks, which are expected to manifest
as a resonance in the tail of the leptoquark invariant mass distribution. Producing a large
amount of events in the tail of the distribution is therefore necessary to achieve good
statistics in this region. We find that binning the generation of events in parameters such
as the dimuon invariant mass mµµ and HT = pj1T + pj2T is inefficient for producing enough
tail events. Instead we reweight the generation of each event x by applying a bias b(x) /
s(x)5. For each standard model background process, s(x) is defined at parton-level from
the invariant mass of the final state muons and jets. The explicit form of each bias will be
given in Section 3.2.3. All physical observables and distributions shown in this paper have
been obtained by unweighting the events after parton showering and detector simulation to
remove the unphysical effect of this bias.

3 Simulating the search for leptoquarks

3.1 Setup

Figure 5 shows the pair production of two scalar leptoquarks and their decay to a µ+µ�jj

final state. Following previous LHC searches for leptoquark pair production [22, 36, 37], we
define the parameter mmin(µ, j) from the kinematics of these four final state particles by
finding the configuration of muon-jet pairings which minimises the difference in invariant
masses |m(µ1, j1) � m(µ2, j2)| and choosing mmin(µ, j) = min[m(µ1, j1), m(µ2, j2)], where

– 10 –

LQ search
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Figure 2: Leptoquark contributions to Bs�
B̄s mixing
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Figure 3: Examples of S3 production

Note that the constraint from direct searches for leptoquark pair production are de-
pendent only on the leptoquark mass. Leptoquarks are coloured and therefore couple to
gluons, allowing them to be produced in gluon - gluon interactions at hadron colliders. Fig-
ure 3 shows an example of this pair production mechanism. The cross section for such an
interaction is independent of any leptoquark-lepton-quark ylq coupling. In contrast, single
production is always dependent on ylq as shown in Figure 3. As large couplings ylq have al-
ready been ruled out by experiment, we can expect any cross section dependent on them to
be small. Therefore pair production is expected to be the dominant production mechanism
of leptoquarks at hadron colliders, and is dominated by the gluon-gluon channel.

1.3 Outline

The aim of this project is to estimate the sensitivity of future hadron colliders to the
pair production of the scalar leptoquark S3 in the µ+µ�jj channel. We consider four
experiments: one existing collider and three proposed future colliders. These are the LHC
with the full Run II data set, the HL-LHC, the HE-LHC and the FCC-hh. The relevant
parameters for each are summarised in Table 1 [26, 27]. In [28], a similar estimate of

p
s [TeV] L [ab�1]

LHC 13 0.14

HL-LHC 14 3

HE-LHC 27 15

FCC-hh 100 20

Table 1: Benchmark parameters for the LHC Run II and future hadron colliders

the sensitivity of the HL-LHC, HE-LHC and FCC-hh to the direct production of scalar
leptoquark solutions to the anomalies was made. This study extrapolates 13 TeV LHC
limits on � ⇥ BR to higher energies and luminosities, using the fact that the exclusion
limits are directly related to the number of background events in the channel of interest.

– 5 –
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– 10 –

LQ decay channel

We select events containing: 2 muons

    2 jets

with no flavour tagging.
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Sensitivity to a LQ signal is driven by the size of the 
SM background.
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Produce a detector-level simulation of the 
standard model background: 

• Madgraph5 at LO for matrix element event 
generation 

• Pythia8 for parton showering 
• Delphes3 for detector simulation 

Compare with simulations of a leptoquark signal. 

Determine the mass exclusion and the discovery 
potential.
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Figure 9: Diboson production

To contribute to the µ+µ�jj signature, Drell-Yan and diboson production require the
addition of at least two jets from initial and final state QCD radiation. Similarly at least
one extra jet must be added to single top production. To account for this we generate
events from processes of a range of different jet multiplicities according to the following
definitions:

DY + 0,1,2,3 jets tt̄ + 0,1 jets
Wt+0,1 jets W+W�+ 0,1,2 jets

In defining DY and WW we have included processes with less than two final state jets at
parton level to account for the possibility that sufficiently hard jets may be produced by
the parton shower algorithm. Collinear divergences arising from g ! gg splittings in WW

production prevent the inclusion of WW+3 jet processes. Although in theory this type of
divergence should be regulated by a cut on mgg or �Rgg, the MLM matching procedure
removes our control over this region of phase space by generating all jets above the cut-off
xqcut. However, it was found that generating events from WW+0,1,2 jets is sufficient to
approximate the standard model background in the diboson channel, as will be validated
in Section 5.1
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Drell-Yan + 2 jets Diboson + 2 jets
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one extra jet must be added to single top production. To account for this we generate
events from processes of a range of different jet multiplicities according to the following
definitions:

DY + 0,1,2,3 jets tt̄ + 0,1 jets
Wt+0,1 jets W+W�+ 0,1,2 jets

In defining DY and WW we have included processes with less than two final state jets at
parton level to account for the possibility that sufficiently hard jets may be produced by
the parton shower algorithm. Collinear divergences arising from g ! gg splittings in WW

production prevent the inclusion of WW+3 jet processes. Although in theory this type of
divergence should be regulated by a cut on mgg or �Rgg, the MLM matching procedure
removes our control over this region of phase space by generating all jets above the cut-off
xqcut. However, it was found that generating events from WW+0,1,2 jets is sufficient to
approximate the standard model background in the diboson channel, as will be validated
in Section 5.1
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parton level to account for the possibility that sufficiently hard jets may be produced by
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divergence should be regulated by a cut on mgg or �Rgg, the MLM matching procedure
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one extra jet must be added to single top production. To account for this we generate
events from processes of a range of different jet multiplicities according to the following
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Wt+0,1 jets W+W�+ 0,1,2 jets

In defining DY and WW we have included processes with less than two final state jets at
parton level to account for the possibility that sufficiently hard jets may be produced by
the parton shower algorithm. Collinear divergences arising from g ! gg splittings in WW

production prevent the inclusion of WW+3 jet processes. Although in theory this type of
divergence should be regulated by a cut on mgg or �Rgg, the MLM matching procedure
removes our control over this region of phase space by generating all jets above the cut-off
xqcut. However, it was found that generating events from WW+0,1,2 jets is sufficient to
approximate the standard model background in the diboson channel, as will be validated
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Simulations

ATLAS search for 
second generation 
leptoquarks. 

Use this to validate 
our simulation 
methods.
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Figure 6: Distribution of the minimum reconstructed LQ candidate mass, mmin
LQ , in the signal region of (a)

the first-generation leptoquark search and (b) the second-generation search. Data are compared to the back-
ground prediction. The DY+jets and tt̄ expectations are scaled by the normalisation factors obtained from
the fit described in Section 6. The signal expectation for a LQ of mass 1.1 TeV is also shown. The hatched
bands show the total systematic uncertainty in the background prediction.
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LQ search
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Model our search on ATLAS and CMS searches for 
2nd generation leptoquarks.

Search for a resonance in this LQ invariant mass 
distribution.
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Figure 5: An example of leptoquark pair production via gluon-gluon interactions

the parameter mmin(µ, j) from the kinematics of these four final state particles by finding
the configuration of muon-jet pairings which minimises the difference in invariant masses
|m(µ1, j1) � m(µ2, j2)| and choosing mmin(µ, j) = min[m(µ1, j1), m(µ2, j2)], where j1 and
j2 are the hardest two jets in an event. In an on-shell leptoquark pair production event this
parameter will approximate the leptoquark mass mLQ.

To estimate the sensitivity of future colliders to leptoquark pair production in the
µ+µ�jj channel, we simulate the distribution of the standard model background in mmin(µ, j).
We select events containing exactly two muons with no charge requirement and at least two
jets with no flavour requirement. From these simulations we place exclusion limits on �⇥BR

and determine the maximum leptoquark mass mLQ which could be excluded at 95% CL by
each collider, assuming no excess of events is seen above the standard model background.
Alternatively, assuming a leptoquark exists at mass mLQ, we estimate the discovery reach
of each future collider by finding the integrated luminosity required for an observation with
a statistical significance of 5�.

We will proceed as follows:

• Validation: the methods described in the previous section will be used to simulate
the standard model background at

p
s =13 TeV, L = 3.2 fb�1. This will be compared

to the results of an ATLAS search for 2nd generation scalar leptoquarks [? ] for
validation. Similarly we will validate the statistical methods outlined in Section ??

by comparing our limits on � ⇥ BR with those found by the ATLAS search.

• Future colliders: the same methods will be applied to find exclusion limits and the
discovery reach of future colliders.

3.2 Standard Model Background

There are four significant contributions to the standard model background in the µ+µ�jj

channel. These are Drell-Yan (Z/�⇤ ! µ+µ�), top pair production (tt̄), single top pro-
duction in association with a W boson (Wt) and diboson production (W+W�). All top
quarks are assumed to decay to muons. An example of the production of each component
of the background is shown in ????????. Other sources of background include misidenti-
fied muons from W+jets, single top production in the s and t channel or multi-jet events.
These form a negligible component of the background in comparison and therefore we treat
Drell-Yan, top pair production, single top and diboson production as the only sources of
background.
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Minimise

Define:



Simulation methods

• Match multijet 
samples using MLM 
matching 

• Bias event generation 
to understand the 
shape of the tail 

• Remove interference 
between SM processes
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Figure 6: Distribution of the minimum reconstructed LQ candidate mass, mmin
LQ , in the signal region of (a)

the first-generation leptoquark search and (b) the second-generation search. Data are compared to the back-
ground prediction. The DY+jets and tt̄ expectations are scaled by the normalisation factors obtained from
the fit described in Section 6. The signal expectation for a LQ of mass 1.1 TeV is also shown. The hatched
bands show the total systematic uncertainty in the background prediction.
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• Redefine the signal region:  

• scale up cuts on                           by                           
to account for higher energies and heavier LQs. 

• modify cuts on                 at the HE-LHC and FCC-
hh to account for differences in detectors. 

• Redefine detector configuration in Delphes3.

36

Future colliders



Simulations - future 

• Why are different components relieveant at 
different energies?
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Simulations - future 

• Why are different components relieveant at 
different energies?
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Simulations - future 

• Why are different components relieveant at 
different energies?
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Signal simulations
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Recall:

We switch on                   and set all other couplings to 
zero.                                 



Signal simulations
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Recall:

We switch on                   and set all other couplings to 
zero.                                 

Unequal               will lead to a similar signatures as we 
are not b-tagging the jets. 

Switching on other couplings will increase the possible 
decay channels and options for LQ discovery.



Sensitivity
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Sensitivity
We quantify sensitivity of a future collider by asking two questions:

43

Exclusion limits 

What LQ masses can we 
exclude?

Discovery potential 

What LQ masses can we 
discover?
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At the HE-LHC, 
a LQ of mass  

produces a 
signal with a 
significance of          

Discovery potential
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Conclusions

• Estimated the sensitivity of future colliders to LQ 
solutions to the neutral current B anomalies.
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Backup slides
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Simulations - future 

• Why are different components relieveant at 
different energies?
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LQ search
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Model our search on ATLAS and CMS searches for 
2nd generation leptoquarks.

Search for a resonance in this LQ invariant mass 
distribution.
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Figure 5: An example of leptoquark pair production via gluon-gluon interactions

the parameter mmin(µ, j) from the kinematics of these four final state particles by finding
the configuration of muon-jet pairings which minimises the difference in invariant masses
|m(µ1, j1) � m(µ2, j2)| and choosing mmin(µ, j) = min[m(µ1, j1), m(µ2, j2)], where j1 and
j2 are the hardest two jets in an event. In an on-shell leptoquark pair production event this
parameter will approximate the leptoquark mass mLQ.

To estimate the sensitivity of future colliders to leptoquark pair production in the
µ+µ�jj channel, we simulate the distribution of the standard model background in mmin(µ, j).
We select events containing exactly two muons with no charge requirement and at least two
jets with no flavour requirement. From these simulations we place exclusion limits on �⇥BR

and determine the maximum leptoquark mass mLQ which could be excluded at 95% CL by
each collider, assuming no excess of events is seen above the standard model background.
Alternatively, assuming a leptoquark exists at mass mLQ, we estimate the discovery reach
of each future collider by finding the integrated luminosity required for an observation with
a statistical significance of 5�.

We will proceed as follows:

• Validation: the methods described in the previous section will be used to simulate
the standard model background at

p
s =13 TeV, L = 3.2 fb�1. This will be compared

to the results of an ATLAS search for 2nd generation scalar leptoquarks [? ] for
validation. Similarly we will validate the statistical methods outlined in Section ??

by comparing our limits on � ⇥ BR with those found by the ATLAS search.

• Future colliders: the same methods will be applied to find exclusion limits and the
discovery reach of future colliders.

3.2 Standard Model Background

There are four significant contributions to the standard model background in the µ+µ�jj

channel. These are Drell-Yan (Z/�⇤ ! µ+µ�), top pair production (tt̄), single top pro-
duction in association with a W boson (Wt) and diboson production (W+W�). All top
quarks are assumed to decay to muons. An example of the production of each component
of the background is shown in ????????. Other sources of background include misidenti-
fied muons from W+jets, single top production in the s and t channel or multi-jet events.
These form a negligible component of the background in comparison and therefore we treat
Drell-Yan, top pair production, single top and diboson production as the only sources of
background.
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Signal 
simulations

51

Spread of LQ events 
is due to: 

• momentum lost 
during parton 
showering 

• smearing due to 
detector efficiency 
and 
mismeasurement 

This shape is determined by the 
resolution.  Any narrow width 
LQ would produce the same 
shape. 
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Exclusion limits: validating our methods
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Exclusion limits: Projections for HL-LHC
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Exclusion limits: Projections for HE-LHC
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Exclusion limits: Projections for FCC-hh
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Wide LQs

• We can apply our limits to other narrow LQ 
scenarios with 

• What about wide LQs?

57



Wide LQs
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Wide LQs
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Recall:

For wide LQs we take                    as before, 
scaling them up to reach
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Wide LQs

Figure 2: Leptoquark contributions to Bs�
B̄s mixing
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Figure 3: Examples of S3 production

Note that the constraint from direct searches for leptoquark pair production are de-
pendent only on the leptoquark mass. Leptoquarks are coloured and therefore couple to
gluons, allowing them to be produced in gluon - gluon interactions at hadron colliders. Fig-
ure 3 shows an example of this pair production mechanism. The cross section for such an
interaction is independent of any leptoquark-lepton-quark ylq coupling. In contrast, single
production is always dependent on ylq as shown in Figure 3. As large couplings ylq have al-
ready been ruled out by experiment, we can expect any cross section dependent on them to
be small. Therefore pair production is expected to be the dominant production mechanism
of leptoquarks at hadron colliders, and is dominated by the gluon-gluon channel.

1.3 Outline

The aim of this project is to estimate the sensitivity of future hadron colliders to the
pair production of the scalar leptoquark S3 in the µ+µ�jj channel. We consider four
experiments: one existing collider and three proposed future colliders. These are the LHC
with the full Run II data set, the HL-LHC, the HE-LHC and the FCC-hh. The relevant
parameters for each are summarised in Table 1 [26, 27]. In [28], a similar estimate of

p
s [TeV] L [ab�1]

LHC 13 0.14

HL-LHC 14 3

HE-LHC 27 15

FCC-hh 100 20

Table 1: Benchmark parameters for the LHC Run II and future hadron colliders

the sensitivity of the HL-LHC, HE-LHC and FCC-hh to the direct production of scalar
leptoquark solutions to the anomalies was made. This study extrapolates 13 TeV LHC
limits on � ⇥ BR to higher energies and luminosities, using the fact that the exclusion
limits are directly related to the number of background events in the channel of interest.

– 5 –

Pair production is no 
longer dominated by 
independent diagrams

             is increased by 
contributions from       
dependent diagrams
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Simulations - validation
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Overcounting
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Overcounting
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MLM matching used to combine samples of different jet multiplicity. 

Depends on input parameters:                    

- different for each process and each signal region. 

- these are cuts on jets,quarks and gluons with dimensions of energy. 

These are unphysical parameters:  

- confirm that observables do not depend on 



• Sensitivity to leptoquarks is driven 
by the size of the standard model 
background. 

• Extrapolate from 13 TeV LHC 
performance to future colliders, 
assuming no changes to detector 
performance 

 i.e. acceptance and efficiency 
remain the same.
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Previous work:

Figure 7. Projected sensitivity of future colliders to di-LQ production (where each decays to a
muon and a jet) for the luminosities and centre of mass energies given in the legend. We also show
the scalar LQ cross-section times branching ratio predicted for some future collider scenarios by
the curves labelled �NLO ⇥BR. Shaded parts of the curve indicate the conservative extrapolation
method at low masses that underestimates the actual limit.

Figure 8. Parameter space of the LQ on a log-log scale for couplings |ybµy⇤sµ| vs mass in TeV. The
green strip indicates the region compatible with the B-anomalies at 1�. The di↵erent red-shaded
regions are excluded by Bs � B̄s mixing up to the solid red (dotted brown) line for the V1 (V3)
vector LQ, and up to the dashed pink line for the S3 scalar LQ, respectively. The region in blue up
to MLQ ⇠ 12 TeV is the projected 95% CL limit on scalar LQ pair production for FCC-hh at 100
TeV with 10 ab�1.

can roughly double that to 4 (5) TeV with 1 (10) ab�1. At FCC-hh the limits are improved

by an order of magnitude with respect to current searches, reaching exclusions up to 10

and 12 TeV for 1 and 10 ab�1, respectively.

These projected bounds on the LQ mass are to be compared with the upper limit

allowed by Bs� B̄s mixing. The relevant four-fermion operator of the e↵ective Lagrangian

for this process can be written as

Lb̄sb̄s = cbbLL
�
b̄�µPLs

� �
b̄�µPLs

�
+ h.c. . (3.9)

– 16 –

Find the FCC-hh at

is sensitive to 

Allanach, Gripaios, You: 1710.06363 



event selection for a 20TeV signal from a Topcolor Z
0 and backgrounds. Thanks to the

BDT discriminant, the largest background contribution is top pair production itself and
the QCD contribution is now the second leading one. The right panel shows the 95%
CL exclusion limit obtained with 30 ab�1 of data and the right panel of Fig. 8 shows the
integrated luminosity required to reach a 5� discovery as a function of the Z0 mass. Further
developments to improve the mass resolution could be considered to improve the sensitivity,
but already with such wide spectrum, exclusions between 25 and 28 TeV and discoveries
between 18 and 24TeV are reached depending on the model (Z 0

SSM or leptophobic Z
0
TC2).

A more extensive study of the tt̄ decay at a 100TeV collider ignoring the simulation of the
detector response can be found in Ref. [67].
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Fig. 7. Invariant mass distribution of the two selected top-jets (left) for a 20 TeV signal (left), 95%
CL limit versus mass (right).

4.2.4 The W
+
W

� final state

The event selection in this case consists of two jets with a pT>3 TeV, |⌘| < 3 and �(⌘1, ⌘2) <

2.4. Both jets must be W tagged (see Section 4.2.1). Again, to further reject QCD events,
we require for both jets the soft-dropped mass to be larger than 40GeV. Figure 9 (left)
shows the di-boson invariant mass distribution after the final selection for a 20TeV signal
and background. Given the very good performance of the BDT discriminant, the QCD con-
tribution is greatly reduced. The right panel shows the 95% CL exclusion limit obtained
with 30 ab�1 of data and the bottom panel shows the integrated luminosity required to
reach a 5� discovery as a function of the Randall-Sundrum graviton mass. Further develop-
ments to improve the W-jet/QCD could be considered, to improve the sensitivity as well as
combining with leptonic channels, but, already with the current assumptions, the exclusion
of 28TeV (Fig. 9 right) and the discovery of a 22 TeV signal are obtained (Fig. 9 bottom) .

– 17 –

• Sensitivity to new physics is 
driven by the size of the standard 
model background. 

• Produce a detailed understanding 
of the standard model 
background using Monte Carlo 
simulations. 

• Account for differences in current 
and future detectors using 
Delphes for detector simulation.
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Previous work: Helsens, Jamin, Mangano, Rizzo, 
Selvaggi: 1902.11217  



By default Madgraph generates unweighted events.

71

All events have the same 
weight. 

The number of events in a 
region of phase space is 
proportional to the 
probability in this region.

From Madgraph5 online tutorial LOEventGenerationBias

Biasing event generation



Generating unweighted events:

72

Biasing event generation

Accept a phase space 
point     and generate 
the event with 
probability 

max

High 
acceptance 
probability

Low 
acceptance 
probability
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Introduce a bias function           and accept/reject with probability 

max

High 
acceptance 
probability

High 
acceptance 
probability

Biasing event generation
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We must reweight 
each event using the 
bias to reproduce the 
physical distribution. 

Then the overall shape 
or values of physical 
observables are not 
modified.

Biasing event generation

From Madgraph5 online tutorial LOEventGenerationBias



We define our bias function as                         where 
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DY+0,1,2,3j

tt + 0,1j

Wt + 0, 2j

WW + 0,1,2j

Biasing event generation
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Isolated if

Muon isolation

• We use the Delphes3 detector configurations for 
ATLAS, HL-LHC, HE-LHC and FCC-hh, only 
modifying muon isolation:

R

ftwow



Muon isolation 
We completely remove the requirement of muon 
isolation at the HE-LHC and FCC-hh. 

This results in overestimating the SM background. 
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Muon isolation 
We completely remove the requirement of muon 
isolation at the HE-LHC and FCC-hh. 

This results in overestimating the SM background. 
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Why? 

The selection efficiency is found to be highly 
dependent on the muon isolation parameters, in 
particular     production.

Following the same reasoning as Helsens, Jamin, 
Mangano, Rizzo, Selvaggi: 1902.11217  


