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Motivation
‣ Leptoquarks (LQs) introduced in BSM 

theories addressing various problems in 
the SM

• , , , neutrino 

masses, …


‣ Can be scalars or vectors

‣ Carry colour, electrical charges, baryon 

& lepton numbers


‣ Historically, couplings within one 
generation (” ”) as direct 
connection between quark and lepton 
sector


‣ Allow mixing between generations to 
explain flavour anomalies (” ”)

b → sℓℓ b → cℓν (g − 2)μ

LQ1/2/3

LQmix
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Short-lived excitement in the ‘90s about

apparent excesses at HERA, but alas …

R(*)
K R(*)

D

Neutrino masses

(g − 2)μ



Production and Decay
‣LQs produced at the LHC via pair, 
single, or non-resonant production

‣Pair production production cross-
section independent of coupling 

‣Single and non-resonant production 
dominant for large  at high masses


‣Vector LQ pair-production cross-
sections larger than scalar

‣Small differences in kinematics between 
vector and scalar LQs


‣Decays into quarks and charged or 
uncharged leptons

•Assume 
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Two coupling scenarios for vector LQs:

‣ Minimal coupling ( )

‣ Yang-Mills coupling ( )

vLQmin
vLQYM

Scalar x ~5 Scalar x ~20



LQ Searches @ ATLAS
‣ Extensive search programme for pair-

produced LQs

• Wide range of final states

• Focus on couplings to 3rd gen. quarks


• But also results with couplings to light 
quarks available


‣ Growing programme of searches for 
singly-produced LQs
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LQ Searches @ ATLAS
‣ Extensive search programme for pair-

produced LQs

• Wide range of final states

• Focus on couplings to 3rd gen. quarks


• But also results with couplings to light 
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‣ Growing programme of searches for 
singly-produced LQs
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LQ LQ → tℓ tℓ (ℓ = e, μ)

‣ Target pair-produced LQs with 

‣ Analysis strategy:


• 3 or 4 light leptons, 2 jets, 1 b-jet

• Two separate signal regions ( , ) each for /  

with min( ) > 100 GeV

• Control and validation regions for main backgrounds 

( , , diboson) with min( ) < 100 GeV

• Discriminating variable:  
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Data-driven corrections for:

‣ Diboson as function of jet multiplicity

‣ Normalisation of 

‣ Non-prompt-lepton processes as a function of 

b-jet multiplicity

tt̄ + HF
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1 → te

LQ LQ → tℓ tℓ (ℓ = e, μ) ATLAS-CONF-2022-052 LQd
mix

LQ
d
mix

t
W+

t̄
W�

p

p

`�(e�, µ�)

b q

q̄

`+(e+, µ+)

b̄

`�(e�, µ�)

⌫̄

LQd
mix

LQ
d
mix

t
W+

t̄
W�

p

p

`�(e�, µ�)

b ⌫
`+(e+, µ+)

`+(e+, µ+)

b̄

`�(e�, µ�)

⌫̄
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‣ Target pair-produced up- and down-type LQs with 



‣ Analysis strategy:

• 1 light lepton, 2 jets, 1 b-jet,   250GeV

• Train neural networks (NNs) for several signals (scalar/vector, 

up/down, ) in inclusive “training” region

• NN score as discriminating variable

• Normalisations of main backgrounds ( , single top, W+jets) 

constrained in dedicated control regions
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‣ Observed 95% CL limits at :
ℬ(LQ → q3ℓ) = 0.5
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‣ Analysis strategy:

• Two channels: , 


• 2 jets, 1 b-jet

• Train parametric NN (PNN) in each channel, 

use PNN scores as discriminating variable

• Main backgrounds: top, Z+HF,  fakes
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Backgrounds estimated from MC,
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Additional data-driven corrections derived 
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LQ LQ → bτ bτ EXOT-2021-15

‣ Observed 95% CL limits at :
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Better sensitivity wrt to partial Run-2 ATLAS analysis

due to improvements in:

‣  identification

‣b-jet identification

‣MVA for signal/background separation

‣Jet reconstruction

τ
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(all production modes)
LQ → bτ EXOT-2022-39

‣ Target up-type LQs with 

‣ Analysis strategy:


• Two channels: , 


• 1 jet, 1 b-jet

• Split signal regions by b-jet :


• High b-jet  SR:  > 200GeV

• Low b-jet  SR: 25GeV <  < 200GeV


• Discriminating variable 

• Main backgrounds: top,  fakes, Z+jets

ℬ(LQ → bτ) = 1.0

τhadτhad τhadτℓ (ℓ = e, μ)
≥ ≥

pT
pT pb1

T
pT pb1

T
ST = pτ1

T + pτ2
T + pmiss

T
τhad

400 600 800 1000

 [GeV]TS

0.6
0.8

1
1.2
1.4

D
at

a/
Pr

ed
.

1

10

210

310

410

  
Ev

en
ts

Data

tt

tW

 fakeτ→Jet

Others

Uncertainty

)
=1.0λ

0.9 TeV (1S~

10×) 
=1.0λ

1.6 TeV (YM
1U

10×) 
=1.0λ

1.6 TeV (MIN
1U

 PreliminaryATLAS
-1=13 TeV, 139 fbs

hadτlepτPost-Fit, 
 SR

T
High b-jet p

Data

tt

tW

 fakeτ→Jet

Others

Uncertainty

)
=1.0λ

0.9 TeV (1S~

10×) 
=1.0λ

1.6 TeV (YM
1U

10×) 
=1.0λ

1.6 TeV (MIN
1U

300 400 500 600 700 800 900 1000

 [GeV]TS

0.5
1

1.5

D
at

a/
Pr

ed
.

1

10

210

310

410

  
Ev

en
ts

Data

tt

tW

 fakeτ→Two Jet

+HFττ→*γ/Z

 fakeτ→Jet

Others

Uncertainty

)
=1.0λ

0.9 TeV (1S~

10×) 
=1.0λ

1.6 TeV (YM
1U

10×) 
=1.0λ

1.6 TeV (MIN
1U

 PreliminaryATLAS
-1=13 TeV, 139 fbs

hadτhadτPost-Fit, 
 SR

T
High b-jet p

Data

tt

tW

 fakeτ→Two Jet

+HFττ→*γ/Z

 fakeτ→Jet

Others

Uncertainty

)
=1.0λ

0.9 TeV (1S~

10×) 
=1.0λ

1.6 TeV (YM
1U

10×) 
=1.0λ

1.6 TeV (MIN
1U

Good agreement between data and SM expectation

‣ Neglect interference between non-resonant LQ production and SM 
background processes


‣ But potentially non-negligible effects in low b-jet  SR 
 derive limits on LQ production from high b-jet  SR only
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(all production modes)
LQ → bτ EXOT-2022-39
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Observed 95% CL limits for :

‣ : 1.53 TeV

‣ : 2.09 TeV

λ = 2.5
LQu

3 (ℬ(LQ → bτ) = 1.0)
UYM

1 (ℬ(LQ → bτ) = 0.5)

‣ Set limits on cross-section as function 
of coupling 


‣ Combined limits significantly improved 
wrt to individual production modes for 
intermediate 

λ

λ
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LQ LQ → qτ qτ (q = u, d, c, s) EXOT-2020-18
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regions for Z+jets, top, fake ’sτ
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‣ Target excited -leptons and pair-produced LQs with 



‣ Analysis strategy:

• 2 OS ,  2 jets

• Collinear approximation to decompose  in transverse plane along 

• Normalisation of main background processes constrained in dedicated CRs

• Fake  background estimated using data-driven fake factor method

• Final discriminant: 

τ
ℬ(LQ → qτ) = 1.0 (q = u, d, c, s)

τhad ≥
⃗pmiss
T τ1,2

τhad
ST = pτ1

T + pτ2
T + pj1

T + pj2
T

Signal region does not rely on charm-
tagging  results valid for all LQs 
decaying into  leptons and light quarks

→
τ

6

6

g�

2

g+

2̄

LQ

LQ

6

See Elise’s talk later in this 
session

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-18/
https://indico.cern.ch/event/1230772/contributions/5391875/
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Conclusions

‣ Extensive search programme for 
leptoquarks at ATLAS during Run-2


‣ Covering wide range of potential 
final states


‣ Lower mass limits reaching 2 TeV 
and beyond, depending on model


‣ Looking forward to further sensitivity  
improvements in Run-3
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Backup



Leptoquark models
U1

Strength of coupling to

gluons fusion depends on κ

Ũ1

Additional couplings to heavy gluons

Scalar
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LQ LQ → tℓ tℓ (ℓ = e, μ)
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LQ LQ → tν bℓ (ℓ = e, μ) EXOT-2019-12

Preselection

⇢miss
T triggers

exactly one signal lepton
veto on additional baseline leptons

⇢miss
T > 250 GeV

� 4 small-' jets
<T(✓, ⇢miss

T ) > 30 GeV
�q(⇢miss

T , 91,2) > 0.4

Top reweighting region ,+jets CR Single-top CR Training region

=1 � 1 =1 = 1 =1 = 2 =1 � 1
<T(✓, ⇢miss

T ) � 120 GeV 50 GeV  <T(✓, ⇢miss
T ) < 120 GeV <T(✓, ⇢miss

T ) < 120 GeV <T(✓, ⇢miss
T ) � 120 GeV

0<T2 < 200 GeV 0<T2 > 200 GeV 0<T2 > 200 GeV 0<T2 > 200 GeV
- Chad candidate veto large-' jet veto -
- lepton charge = +14 - -
- - �'(11, 12) > 1.2 -

Variable Description

<T(✓, ⇢miss
T ) transverse mass of lepton and ⇢miss

T
<e� scalar sum of the transverse momenta of leptons, jets, and ⇢miss

T
Lepton flavour flavour of the signal lepton
?T(✓) transverse momentum of the lepton
<inv(11, ✓) invariant mass of the leading-?T 1-jet and the lepton
=large reclustered large-' jet multiplicity
0<T2 asymmetric transverse mass
⇢miss

T significance measure for assessing the compatibility of the observed ⇢miss
T with zero,

taking resolutions into account
<T(11, ⇢miss

T ) transverse mass of leading-?T 1-jet and ⇢miss
T

?T(Chad) transverse momentum of Chad

�q(⇢miss
T , 12) azimuthal angle separation between ⇢miss

T and subleading-?T 1-jet
<inv(12, ✓) invariant mass of subleading-?T 1-jet and lepton
�q(⇢miss

T , 11) azimuthal angle separation between ⇢miss
T and leading-?T 1-jet

�q(Chad, ✓) azimuthal angle separation between Chad and lepton
?T(11) transverse momentum of leading-?T 1-jet

amt2 = min
⃗pT(νb)+ ⃗pT(Wa)= ⃗E miss

T

(max(mT,a, mT,b))

S =
Emiss

T

σ2
L(1 − ρ2

LT)

Variance in parallel to measured ⃗E miss
T

Correlation factor between momentum

measurements in parallel and


perpendicularly to measured ⃗E miss
T
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LQ LQ → tν bℓ (ℓ = e, μ) EXOT-2019-12
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Top reweighing improves modelling in

different observables and kinematic

regions of phase space

Different observables provide discrimination

power between the different signal and

background processes
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LQ LQ → bτ bτ EXOT-2021-15
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glepghad channel ghadghad channel

4/` selection
= 1 ‘signal’ 4 or ` No ‘veto’ 4 or `
?4T > 25, 27 GeV
?`

T > 21, 27 GeV

ghad-vis selection
= 1 ghad-vis = 2 ghad-vis

?g
T > 100 GeV ?g

T > 100, 140, 180 (20) GeV

Jet selection
� 2 jets

?jet
T > 45 (20) GeV

1 or 2 1-jets

Additional selection

Opposite charge 4, `, ghad and ghad

<MMC
gg 8 40 � 150 GeV
⇢miss

T > 100 GeV
BT > 600 GeV

Variable glepghad channel ghadghad channel

ghad-vis ?0

T
3 3

BT 3 3
#1�jets 3 3
<(g, jet)0,1 3
<(✓, jet), <(ghad, jet) 3
�'(g, jet) 3 3
�q(✓, ⇢miss

T
) 3

⇢miss

T
q centrality 3 3

Invariant mass of the two  leptons, , calculated from decay products by

minimising likelihood function, taking expected decay kinematics into account


(c.f. Nucl. Instrum. Meth. A 654 (2011) 481)

τ mMMC
ττ

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-15/
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LQ LQ → bτ bτ EXOT-2021-15
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LQ LQ → qτ qτ (q = u, d, c, s) EXOT-2020-18
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LQ LQ → tν tν EXOT-2018-12

‣ Target pair-produced top squarks and up-type 
LQs with 


‣ Analysis strategy:

• 0 leptons,  4 jets,  2 b-jets,   250 GeV

• Optimise SRs for different parameters of stop-

quark decays
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ATLAS

LQs have same signature as heavy top squarks

decaying into massless neutrinalinos

Relevant for LQ re-interpretation


SRA: optimised for 



SRB: optimised for




SRs split by large-R jet 
multiplicities into TT, TW, T0

mt̃ = 1300 GeV, mχ̃0
1

= 1 GeV

mt̃ = 700 GeV, mχ̃0
1

= 400 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-12/


LQ LQ → bν bν EXOT-2018-34

‣ Target pair-produced bottom squarks and 
down-type LQs with 


‣ Analysis strategy:

• 0 leptons, 2-4 jets, 2 b-jets,   250 GeV

• Optimise SRs for different parameters of 

sbottom-quark decays

ℬ(LQ → bν) = 1.0
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Relevant for LQ re-interpretation


SRA: optimised for large mass 
differences between  and ,


binned in  and 


SRB: optimised for intermediate 
mass differences between  and , 

binned in BDT score for improved 

separation
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LQ LQ → tν bτ EXOT-2019-18

‣ Target pair-produced top squarks and LQs 
with 


‣ Analysis strategy:

•  ,  1 b-jets,   250 GeV

• Split into single-tau and di-tau channels

• Main background processes ( ) 

constrained in dedicated CRs
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LQ LQ → tτ tτEXOT-2019-15
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LQ LQ → qℓ qℓ (q = u, d, c, s, b) EXOT-2019-13

‣ Target up-type and down-type LQs with 

‣ Analysis strategy:


• 2 OS ,  jets

• Normalisation of main backgrounds constrained in top CR 

and sideband (SB) region

• Employ c- and b-tagging techniques to target different 

generations of quarks
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ℓ ≥ 2
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LQ LQ → tℓ tℓEXOT-2019-19

‣ Target down-type LQs with 

‣ Analysis strategy:


• 2 OS ,  large-R jets

• Resolve kinematic and combinatoric ambiguities with 

recursive jigsaw algorithm for signal and dominating 
background processes ( )


• BDT trained on signal, , Z+jets to improve signal-
background separation
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