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Introduction
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There are strong hints for the breakdown of the lepton flavour universality in 
the heavy meson decays


RK(*) ≡
BR(B → K(*)μ+μ−)
BR(B → K(*)e+e−)

RD(*) ≡
BR(B → D(*)τν̄τ)
BR(B → D(*)ℓνℓ)

To address both the anomalies two species of Leptoquarks are usually introduced 

 models —  with couplings to taus and electrons (O. Popov, M. Schmidt, G. White, 

1905.06339)

Two-leptoquark model inspired by GUT: . The two Leptoquarks couple to muons and 
taus (D. Becerivic et al. 1806.05689)

The singlet-triplet model: . Can also addresses the muon anomalous magnetic moment 
(A. Crivellin, D. Muller, F. Saturnino, 1912.04224)

R2 (3, 2)7/6

R2 and S3

S1 and S3

Leptoquarks are also natural predictions of Grand-unified theories



The theoretical setup
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We consider minimal simplified leptoquark models that involve different leptoquark 
species:  S1, R2, S3

S1 : (3, 1)−1/3, R2 : (3, 2)+7/6, S3 : (3, 3)−1/3

The most general Lagrangian is thus given by

ℒLQ ⊃ yRR
1 ūc

RℓRS†
1 + yLL

1 (Qc
L ⋅ ℓL) S†

1

+ yLR
2 ℓ̄RQLR†

2 + yRL
2 ūR(ℓL ⋅ R2)

+ yLL
3 (Q̄c

L ⋅ σkℓL) (Sk
3)† + H . c .

Flavour indices are not 
shown here: 

First index is for quark generation while 
second is for lepton generation   

yRR
1 ≡ yRR

1,ij

S1 ≡ S(−1/3)
1 , R2 = (

R(+5/3)
2

R(+2/3)
2 ), S3 =

1

2
S(−1/3)

3 S(+2/3)
3

S(+4/3)
3 − 1

2
S(−1/3)

3
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Leptoquarks are produced at the LHC through ggF and  annihilation (since they have color 
charge).


It was pointed recently that there are novel leptoquark pair production channels through the 
exchange of charged leptons involving two different leptoquark mass eigenstates (Dorsner, Fajfer 
and Lejlic; 2103.11702).


These channels can have large rates if the Yukawa-type couplings ( ) have moderate or large 
values. Depends also on the PDF…etc.

qq̄

yij
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Anatomy of leptoquark pair production at the LHC

QCD-driven LQ pair production Off-diagonal pair productionT-channel contribution
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There are three categories of off-diagonal leptoquark channels depending on the 
total electric charge of the final state.


Assume  and  are non-zero and ; we expect the following 
proportions

yLL
3,12, yLR

2,12 yRL
2,12 mS3

= mR2
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Anatomy of leptoquark pair production at the LHC

Charge 

   




±4/3

uu → R(+2/3)
2 S(+2/3)

3 ; uu → R(+5/3)
2 S(−1/3)

3

σ[R(+5/3)
2 S(−1/3)

3 ]
σ[R(+2/3)

2 S(+2/3)
3 ]

≈
1
2 (

yLR
2,12

yRL
2,12 )

2

Charge 

   




±1/3

ud → R(+2/3)
2 S(−1/3)

3 ; ud → R(+5/3)
2 S(−4/3)

3

σ[R(+2/3)
2 S(−1/3)

3 ]
σ[R(+5/3)

2 S(−4/3)
3 ]

≈
1
2

Charge 

   




±1

ud̄ → R(+5/3)
2 R(−2/3)

2 ; ud̄ → S(+1/3)
3 S(+2/3)

3

σ[R(+5/3)
2 R(−2/3)

2 ]
σ[S(+1/3)

3 S(+2/3)
3 ]

≈
1
2 (

yRL
2,12

yLL
3,12 )

4

σ[pp → X]Q=±4/3 > σ[pp → X]Q=±1/3 > σ[pp → X]Q=±1
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Anatomy of leptoquark pair production at the LHC: NLO

Pur QCD corrections plus corrections 

involving leptons in t-channel

No box diagrams in off-diagonal channels

(taken from 2108.11404)



 and  coupling to first- and second-generation quarksR2 S3
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We consider first scenarios involving  and  leptoquarks coupling to first- and 
second-generation quarks

R2 S3

Models involving both  and  leptoquarksR2 S3

Contribution of  leptoquarks onlyR2

mR2
= 1600 GeV

(i) y = yLR
2,12 ∈ [0.1,1.5]; yLR

2,22 = 0

(ii) y = yLR
2,22 ∈ [0.1,1.5]; yLR

2,12 = 0

Two on-diagonal channels: 

One off-diagonal channel: 

R (+2/3)
2 R (−2/3)

2 ; R (+5/3)
2 R (−5/3)

2
R (±5/3)

2 R (∓2/3)
2

mR2
= mS3

= 1600 GeV

yLR
2,12 = yRL

2,12 = yLL
3,12 ∈ [0.1,1.5]

Five on-diagonal channels: 


Seven off-diagonal channel: 

                   

R (+2/3)
2 R (−2/3)

2 , R (+5/3)
2 R (−5/3)

2 , S(+2/3)
3 S(−2/3)

3 , S(+1/3)
3 S(−1/3)

3 , S(+4/3)
3 R (−4/3)

2

R (±5/3)
2 R (∓2/3)

2 , S(±1/3)
3 S(±4/3)

3 , S(±2/3)
3 S(±1/3)

3
R (±2/3)

2 S(∓1/3)
3 , R (±2/3)

2 S(±2/3)
3 , R (±5/3)

2 S(∓1/3)
3 , R (±5/3)

2 S(∓4/3)
3



Benchmark scenarios addressing the flavour anomalies
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Phenomenologically viable scenarios with only  leptoquarks (1905.06339) addresses both  and  anomaliesR2 RK(*) RD(*)

mLQ = 1000 GeV

A model with  and  leptoquarks motivated by SU(5) GUT (1806.05869) addresses both  and  anomalies 
and consistent with all the other measurements

R2 S3 RK(*) RD(*)

mR2
= 1300 GeV

mS3
= 2000 GeV

A model with  and  leptoquarks (2009.01771) addresses both  and  as well as muon (g-2)S1 S3 RK(*) RD(*)

mS1
= mS3

= 1200 GeV



Technical setup
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We calculate the fixed-order cross section at LO and NLO with Madgraph5_aMC@NLO


The model file with instructions on how to add t-channel diagrams at NLO can be found in (https://www.uni-
muenster.de/Physik.TP/research/kulesza/leptoquarks.html)


To assess the dependence on the PDF we use three NLO PDF sets (MSHT20nlo_as_0118, CT18NLO and 
NNPDF4.0_nlo_as_01180) and two LO PDF sets (MSHT20lo_as_0130 and NNPDF4.0_lo_as_01180)


The calculations were done for the scale choice of 


Scale uncertainties are computed the seven-point method where variations where we vary the factorization and 
renormalisation by a factor 2 in the two directions while keeping their ratio to a factor of two at most.


All the results were cross-checked by comparing with the results of POWHEG-BOX.

μR = μF = mLQ

https://www.uni-muenster.de/Physik.TP/research/kulesza/leptoquarks.html
https://www.uni-muenster.de/Physik.TP/research/kulesza/leptoquarks.html


Production cross section at NLO-QCD
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K-factors are not generic and depend on the PDF set and the process.

On-diagonal channels have a K-factor that depend on the value of 

The K-factor of off-diagonal channel is flat.

The rates of both on diagonal and off-diagonal channels become similar for moderate to large values of 

y

y



Production cross section at NLO-QCD
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Same observation applies for processes 

involving  leptoquarks onlyS3



Production cross section at NLO-QCD
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Mixed channels have a flat K-factors that range from 0.9 to 1.6.

The rates become very large for e.g.   fb for .R (±2/3)

2 S(±2/3)
3 ≈ 100 y ≈ 1.5



The role of t-channel diagrams at NLO-QCD

13Adil Jueid Scalar leptoquarks at NLO-QCD QCD@LHC 2022

(i) case of models involving  leptoquarks only with  R2 y = yLR
2,12 ∈ [0.1,1.5]; yLR

2,22 = 0

LO NLO

The contribution of the t-channel, and off-diagonal channels become very large for moderate to large 

Scale uncertainties become smaller when we go from LO to NLO.

Agreement between PDF sets improve when we go from LO to NLO.

y

σQCD ≡ ∑
i

σ[pp → Ri
2R̄i

2]

yLR
2,ij = yRL

2,ij = 0



The role of t-channel diagrams at NLO-QCD
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(ii) case of models involving  leptoquarks only with  R2 y = yLR
2,22 ∈ [0.1,1.5]; yLR

2,12 = 0

Some disagreement between NNPDF4.0 and the two other PDF sets is observed: treatment of charm PDF? 



The role of t-channel diagrams at NLO-QCD
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(iii) case of models involving  and  leptoquarks with  R2 S3 y ∈ [0.1,1.5]

y y

σQCD = ∑
i

Ri
2R̄i

2 + ∑
i

Si
3S̄

i
3 for yLR

2,12 = yRL
2,12 = yLL

3,12 = 0



The role of t-channel diagrams at NLO-QCD
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(iii) case of models involving  and  leptoquarks with  R2 S3 y ∈ [0.1,1.5]

What about the importance of off-diagonal channels in this case?

The contribution off-diagonal channels become of order 10-20 for moderate to large  and is flat for y > 0.7.

The agreement between the PDF sets improves at NLO.

y



Results for phenomenologically viable models addressing the anomalies
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Treatment of charm PDF
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For some channels, the difference between the NNPDF4.0 and the other PDFs can be of order 2-5. Possibly 
treatment of charm PDF?

Using the NNPDF40_nlo_pch_as_01180 we found that we can reach very good agreement with respect to the 
other PDFs within the PDF errors. 



Conclusions and Outlook
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We have studied scalar leptoquark pair production modes at the LHC at NLO-QCD 
including t-channel contributions with lepton exchange.

New channels dubbed as off-diagonal can become competitive with on-diagonal 
channels for moderate to large values of the Yukawa-type couplings. 

QCD corrections at NLO result in smaller uncertainty bands and better agreement 
between the different PDF sets.

Small contributions of the off-diagonal channels for scenarios addressing flavor 
anomalies.

Steps are now to be made to have full NLO+PS predictions for future LHC analyses.


