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q(uark)–ℓ(epton)–L(epto)Q(uark)

Leptoquark (LQ) is a colored field.

LEPTOQUARKS
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Leptoquark (LQ) is a colored field.
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LEADING ORDER (LO)
FEYNMAN DIAGRAMS

PAIR PRODUCTION OF LEPTOQUARKS @ LO



PAIR PRODUCTION OF LEPTOQUARKS @ NLO

BORN REAL

VIRTUAL



NEXT-TO-LEADING ORDER CALCULATIONS

M. Kramer, T. Plehn, M. Spira, and P. M. Zerwas, hep-ph/0411038.

T. Mandal, S. Mitra, and S. Seth, arXiv:1506.07369.

LEPTOQUARK PAIR PRODUCTION

https://web.physik.rwth-aachen.de/service/wiki/bin/view/Main/LeptoquarkProduction

PDFs: CTEQ6L1 (LO) & CTEQ6.6M (NLO)

CODE: Fortran 77



PAIR PRODUCTION OF LEPTOQUARKS

t-CHANNEL

= YUKAWA COUPLING

*I. D., S. Fajfer, and A. Greljo, arXiv:1406.4831.



PAIR PRODUCTION OF LEPTOQUARKS

t-CHANNEL
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SINGLE LEPTOQUARK + LEPTON PRODUCTION

yqℓ (q–ℓ–LQ)

LEADING ORDER (LO)
FEYNMAN DIAGRAMS

= YUKAWA COUPLING ( yqℓ )



SINGLE LEPTOQUARK + LEPTON PRODUCTION

BORN REAL

VIRTUAL



NEXT-TO-LEADING ORDER CALCULATIONS

J. B. Hammett and D. A. Ross, arXiv:1501.06719.  

T. Mandal, S. Mitra and S. Seth, arXiv:1503.04689. 

SINGLE LEPTOQUARK PRODUCTION

A. Alves, O. Eboli and T. Plehn, hep-ph/0211441.



SINGLE LEPTOQUARK + LEPTON PRODUCTION
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LQ_NLO TOOLBOX PROJECT

LQ_NLO contains Universal FeynRules Output (UFO) model file 
directories for all scalar leptoquarks (S3, R2, R2, S1, S1) and one vector 
leptoquark (U1

µ) to be used with MADGRAPH5_AMC@NLO. 

~ ~

We assume the Standard Model + one leptoquark scenario and 
impose the conservation of both baryon (B) and lepton (L) numbers.

We use the NLOCT package (version 1.02)* together with 
FEYNARTS (version 3.9)◉ to generate the relevant UV and R2 
counterterms at one-loop level in QCD for the NLO simulations. 

*C. Degrande,, arXiv:1406.3030.
◉T. Hahn, hep-ph/0012260.



WHERE DOES LQ_NLO EXCEL?

M. Kramer, T. Plehn, M. Spira, and P. M. Zerwas, hep-ph/0411038.

T. Mandal, S. Mitra, and S. Seth, arXiv:1506.07369.

LEPTOQUARK PAIR PRODUCTION

J. B. Hammett and D. A. Ross, arXiv:1501.06719.  

T. Mandal, S. Mitra and S. Seth, arXiv:1503.04689. 

SINGLE LEPTOQUARK PRODUCTION

A. Alves, O. Eboli and T. Plehn, hep-ph/0211441.



LQ_NLO TOOLBOX @ HepForge

HepForge is a free collaborative development for particle physics software projects.

https://www.hepforge.org



LQ_NLO TOOLBOX @ HepForge

https://www.hepforge.org/projects.
.
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LQ_NLO TOOLBOX @ HepForge

https://lqnlo.hepforge.org
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LQ_NLO TOOLBOX @ HepForge

https://lqnlo.hepforge.org/downloads/
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LQ_NLO TOOLBOX .fr MODEL SAMPLE
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eigenstate basis is accomplished through the following transformations: uj
L !

(V †
)jkuk

L, djL ! djL, ejL ! ejL, and ⌫jL ! (U)jk⌫kL. We implicitly assume that
the individual rotations in the left-chiral sector are not physical. This might not
be the case in all circumstances.

1.3. R2 = (3,2, 7/6)

Yukawa couplings of R2 to the SM fermions are
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2 and yLR

2 in Eq. (3) are arbitrary complex 3 ⇥ 3 Yukawa matrices. In the
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where the LQ superscript denotes electric charge of R2 components. There are
two independent Yukawa couplings for both R5/3

2 and R2/3
2 . One is of RL and

the other of LR type. If LQ couples to both left- and right-chiral quarks it is
referred to as a non-chiral LQ. R2 is thus a non-chiral LQ of the genuine kind.

We have already outlined the ambiguity attached to the first, second, and
third generation LQ nomenclature. There is yet another aspect to this issue.
Namely, LQ multiplets that transform non-trivially under SU(2) can have one
charged component to be of the first, second or third generation type but that
would not be the case with the other charged component(s) of the same mul-
tiplet. This can be nicely illustrated with this particular LQ. For example,
R2/3

2 could be referred to as first generation LQ if yLR
2 ij = y�1i�1j and yRL

2 ij = 0,
i, j = 1, 2, 3, where �ij is the Kronecker delta. However, R5/3

2 would then be
an LQ that simultaneously couples an electron to all up-type quarks. We im-
plicitly assume that all unitary rotations in the flavor space of the right-chiral
sector and the individual rotations of the left-chiral sector are not experimentally
accessible.

1.4. ˜R2 = (3,2, 1/6)

There are two renormalizable terms that describe interactions of ˜R2 with
matter. These are

L �� ỹRL
2 ij

¯diR ˜Ra
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L + ỹLR
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L
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R + h.c.. (5)

We assume that there are three right-chiral neutrinos ⌫jR, j = 1, 2, 3. ỹRL
2 ij and

ỹLR
2 ij are then elements of arbitrary complex 3 ⇥ 3 Yukawa coupling matrices.

Since the presence of right-chiral neutrinos is questionable we bar all symbols
associated with them including the superscript of the associated Yukawa cou-
pling matrix. For example, the second term in Eq. (5) is of LR type. This can
be read off from Table 1 allowing for an easy removal of the relevant coupling(s)

10
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PHYSICS RESULTSneglected and provide relevant expressions. Note that mass eigenstates that originate from the same
LQ multiplet do not need to have the same decay width. To that end we denote the associated decay
widths differently. For example, the decay width of R5/3

2

(R2/3
2

) is denoted as WR253 (WR223).
In order to validate the NLO QCD implementation we generate the LQ decay process with

MADGRAPH5_AMC@NLO. This calculation consists of one born, one virtual and two real-
radiation diagrams. The analytic formula for the partial decay width for massless fermions and
lagrangian defined as L � (�yq` q̄PL,R` � + h.c.) is [24]
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2

s/(4⇡) is the strong coupling constant, PL and PR are the standard left- and right-
chiral projection operators, and yq` is the Yukawa coupling strength. Our numerical result for the
NLO QCD correction factor (KF � 1 ⇡ 0.0043), obtained using MADGRAPH5_AMC@NLO,
agrees perfectly with the analytic formula in Eq. (2.4). That is, by reproducing finite one-loop
corrections, we have validated the implementation of the corresponding QCD counterterms in the
UFO model(s).

2.2 Vector LQ set-up

The only vector LQ model implementation we provide is the one that involves U

1

⌘ (3,1, 2/3)

field. This vector boson has attracted a lot of attention recently [13, 25–27] and its model file can be
appropriately modified to represent other vector LQ states, if needed, for flavour dependent studies.

The kinetic and mass terms of U
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where Uµ⌫ = DµU1⌫ �D⌫U1µ is a field strength tensor and  is a dimensionless coupling. For the
Yang-Mills case  = 1, while for the minimal coupling case  = 0. Precision calculations with
vector LQ require UV completion. This ambiguity is only in part captured by  parametar. In fact,
unitarization of the high-pT scattering amplitudes requires additional dynamics not far beyond the
LQ mass scale, which can impact the production processes in a non-trivial way. Implementation of
the benchmark UV realisations together with the NLO QCD corrections is left for future work.
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predicts gbL = gtL .) The model files can easily be modified to include other interactions. The
relevant parameters that one can vary are mU1 (mLQ),  (kappa), gtL (gtL), and gbL (gbL). The
U

1

particle (antiparticle) name in the model file is vlq (vlq⇠). LQ total decay width is denoted
with wLQ. Numerical results using this implementation are presented in Sec. 3.3.

3 Numerical analysis
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Yang-Mills case  = 1, while for the minimal coupling case  = 0. Precision calculations with
vector LQ require UV completion. This ambiguity is only in part captured by  parametar. In fact,
unitarization of the high-pT scattering amplitudes requires additional dynamics not far beyond the
LQ mass scale, which can impact the production processes in a non-trivial way. Implementation of
the benchmark UV realisations together with the NLO QCD corrections is left for future work.

The Yukawa part of the U
1

lagrangian is defined in Eq. (4.3) in Sec. 4. For simplicity, here we
implement the following lagrangian L � (gbL b̄L�

µ
⌧LU1µ+gtL t̄L�

µ
⌫

⌧
LU1µ+h.c.) where gbL (gtL)

is the coupling strength of U
1

with the bottom-tau (top-neutrino) pair. (SU(2) gauge invariance
predicts gbL = gtL .) The model files can easily be modified to include other interactions. The
relevant parameters that one can vary are mU1 (mLQ),  (kappa), gtL (gtL), and gbL (gbL). The
U

1

particle (antiparticle) name in the model file is vlq (vlq⇠). LQ total decay width is denoted
with wLQ. Numerical results using this implementation are presented in Sec. 3.3.

3 Numerical analysis

The UFO implementation at the NLO in QCD allows us to calculate the total inclusive cross section
for either LQ pair production or single LQ production within the MADGRAPH5_AMC@NLO

– 4 –

*T. Plehn, H. Spiesberger, M. Spira, and P. M. Zerwas, hep-ph/9703433.

*

1.0043

DECAY WIDTH:
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m

LQ

(TeV) �

pair (pb) �

single

u (pb) �

single

d (pb)

0.2 75.1+12.3%+2.6%
�12.1%�2.6% 130.+7.1%+1.6%

�6.2%�1.6% 86.8+7.3%+2.2%
�6.2%�2.2%

0.4 2.25+11.5%+4.0%
�12.5%�4.0% 8.68+7.6%+1.4%

�7.0%�1.4% 5.23+7.3%+2.2%
�6.9%�2.2%

0.6 0.222+11.1%+5.2%
�12.7%�5.2% 1.54+7.3%+1.6%

�7.2%�1.6% 0.864+7.4%+2.3%
�7.3%�2.3%

0.8 0.037+10.9%+6.4%
�12.9%�6.4% 0.414+7.7%+2.0%

�7.6%�2.0% 0.218+7.8%+2.5%
�7.8%�2.5%

1.0 0.00787+11.5%+7.7%
�13.4%�7.7% 0.138+7.5%+2.3%

�7.7%�2.3% 0.0686+8.0%+2.7%
�8.1%�2.7%

1.2 0.00204+11.5%+9.1%
�13.6%�9.1% 0.0535+8.0%+2.6%

�8.2%�2.6% 0.0256+8.2%+2.9%
�8.5%�2.9%

1.4 0.000574+12.1%+10.8%
�14.0%�10.8% 0.023+8.2%+3.0%

�8.5%�3.0% 0.0105+8.6%+3.3%
�8.8%�3.3%

1.6 0.000177+12.1%+12.5%
�14.2%�12.5% 0.0107+8.4%+3.3%

�8.7%�3.3% 0.00466+8.8%+3.6%
�9.1%�3.6%

1.8 0.0000585+13.2%+14.7%
�14.9%�14.7% 0.00518+8.6%+3.7%

�9.0%�3.7% 0.00219+9.3%+4.1%
�9.5%�4.1%

2.0 0.0000193+13.3%+17.0%
�15.1%�17.0% 0.00267+9.1%+4.2%

�9.4%�4.2% 0.00108+9.5%+4.6%
�9.7%�4.6%

2.2 (6.72⇥ 10�6)+14.1%+19.9%
�15.6%�19.9% 0.0014+9.3%+4.6%

�9.6%�4.6% 0.000548+9.7%+5.1%
�9.9%�5.1%

2.4 (2.33⇥ 10�6)+14.5%+23.8%
�15.9%�23.8% 0.00077+9.6%+5.1%

�9.8%�5.1% 0.000288+10.1%+5.7%
�10.3%�5.7%

2.6 (8.2⇥ 10�7)+15.1%+29.0%
�16.3%�29.0% 0.000427+9.5%+5.7%

�9.9%�5.7% 0.000156+10.3%+6.4%
�10.4%�6.4%

2.8 (2.87⇥ 10�7)+15.3%+37.7%
�16.5%�37.7% 0.000241+10.0%+6.2%

�10.3%�6.2% 0.0000851+10.6%+7.1%
�10.8%�7.1%

3.0 (1.02⇥ 10�7)+15.8%+52.5%
�16.6%�52.5% 0.000139+10.4%+6.8%

�10.5%�6.8% 0.0000477+10.9%+7.9%
�11.0%�7.9%

m

LQ

(TeV) �

single

s (pb) �

single

c (pb) �

single

b (pb)

0.2 33.1+7.4%+8.3%
�6.6%�8.3% 23.2+8.3%+3.1%

�7.8%�3.1% 14.7+9.4%+4.2%
�9.9%�4.2%

0.4 1.57+6.3%+9.7%
�6.1%�9.7% 1.04+6.2%+4.4%

�5.2%�4.4% 0.653+7.2%+5.2%
�6.6%�5.2%

0.6 0.216+6.8%+11.2%
�6.8%�11.2% 0.135+5.9%+5.6%

�5.9%�5.6% 0.085+6.2%+6.2%
�5.1%�6.2%

0.8 0.0471+7.1%+13.0%
�7.3%�13.0% 0.028+6.2%+7.0%

�6.4%�7.0% 0.0175+5.2%+7.2%
�4.7%�7.2%

1.0 0.0134+7.5%+15.1%
�7.7%�15.1% 0.00757+6.7%+8.4%

�6.9%�8.4% 0.00469+4.9%+8.5%
�5.1%�8.5%

1.2 0.00442+7.8%+17.7%
�8.1%�17.7% 0.00244+6.9%+9.9%

�7.2%�9.9% 0.00149+5.0%+9.7%
�5.5%�9.7%

1.4 0.00165+8.1%+20.6%
�8.4%�20.6% 0.000868+7.2%+11.6%

�7.5%�11.6% 0.000535+5.3%+11.0%
�5.9%�11.0%

1.6 0.000676+8.4%+24.4%
�8.7%�24.4% 0.000344+7.5%+13.2%

�7.9%�13.2% 0.000211+5.5%+12.6%
�6.2%�12.6%

1.8 0.000294+8.8%+28.5%
�9.1%�28.5% 0.000144+7.7%+15.0%

�8.2%�15.0% 0.0000884+5.8%+14.2%
�6.5%�14.2%

2.0 0.000135+9.1%+33.2%
�9.4%�33.2% 0.000064+7.7%+16.8%

�8.3%�16.8% 0.0000388+6.0%+15.8%
�6.8%�15.8%

2.2 0.0000653+9.3%+38.5%
�9.6%�38.5% 0.0000293+8.3%+18.9%

�8.7%�18.9% 0.0000179+6.4%+17.6%
�7.1%�17.6%

2.4 0.0000327+9.4%+44.1%
�9.7%�44.1% 0.000014+8.4%+21.2%

�8.9%�21.2% (8.38⇥ 10�6)+6.7%+19.7%
�7.5%�19.7%

2.6 0.0000167+9.7%+50.6%
�10.0%�50.6% (6.93⇥ 10�6)+8.7%+23.4%

�9.2%�23.4% (4.13⇥ 10�6)+7.1%+21.8%
�7.8%�21.8%

2.8 (8.82⇥ 10�6)+10.0%+57.0%
�10.2%�57.0% (3.47⇥ 10�6)+9.1%+25.9%

�9.6%�25.9% (2.06⇥ 10�6)+7.1%+23.8%
�7.9%�23.8%

3.0 (4.79⇥ 10�6)+10.3%+63.8%
�10.5%�63.8% (1.78⇥ 10�6)+9.3%+28.4%

�9.8%�28.4% (1.05⇥ 10�6)+7.5%+26.4%
�8.3%�26.4%

Table 2. Total inclusive cross sections in pb for the PDF4LHC15 PDF sets [28] as a function of the
LQ mass at 14 TeV center-of-mass energy for the proton-proton collisions. �

pair corresponds to the LQ
pair production. �

single

u,d,s,c,b describe single LQ productions through corresponding quark flavour when the
associated Yukawa coupling strength is set to one. The cross section dependancy on the change in the
renormalisation (µR) and factorisation (µF ) scales is taken into account through the following scale varia-
tions: µR = µF = m

LQ

/2,m
LQ

, 2m
LQ

. First (second) uncertainty is due to the renormalisation µR and
factorisation µF scale (PDF) variations and is given in per cent units.

[2] S. Davidson, D. C. Bailey and B. A. Campbell, Z. Phys. C 61, 613 (1994) doi:10.1007/BF01552629
[hep-ph/9309310].

[3] J. L. Hewett and T. G. Rizzo, Phys. Rev. D 56, 5709 (1997) doi:10.1103/PhysRevD.56.5709
[hep-ph/9703337].

[4] P. Nath and P. Fileviez Perez, Phys. Rept. 441, 191 (2007) doi:10.1016/j.physrep.2007.02.010
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m

LQ

(TeV) �

pair (pb) �

single

u (pb) �

single

d (pb)

0.2 75.1+12.3%+2.6%
�12.1%�2.6% 130.+7.1%+1.6%

�6.2%�1.6% 86.8+7.3%+2.2%
�6.2%�2.2%

0.4 2.25+11.5%+4.0%
�12.5%�4.0% 8.68+7.6%+1.4%

�7.0%�1.4% 5.23+7.3%+2.2%
�6.9%�2.2%

0.6 0.222+11.1%+5.2%
�12.7%�5.2% 1.54+7.3%+1.6%

�7.2%�1.6% 0.864+7.4%+2.3%
�7.3%�2.3%

0.8 0.037+10.9%+6.4%
�12.9%�6.4% 0.414+7.7%+2.0%

�7.6%�2.0% 0.218+7.8%+2.5%
�7.8%�2.5%

1.0 0.00787+11.5%+7.7%
�13.4%�7.7% 0.138+7.5%+2.3%

�7.7%�2.3% 0.0686+8.0%+2.7%
�8.1%�2.7%

1.2 0.00204+11.5%+9.1%
�13.6%�9.1% 0.0535+8.0%+2.6%

�8.2%�2.6% 0.0256+8.2%+2.9%
�8.5%�2.9%

1.4 0.000574+12.1%+10.8%
�14.0%�10.8% 0.023+8.2%+3.0%

�8.5%�3.0% 0.0105+8.6%+3.3%
�8.8%�3.3%

1.6 0.000177+12.1%+12.5%
�14.2%�12.5% 0.0107+8.4%+3.3%

�8.7%�3.3% 0.00466+8.8%+3.6%
�9.1%�3.6%

1.8 0.0000585+13.2%+14.7%
�14.9%�14.7% 0.00518+8.6%+3.7%

�9.0%�3.7% 0.00219+9.3%+4.1%
�9.5%�4.1%

2.0 0.0000193+13.3%+17.0%
�15.1%�17.0% 0.00267+9.1%+4.2%

�9.4%�4.2% 0.00108+9.5%+4.6%
�9.7%�4.6%

2.2 (6.72⇥ 10�6)+14.1%+19.9%
�15.6%�19.9% 0.0014+9.3%+4.6%

�9.6%�4.6% 0.000548+9.7%+5.1%
�9.9%�5.1%

2.4 (2.33⇥ 10�6)+14.5%+23.8%
�15.9%�23.8% 0.00077+9.6%+5.1%

�9.8%�5.1% 0.000288+10.1%+5.7%
�10.3%�5.7%

2.6 (8.2⇥ 10�7)+15.1%+29.0%
�16.3%�29.0% 0.000427+9.5%+5.7%

�9.9%�5.7% 0.000156+10.3%+6.4%
�10.4%�6.4%

2.8 (2.87⇥ 10�7)+15.3%+37.7%
�16.5%�37.7% 0.000241+10.0%+6.2%

�10.3%�6.2% 0.0000851+10.6%+7.1%
�10.8%�7.1%

3.0 (1.02⇥ 10�7)+15.8%+52.5%
�16.6%�52.5% 0.000139+10.4%+6.8%

�10.5%�6.8% 0.0000477+10.9%+7.9%
�11.0%�7.9%

m

LQ

(TeV) �

single

s (pb) �

single

c (pb) �

single

b (pb)

0.2 33.1+7.4%+8.3%
�6.6%�8.3% 23.2+8.3%+3.1%

�7.8%�3.1% 14.7+9.4%+4.2%
�9.9%�4.2%

0.4 1.57+6.3%+9.7%
�6.1%�9.7% 1.04+6.2%+4.4%

�5.2%�4.4% 0.653+7.2%+5.2%
�6.6%�5.2%

0.6 0.216+6.8%+11.2%
�6.8%�11.2% 0.135+5.9%+5.6%

�5.9%�5.6% 0.085+6.2%+6.2%
�5.1%�6.2%

0.8 0.0471+7.1%+13.0%
�7.3%�13.0% 0.028+6.2%+7.0%

�6.4%�7.0% 0.0175+5.2%+7.2%
�4.7%�7.2%

1.0 0.0134+7.5%+15.1%
�7.7%�15.1% 0.00757+6.7%+8.4%

�6.9%�8.4% 0.00469+4.9%+8.5%
�5.1%�8.5%

1.2 0.00442+7.8%+17.7%
�8.1%�17.7% 0.00244+6.9%+9.9%

�7.2%�9.9% 0.00149+5.0%+9.7%
�5.5%�9.7%

1.4 0.00165+8.1%+20.6%
�8.4%�20.6% 0.000868+7.2%+11.6%

�7.5%�11.6% 0.000535+5.3%+11.0%
�5.9%�11.0%

1.6 0.000676+8.4%+24.4%
�8.7%�24.4% 0.000344+7.5%+13.2%

�7.9%�13.2% 0.000211+5.5%+12.6%
�6.2%�12.6%

1.8 0.000294+8.8%+28.5%
�9.1%�28.5% 0.000144+7.7%+15.0%

�8.2%�15.0% 0.0000884+5.8%+14.2%
�6.5%�14.2%

2.0 0.000135+9.1%+33.2%
�9.4%�33.2% 0.000064+7.7%+16.8%

�8.3%�16.8% 0.0000388+6.0%+15.8%
�6.8%�15.8%

2.2 0.0000653+9.3%+38.5%
�9.6%�38.5% 0.0000293+8.3%+18.9%

�8.7%�18.9% 0.0000179+6.4%+17.6%
�7.1%�17.6%

2.4 0.0000327+9.4%+44.1%
�9.7%�44.1% 0.000014+8.4%+21.2%

�8.9%�21.2% (8.38⇥ 10�6)+6.7%+19.7%
�7.5%�19.7%

2.6 0.0000167+9.7%+50.6%
�10.0%�50.6% (6.93⇥ 10�6)+8.7%+23.4%

�9.2%�23.4% (4.13⇥ 10�6)+7.1%+21.8%
�7.8%�21.8%

2.8 (8.82⇥ 10�6)+10.0%+57.0%
�10.2%�57.0% (3.47⇥ 10�6)+9.1%+25.9%

�9.6%�25.9% (2.06⇥ 10�6)+7.1%+23.8%
�7.9%�23.8%

3.0 (4.79⇥ 10�6)+10.3%+63.8%
�10.5%�63.8% (1.78⇥ 10�6)+9.3%+28.4%

�9.8%�28.4% (1.05⇥ 10�6)+7.5%+26.4%
�8.3%�26.4%

Table 2. Total inclusive cross sections in pb for the PDF4LHC15 PDF sets [28] as a function of the
LQ mass at 14 TeV center-of-mass energy for the proton-proton collisions. �

pair corresponds to the LQ
pair production. �

single

u,d,s,c,b describe single LQ productions through corresponding quark flavour when the
associated Yukawa coupling strength is set to one. The cross section dependancy on the change in the
renormalisation (µR) and factorisation (µF ) scales is taken into account through the following scale varia-
tions: µR = µF = m

LQ

/2,m
LQ

, 2m
LQ

. First (second) uncertainty is due to the renormalisation µR and
factorisation µF scale (PDF) variations and is given in per cent units.

[2] S. Davidson, D. C. Bailey and B. A. Campbell, Z. Phys. C 61, 613 (1994) doi:10.1007/BF01552629
[hep-ph/9309310].

[3] J. L. Hewett and T. G. Rizzo, Phys. Rev. D 56, 5709 (1997) doi:10.1103/PhysRevD.56.5709
[hep-ph/9703337].

[4] P. Nath and P. Fileviez Perez, Phys. Rept. 441, 191 (2007) doi:10.1016/j.physrep.2007.02.010
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ℒ ⊃ yqℓ q ℓ Φ + h.c.
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(VECTOR LEPTOQUARK)

neglected and provide relevant expressions. Note that mass eigenstates that originate from the same
LQ multiplet do not need to have the same decay width. To that end we denote the associated decay
widths differently. For example, the decay width of R5/3

2

(R2/3
2

) is denoted as WR253 (WR223).
In order to validate the NLO QCD implementation we generate the LQ decay process with

MADGRAPH5_AMC@NLO. This calculation consists of one born, one virtual and two real-
radiation diagrams. The analytic formula for the partial decay width for massless fermions and
lagrangian defined as L � (�yq` q̄PL,R` � + h.c.) is [24]

�(� ! q`) =
|yq`|2mLQ

16⇡

✓
1 +

✓
9

2
� 4⇡2

9

◆
↵s

⇡

◆
, (2.4)

where ↵s = g

2

s/(4⇡) is the strong coupling constant, PL and PR are the standard left- and right-
chiral projection operators, and yq` is the Yukawa coupling strength. Our numerical result for the
NLO QCD correction factor (KF � 1 ⇡ 0.0043), obtained using MADGRAPH5_AMC@NLO,
agrees perfectly with the analytic formula in Eq. (2.4). That is, by reproducing finite one-loop
corrections, we have validated the implementation of the corresponding QCD counterterms in the
UFO model(s).

2.2 Vector LQ set-up

The only vector LQ model implementation we provide is the one that involves U

1

⌘ (3,1, 2/3)

field. This vector boson has attracted a lot of attention recently [13, 25–27] and its model file can be
appropriately modified to represent other vector LQ states, if needed, for flavour dependent studies.

The kinetic and mass terms of U
1

are

LU1
kinetic

= �1

2
U

†
µ⌫Uµ⌫ � igs U

†
1µT

a
U

1⌫G
a
µ⌫ +m

2

U1
U

†
1µU1µ, (2.5)

where Uµ⌫ = DµU1⌫ �D⌫U1µ is a field strength tensor and  is a dimensionless coupling. For the
Yang-Mills case  = 1, while for the minimal coupling case  = 0. Precision calculations with
vector LQ require UV completion. This ambiguity is only in part captured by  parametar. In fact,
unitarization of the high-pT scattering amplitudes requires additional dynamics not far beyond the
LQ mass scale, which can impact the production processes in a non-trivial way. Implementation of
the benchmark UV realisations together with the NLO QCD corrections is left for future work.

The Yukawa part of the U
1

lagrangian is defined in Eq. (4.3) in Sec. 4. For simplicity, here we
implement the following lagrangian L � (gbL b̄L�

µ
⌧LU1µ+gtL t̄L�

µ
⌫

⌧
LU1µ+h.c.) where gbL (gtL)

is the coupling strength of U
1

with the bottom-tau (top-neutrino) pair. (SU(2) gauge invariance
predicts gbL = gtL .) The model files can easily be modified to include other interactions. The
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S1 ⌘ (3,1, 1/3) U1 ⌘ (3,1, 2/3)

p p ! ` `

p p ! ` ⌫

p p ! ��

p p ! � `

�
pair

= f(↵s,mLQ

)

�q
single

= y2q` gq(↵s,mLQ

)

q = u, d, s, c, b

�

6

⇠ x4

m4

LQ

m5

p

max(mN )

exp. � 0.05 eV

(mN )↵� =

3 sin 2✓

32⇡2

X

�=d,s,b

m�


lnx

1�

1� x
1�

� lnx
2�

1� x
2�

� �
y0�↵y�� + y0��y�↵

 

xi� = m2

�/m
2

LQ i

.

tan 2✓ =

2�hHi
m2

1

�m2

2

✓ ⇡ �hHi
m2

1

�m2

2

1

LEPTOQUARK ⌘ (SU(3), SU(2), U(1))

SCALAR VECTOR

S3 ⌘ (3,3, 1/3) U3 ⌘ (3,3, 2/3)

R2 ⌘ (3,2, 7/6) V2 ⌘ (3,2, 5/6)

R̃2 ⌘ (3,2, 1/6) Ṽ2 ⌘ (3,2,�1/6)
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CONCLUSIONS
We address the need for an up-to-date Monte Carlo event
generator output that can be used for the current and future
experimental searches and search recasts concerning scalar
and vector leptoquarks.

Pair production of the leptoquarks can be taken to be purely
QCD driven.

Single leptoquark + lepton production cross section scales
with the square of the relevant Yukawa coupling. It further 
depends on the quark flavor and the leptoquark mass.

Universal Feynrules Output (UFO) model file directories to
be used with MADGRAPH5_AMC@NLO for the LO and
NLO simulations can be found at LQ_NLO @ HepForge.
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