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Figure 1. Examples of LQ contributions to DY dimuon production initiated by bottom-quark
fusion. The left Feynman diagram describes the tree-level correction involving t-channel LQ ex-
change, while the middle (right) graph represents the corresponding real (virtual) QCD corrections.
See main text for further details.

where u, d and ` represent the right-handed up-type, down-type quarks and charged lepton
fields, respectively, and the superscript c denotes charge conjugation. The fermionic SM
fields are understood to be mass eigenstates, i.e. the states that lead to diagonal SM Yukawa
coupling matrices after spontaneous EW symmetry breaking. The couplings Yu` and Yd`
are complex 3 ⇥ 3 matrices in flavour space, while the fields S1 and S̃1 correspond to
the two SU(2)L LQ singlets allowed by gauge invariance. Explicitly, the LQ fields trans-
form as S1 ⇠ (3, 1,�1/3) and S̃1 ⇠ (3, 1,�4/3) under the full SU(3)C ⇥ SU(2)L ⇥ U(1)Y
SM gauge group. Notice that the size of the modifications in pp ! `+`� production due
to LQ exchange depends primarily on the flavour structure and the magnitude of the cou-
plings Yu` and Yd`. However, once interference effects between the LQ signal and the SM
background are considered also the representation of the LQ plays a role because the inter-
ference pattern depends on the quantum numbers of the exchanged LQ [21]. In fact, in the
case of S1

�
S̃1

�
it turns out that the above Lagrangian give rise to destructive (constructive)

interference of the LQ signal with the SM DY background. The interactions (2.1) can there-
fore be used as a template to cover the full space of scalar LQ models which entail besides
the SU(2)L singlets S1 and S̃1, the SU(2)L doublets S2 and S̃2 and a SU(2)L triplet S3.
In this context, we add that the fields S2 and S3 lead to constructive interference, while S̃2

interferes destructively with the SM DY background.

3 Calculation in a nutshell

Figures 1 and 2 display representative Feynman diagrams inducing DY dimuon produc-
tion in the presence of (2.1). The first figure shows the tree-level correction involving t-
channel LQ exchange (left) and the corresponding real (middle) and virtual (right) QCD cor-
rections. Notice that all depicted contributions are initiated by bottom-quark (bb̄) fusion1

and that the exchanged LQ is a S̃1. An assortment of LQ contributions to DY dimuon
production that arise beyond the leading order (LO) in perturbation theory is give in the
second figure. The left Feynman diagram gives rise to resonant single-LQ production with
subsequent decay of the LQ to a pair of a bottom quark and a anti-muon, i.e. gb ! S̃1µ�

1Throughout this article we work in the five-flavour scheme, where charm- and bottom-quarks are
considered as partons in the proton and as such have a corresponding parton distribution function (PDF).
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1Throughout this article we work in the five-flavour scheme, where charm- and bottom-quarks are
considered as partons in the proton and as such have a corresponding parton distribution function (PDF).
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Figure 2. An assortment of LQ contributions to DY dimuon production that arise beyond
the leading order in perturbation theory. The left graph is an example of resonant single-LQ
production followed by the decay of the LQ, whereas the middle and right diagram represent
EW corrections involving LQ exchange. For additional explanations consult the main text.

with S̃1 ! bµ+. Notice that graphs of this type as well as the real and virtual corrections
shown in Figure 1 all represent a O(↵s) correction to the inclusive DY dilepton production
rate. In order to achieve NLO accuracy in QCD one therefore has to include all three classes
of graphs. Notice that the diagrams in Figure 1 and the left graph in Figure 2 with bottom
replaced by charm quarks arise in the case of the LQ singlet S1.

Besides QCD corrections to pp ! `+`� we also consider EW effects to DY produc-
tion in our article. Two prototype graphs of this kind are shown in the centre and on the
right-hand side of Figure 2. The first type of diagrams encodes the virtual corrections to
the Z`+`� and �`+`� vertices involving the exchange of a LQ. These vertex corrections ap-
pear both in the initial and the final state. The second type of EW corrections is associated
to one-loop Feynman graphs with W -boson exchange. Notice that due to the structure
of (2.1), which only involves right-handed fermionic fields, EW contributions of the lat-
ter kind are strongly chirally suppressed by small SM Yukawa couplings. In the case of
DY production by heavy-quark fusion these corrections furthermore involve small Cabibbo-
Kobayashi-Maskawa matrix elements. We therefore do not include EW corrections related
to W -boson exchange in our analysis. Likewise, we also do not consider EW contributions
due to SM Higgs-boson exchange, because these corrections are again insignificant as they
are proportional to small SM Yukawa couplings.

The third kind of quantum effects that we consider in our work is the interference be-
tween the LQ and the SM contributions to tree-level qq̄ ! `+`� scattering. We treat these
contributions at the LO in perturbation theory, which means that our POWHEG-BOX imple-
mentation contains the squared matrix elements built from the t-channel LQ contribution
and the SM corrections involving Z-boson or photon exchange in the s-channel.

All matrix elements are computed using conventional dimensional regularisation for
both ultraviolet (UV) and infrared (IR) singularities. The actual generation and com-
putation of squared matrix elements relies on the Mathematica packages FeynRules [61],
FeynArts [62], FormCalc [63], LoopTools [64] and Package-X [65]. For what concerns our
calculation of NLO QCD corrections we use MS renormalisation, while the NLO EW contri-
butions associated to s-channel exchange of a Z boson or a photon are computed in the on-
shell scheme. In order to deal with the soft and collinear singularities of the real corrections
to the t-channel LQ exchange contribution, cf. the middle diagram in Figure 1, and to cancel
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considered as partons in the proton and as such have a corresponding parton distribution function (PDF).
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and that the exchanged LQ is a S̃1. An assortment of LQ contributions to DY dimuon
production that arise beyond the leading order (LO) in perturbation theory is give in the
second figure. The left Feynman diagram gives rise to resonant single-LQ production with
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considered as partons in the proton and as such have a corresponding parton distribution function (PDF).
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Figure 2. An assortment of LQ contributions to DY dimuon production that arise beyond
the leading order in perturbation theory. The left graph is an example of resonant single-LQ
production followed by the decay of the LQ, whereas the middle and right diagram represent
EW corrections involving LQ exchange. For additional explanations consult the main text.

with S̃1 ! bµ+. Notice that graphs of this type as well as the real and virtual corrections
shown in Figure 1 all represent a O(↵s) correction to the inclusive DY dilepton production
rate. In order to achieve NLO accuracy in QCD one therefore has to include all three classes
of graphs. Notice that the diagrams in Figure 1 and the left graph in Figure 2 with bottom
replaced by charm quarks arise in the case of the LQ singlet S1.

Besides QCD corrections to pp ! `+`� we also consider EW effects to DY produc-
tion in our article. Two prototype graphs of this kind are shown in the centre and on the
right-hand side of Figure 2. The first type of diagrams encodes the virtual corrections to
the Z`+`� and �`+`� vertices involving the exchange of a LQ. These vertex corrections ap-
pear both in the initial and the final state. The second type of EW corrections is associated
to one-loop Feynman graphs with W -boson exchange. Notice that due to the structure
of (2.1), which only involves right-handed fermionic fields, EW contributions of the lat-
ter kind are strongly chirally suppressed by small SM Yukawa couplings. In the case of
DY production by heavy-quark fusion these corrections furthermore involve small Cabibbo-
Kobayashi-Maskawa matrix elements. We therefore do not include EW corrections related
to W -boson exchange in our analysis. Likewise, we also do not consider EW contributions
due to SM Higgs-boson exchange, because these corrections are again insignificant as they
are proportional to small SM Yukawa couplings.

The third kind of quantum effects that we consider in our work is the interference be-
tween the LQ and the SM contributions to tree-level qq̄ ! `+`� scattering. We treat these
contributions at the LO in perturbation theory, which means that our POWHEG-BOX imple-
mentation contains the squared matrix elements built from the t-channel LQ contribution
and the SM corrections involving Z-boson or photon exchange in the s-channel.

All matrix elements are computed using conventional dimensional regularisation for
both ultraviolet (UV) and infrared (IR) singularities. The actual generation and com-
putation of squared matrix elements relies on the Mathematica packages FeynRules [61],
FeynArts [62], FormCalc [63], LoopTools [64] and Package-X [65]. For what concerns our
calculation of NLO QCD corrections we use MS renormalisation, while the NLO EW contri-
butions associated to s-channel exchange of a Z boson or a photon are computed in the on-
shell scheme. In order to deal with the soft and collinear singularities of the real corrections
to the t-channel LQ exchange contribution, cf. the middle diagram in Figure 1, and to cancel

– 4 –

Figure 2. An assortment of LQ contributions to DY dimuon production that arise beyond
the leading order in perturbation theory. The left graph is an example of resonant single-LQ
production followed by the decay of the LQ, whereas the middle and right diagram represent
EW corrections involving LQ exchange. For additional explanations consult the main text.

with S̃1 ! bµ+. Notice that graphs of this type as well as the real and virtual corrections
shown in Figure 1 all represent a O(↵s) correction to the inclusive DY dilepton production
rate. In order to achieve NLO accuracy in QCD one therefore has to include all three classes
of graphs. Notice that the diagrams in Figure 1 and the left graph in Figure 2 with bottom
replaced by charm quarks arise in the case of the LQ singlet S1.

Besides QCD corrections to pp ! `+`� we also consider EW effects to DY produc-
tion in our article. Two prototype graphs of this kind are shown in the centre and on the
right-hand side of Figure 2. The first type of diagrams encodes the virtual corrections to
the Z`+`� and �`+`� vertices involving the exchange of a LQ. These vertex corrections ap-
pear both in the initial and the final state. The second type of EW corrections is associated
to one-loop Feynman graphs with W -boson exchange. Notice that due to the structure
of (2.1), which only involves right-handed fermionic fields, EW contributions of the lat-
ter kind are strongly chirally suppressed by small SM Yukawa couplings. In the case of
DY production by heavy-quark fusion these corrections furthermore involve small Cabibbo-
Kobayashi-Maskawa matrix elements. We therefore do not include EW corrections related
to W -boson exchange in our analysis. Likewise, we also do not consider EW contributions
due to SM Higgs-boson exchange, because these corrections are again insignificant as they
are proportional to small SM Yukawa couplings.

The third kind of quantum effects that we consider in our work is the interference be-
tween the LQ and the SM contributions to tree-level qq̄ ! `+`� scattering. We treat these
contributions at the LO in perturbation theory, which means that our POWHEG-BOX imple-
mentation contains the squared matrix elements built from the t-channel LQ contribution
and the SM corrections involving Z-boson or photon exchange in the s-channel.

All matrix elements are computed using conventional dimensional regularisation for
both ultraviolet (UV) and infrared (IR) singularities. The actual generation and com-
putation of squared matrix elements relies on the Mathematica packages FeynRules [61],
FeynArts [62], FormCalc [63], LoopTools [64] and Package-X [65]. For what concerns our
calculation of NLO QCD corrections we use MS renormalisation, while the NLO EW contri-
butions associated to s-channel exchange of a Z boson or a photon are computed in the on-
shell scheme. In order to deal with the soft and collinear singularities of the real corrections
to the t-channel LQ exchange contribution, cf. the middle diagram in Figure 1, and to cancel

– 4 –

Z/γ

q̄
g

q

μ−

μ+

Z/γ

q̄

g

q

μ−

μ+



6

2. Theoretical framework and calculations 
2.1 Simplified LQ model 
2.2 Matrix elements 
2.3 POWHEG-Box (in a nutshell)

6



2. Theoretical framework and calculations

7

2.1 Simplified LQ model



2. Theoretical framework and calculations

7

2.1 Simplified LQ model

• We consider the simplified LQ model

The main goal of this article is to refine the theoretical description of DY production
in scalar LQ models (see also [44–52] for publications similar in spirit). To this purpose
we calculate the next-to-leading order (NLO) QCD corrections to pp ! `+`� production.
This computation involves the evaluation of the real and virtual corrections to the t-channel
Born-level contribution as well as the calculation of resonant single-LQ production followed
by the decay of the LQ. Such a calculation has been performed in the case of first- and
second-generation LQs already DY in the article [53] but not for third-generation LQs,
which is the main focus here. Besides QCD corrections we also consider the phenomeno-
logically impact of electroweak (EW) corrections and study the size of interference effects
between the LQ signal and the SM background. These fixed-order predictions are consis-
tently matched to a parton shower (PS) employing the POWHEG method [54, 55] as automa-
tised in the POWHEG-BOX [56]. This allows for a realistic exclusive description of neutral
DY processes in scalar LQ models at the level of hadronic events. In particular, our POWHEG
implementation allows to generate events with one additional parton from the matrix ele-
ment calculation without the need to introduce a merging or matching scale. This enables
us to stu DY the constraints on scalar LQ models that derive from the DY searches in
high-mass dimuon (µ+µ�) final states without [2, 3] and with a b -jet [4]. Finally, we also
determine the restrictions that the latest ditau (⌧+⌧�) searches [1, 6] put on scalar LQ
models studying two different b -jet categories. Based our DY analyses we are able to derive
improved limits on the parameter space of third-generation scalar LQ models using the
full LHC Run II integrated luminosity of around 140 fb�1 obtained for proton-proton (pp)
collisions at a centre-of-mass energy of

p
s = 13TeV.

The remainder of this article is organised in the following way. In Section 2 we spec-
ify the structure of the LQ interactions that we consider in this work. Section 3 contains
a brief description of the basic ingredients of the calculations of the different LQ contri-
butions to DY production and their implementation into the POWHEG-BOX. The impact of
the different types of LQ corrections on the kinematic distributions in pp ! `+`� pro-
duction is presented in Section 4. Our recasts of the LHC searches [2, 4, 6] are discussed
in Section 5, where we also derive improved limits on the Yukawa couplings and masses of
third-generation scalar LQs. We conclude and present an outlook in Section 6. Constraints
on the parameter space of second-generation scalar LQs are provided in the supplementary
material that can be found in Appendix A.

2 Theoretical framework

LQs are hypothetical coloured bosons that carry both baryon and lepton number [57].
They therefore often emerge in beyond the SM (BSM) models that unify matter [58]. Since
any viable theory of unification has to reduce at low energies to the SM such that the particle
phenomenology observed in experiments is reproduced, scalar LQs can only appear in five
different representations [59, 60]. In order to illustrate the possible effects of scalar LQ
contributions to DY dilepton processes, we focus on the following simplified LQ model

L � Yu` ū
c`S†

1 + Yd` d̄
c` S̃†

1 + h.c. , (2.1)

– 2 –

involving the two  singlets  and  coupling to right-handed 
fermions. 

SU(2)L S1 ∼ (3, 1, − 1/3) S̃1 ∼ (3, 1, − 4/3)
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– 2 –

involving the two  singlets  and  coupling to right-handed 
fermions. 

SU(2)L S1 ∼ (3, 1, − 1/3) S̃1 ∼ (3, 1, − 4/3)

• The size of the modifications in  primarily depends on the flavour structure and the 
magnitude of , . 

pp → ℓ+ℓ−

Yuℓ Ydℓ
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L � Yu` ū
c`S†

1 + Yd` d̄
c` S̃†

1 + h.c. , (2.1)

– 2 –

involving the two  singlets  and  coupling to right-handed 
fermions. 

SU(2)L S1 ∼ (3, 1, − 1/3) S̃1 ∼ (3, 1, − 4/3)

• The size of the modifications in  primarily depends on the flavour structure and the 
magnitude of , . 

pp → ℓ+ℓ−

Yuℓ Ydℓ

• The representation of the LQ plays a role only in the interference with the SM.  ( ) leads to 
destructive (constructive) interference, these interactions can therefore be used as a template to cover 
the full space of scalar LQ models. 

S1 S̃1
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2.2 Matrix elements

• Calculation of the tree-level, real emission and virtual correction matrix elements relying on the full 
FeynRules+FeynArts+FormCalc machinery. 

• For the numerical evaluation, we used both the analytical expressions from PackageX and the 
Passarino-Veltman functions implemented in LoopTools, obtaining the same results. 
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Figure 1. Examples of LQ contributions to DY dimuon production initiated by bottom-quark
fusion. The left Feynman diagram describes the tree-level correction involving t-channel LQ ex-
change, while the middle (right) graph represents the corresponding real (virtual) QCD corrections.
See main text for further details.

where u, d and ` represent the right-handed up-type, down-type quarks and charged lepton
fields, respectively, and the superscript c denotes charge conjugation. The fermionic SM
fields are understood to be mass eigenstates, i.e. the states that lead to diagonal SM Yukawa
coupling matrices after spontaneous EW symmetry breaking. The couplings Yu` and Yd`
are complex 3 ⇥ 3 matrices in flavour space, while the fields S1 and S̃1 correspond to
the two SU(2)L LQ singlets allowed by gauge invariance. Explicitly, the LQ fields trans-
form as S1 ⇠ (3, 1,�1/3) and S̃1 ⇠ (3, 1,�4/3) under the full SU(3)C ⇥ SU(2)L ⇥ U(1)Y
SM gauge group. Notice that the size of the modifications in pp ! `+`� production due
to LQ exchange depends primarily on the flavour structure and the magnitude of the cou-
plings Yu` and Yd`. However, once interference effects between the LQ signal and the SM
background are considered also the representation of the LQ plays a role because the inter-
ference pattern depends on the quantum numbers of the exchanged LQ [21]. In fact, in the
case of S1

�
S̃1

�
it turns out that the above Lagrangian give rise to destructive (constructive)

interference of the LQ signal with the SM DY background. The interactions (2.1) can there-
fore be used as a template to cover the full space of scalar LQ models which entail besides
the SU(2)L singlets S1 and S̃1, the SU(2)L doublets S2 and S̃2 and a SU(2)L triplet S3.
In this context, we add that the fields S2 and S3 lead to constructive interference, while S̃2

interferes destructively with the SM DY background.

3 Calculation in a nutshell

Figures 1 and 2 display representative Feynman diagrams inducing DY dimuon produc-
tion in the presence of (2.1). The first figure shows the tree-level correction involving t-
channel LQ exchange (left) and the corresponding real (middle) and virtual (right) QCD cor-
rections. Notice that all depicted contributions are initiated by bottom-quark (bb̄) fusion1

and that the exchanged LQ is a S̃1. An assortment of LQ contributions to DY dimuon
production that arise beyond the leading order (LO) in perturbation theory is give in the
second figure. The left Feynman diagram gives rise to resonant single-LQ production with
subsequent decay of the LQ to a pair of a bottom quark and a anti-muon, i.e. gb ! S̃1µ�

1Throughout this article we work in the five-flavour scheme, where charm- and bottom-quarks are
considered as partons in the proton and as such have a corresponding parton distribution function (PDF).
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considered as partons in the proton and as such have a corresponding parton distribution function (PDF).
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Figure 2. An assortment of LQ contributions to DY dimuon production that arise beyond
the leading order in perturbation theory. The left graph is an example of resonant single-LQ
production followed by the decay of the LQ, whereas the middle and right diagram represent
EW corrections involving LQ exchange. For additional explanations consult the main text.

with S̃1 ! bµ+. Notice that graphs of this type as well as the real and virtual corrections
shown in Figure 1 all represent a O(↵s) correction to the inclusive DY dilepton production
rate. In order to achieve NLO accuracy in QCD one therefore has to include all three classes
of graphs. Notice that the diagrams in Figure 1 and the left graph in Figure 2 with bottom
replaced by charm quarks arise in the case of the LQ singlet S1.

Besides QCD corrections to pp ! `+`� we also consider EW effects to DY produc-
tion in our article. Two prototype graphs of this kind are shown in the centre and on the
right-hand side of Figure 2. The first type of diagrams encodes the virtual corrections to
the Z`+`� and �`+`� vertices involving the exchange of a LQ. These vertex corrections ap-
pear both in the initial and the final state. The second type of EW corrections is associated
to one-loop Feynman graphs with W -boson exchange. Notice that due to the structure
of (2.1), which only involves right-handed fermionic fields, EW contributions of the lat-
ter kind are strongly chirally suppressed by small SM Yukawa couplings. In the case of
DY production by heavy-quark fusion these corrections furthermore involve small Cabibbo-
Kobayashi-Maskawa matrix elements. We therefore do not include EW corrections related
to W -boson exchange in our analysis. Likewise, we also do not consider EW contributions
due to SM Higgs-boson exchange, because these corrections are again insignificant as they
are proportional to small SM Yukawa couplings.

The third kind of quantum effects that we consider in our work is the interference be-
tween the LQ and the SM contributions to tree-level qq̄ ! `+`� scattering. We treat these
contributions at the LO in perturbation theory, which means that our POWHEG-BOX imple-
mentation contains the squared matrix elements built from the t-channel LQ contribution
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All matrix elements are computed using conventional dimensional regularisation for
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butions associated to s-channel exchange of a Z boson or a photon are computed in the on-
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to the t-channel LQ exchange contribution, cf. the middle diagram in Figure 1, and to cancel
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• Calculation of the tree-level, real emission and virtual correction matrix elements relying on the full 
FeynRules+FeynArts+FormCalc machinery. 

• For the numerical evaluation, we used both the analytical expressions from PackageX and the 
Passarino-Veltman functions implemented in LoopTools, obtaining the same results. 
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where L is the parton luminosity4

L = L(x!, x") = f!(x!) f"(x") , (2.6)

and

d!n = dx! dx" d!n (k! + k"; k1, . . . , kn) , (2.7)

with d!n the n-body phase space

d!n (q; k1, . . . , kn) = (2!)4 "4
!

q !
n
"

i=1

ki

#

n
$

i=1

d3ki

(2!)3 2k0i
. (2.8)

In case of leptons in the initial state, the corresponding parton distribution function f(x)

in eq. (2.6) is replaced by "(1 ! x).

The real contributions at the NLO arise from the tree-level squared amplitudes for

the 2 " n + 1 parton process, which we denote by R. As before, we denote by !n+1 the

corresponding set of variables

!n+1 = {x!, x", k1, . . . , kn+1} (2.9)

constrained by momentum conservation and on-shell conditions.

The virtual contributions arise from the interference of the one-loop amplitudes times

the LO amplitudes. We denote by Vb the renormalized virtual corrections, that is, we

assume that all ultraviolet divergences have already been removed by renormalization.

These terms still contain infrared divergences. Therefore, they are computed in d = 4! 2#

dimensions, and the divergences appear as 1/#2 and 1/# poles. The subscript b (for “bare”)

reminds us of the presence of infrared divergences in the amplitude.

In hadronic collisions, the complete cancellation of the initial-state collinear singular-

ities is achieved by adding two counterterms, one for each of the incoming partons (#,

$), to the di"erential cross section. We denote them by G!,b and G",b. The factorization

counterterms are infrared divergent in four dimensions. Therefore, they are computed in

d = 4! 2# dimensions, and the divergences appear as 1/# poles. To remind this fact, also

in this case a subscript b has been included in the notation.

The total NLO cross section is given by5

$NLO =

%

d!n L
&

B(!n) + Vb(!n)
'

+

%

d!n+1L R(!n+1)

+

%

d!n,! L G!,b(!n,!) +

%

d!n," L G",b(!n,") , (2.10)

where

d!n+1 = dx! dx" d!n+1 (k! + k"; k1, . . . , kn+1) . (2.11)

4In this section we drop the parton flavours and the scale dependence in the luminosity, for ease of

notation.
5The G!,b terms are present only for incoming hadrons. If one or both the incoming particles are leptons,

the corresponding Gb is zero.
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• The virtual and real matrix elements have infrared and collinear divergences: 

• These are cured by introducing appropriate counterterms and a clever subtraction of divergent 
terms in the singular regions of phase space (e.g. in the FKS subtraction scheme): 

In the POWHEG approach, one performs the generation of the hardest event with

NLO accuracy, in a framework that does not depend upon the SMC’s shower algorithm.

This is why it is fully independent from the SMC. Furthermore, the subsequent showers

takes place at softer transverse momenta, and thus a!ects infrared-safe observables only

at the next-to-next-to-leading order (NNLO). Thus, the matching problem considerably

simplifies, since it no longer requires a detailed examination of the properties of the SMC.

3.3 POWHEG

In the POWHEG formalism, the generation of the hardest emission is performed first,

using full NLO accuracy, and using the SMC to generate subsequent radiation. We give

here a simple illustration of the method, ignoring, for the moment, the complications due

to the presence of several singular regions in the NLO cross section. We begin by defining

B̄(!n) = B(!n) + V (!n)

+

!
"

d"rad [R(!n+1)!C(!n+1)] +

"

dz

z
[G!(!n,!) +G"(!n,")]

#!̄n=!n

, (3.2)

where we have assumed that all the !n+1, !n,# are expressed in terms of the barred

variables. Next we introduce the Sudakov form factor14

# (!n, pT) = exp

$

%

&

!
"

'

d"radR(!n+1) !(kT (!n+1)! pT)
(!̄n=!n

B(!n)

)

*

+

. (3.3)

The function kT (!n+1) should be equal, near the singular limit, to the transverse momen-

tum of the emitted parton relative to the emitting one. The POWHEG cross section for

the generation of the hardest event is then

d" = B̄(!n) d!n

,

#
-

!n, p
min
T

.

+# (!n, kT (!n+1))
R (!n+1)

B(!n)
d"rad

/

!̄n=!n

, (3.4)

where it is assumed that !n+1 is parametrized in terms of "rad and !n, and that values

of kT (!n+1) < pmin
T are not allowed. The cross section (3.4) has the following properties:

• At large kT it coincides with the NLO cross section up to NNLO terms.

• It reproduces correctly the value of infrared safe observables at the NLO. Thus, also

its integral around the small kT region has NLO accuracy.

• At small kT it behaves no worse than standard Shower Monte Carlo generators.

Thus, it fulfills the requirement of the previous subsection for the inclusion of NLO correc-

tions in an SMC.

14Torbjörn Sjöstrand has pointed out to us that a similar Sudakov form factor is also used in PYTHIA for

weak vector-bosons decay and production, in order to implement a matrix-element matching for the first

emission in the shower, see refs. [30, 31].

– 24 –
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Figure 1. Examples of LQ contributions to DY dimuon production initiated by bottom-quark
fusion. The left Feynman diagram describes the tree-level correction involving t-channel LQ ex-
change, while the middle (right) graph represents the corresponding real (virtual) QCD corrections.
See main text for further details.

where u, d and ` represent the right-handed up-type, down-type quarks and charged lepton
fields, respectively, and the superscript c denotes charge conjugation. The fermionic SM
fields are understood to be mass eigenstates, i.e. the states that lead to diagonal SM Yukawa
coupling matrices after spontaneous EW symmetry breaking. The couplings Yu` and Yd`
are complex 3 ⇥ 3 matrices in flavour space, while the fields S1 and S̃1 correspond to
the two SU(2)L LQ singlets allowed by gauge invariance. Explicitly, the LQ fields trans-
form as S1 ⇠ (3, 1,�1/3) and S̃1 ⇠ (3, 1,�4/3) under the full SU(3)C ⇥ SU(2)L ⇥ U(1)Y
SM gauge group. Notice that the size of the modifications in pp ! `+`� production due
to LQ exchange depends primarily on the flavour structure and the magnitude of the cou-
plings Yu` and Yd`. However, once interference effects between the LQ signal and the SM
background are considered also the representation of the LQ plays a role because the inter-
ference pattern depends on the quantum numbers of the exchanged LQ [21]. In fact, in the
case of S1

�
S̃1

�
it turns out that the above Lagrangian give rise to destructive (constructive)

interference of the LQ signal with the SM DY background. The interactions (2.1) can there-
fore be used as a template to cover the full space of scalar LQ models which entail besides
the SU(2)L singlets S1 and S̃1, the SU(2)L doublets S2 and S̃2 and a SU(2)L triplet S3.
In this context, we add that the fields S2 and S3 lead to constructive interference, while S̃2

interferes destructively with the SM DY background.

3 Calculation in a nutshell

Figures 1 and 2 display representative Feynman diagrams inducing DY dimuon produc-
tion in the presence of (2.1). The first figure shows the tree-level correction involving t-
channel LQ exchange (left) and the corresponding real (middle) and virtual (right) QCD cor-
rections. Notice that all depicted contributions are initiated by bottom-quark (bb̄) fusion1

and that the exchanged LQ is a S̃1. An assortment of LQ contributions to DY dimuon
production that arise beyond the leading order (LO) in perturbation theory is give in the
second figure. The left Feynman diagram gives rise to resonant single-LQ production with
subsequent decay of the LQ to a pair of a bottom quark and a anti-muon, i.e. gb ! S̃1µ�

1Throughout this article we work in the five-flavour scheme, where charm- and bottom-quarks are
considered as partons in the proton and as such have a corresponding parton distribution function (PDF).

– 3 –

Figure 1. Examples of LQ contributions to DY dimuon production initiated by bottom-quark
fusion. The left Feynman diagram describes the tree-level correction involving t-channel LQ ex-
change, while the middle (right) graph represents the corresponding real (virtual) QCD corrections.
See main text for further details.

where u, d and ` represent the right-handed up-type, down-type quarks and charged lepton
fields, respectively, and the superscript c denotes charge conjugation. The fermionic SM
fields are understood to be mass eigenstates, i.e. the states that lead to diagonal SM Yukawa
coupling matrices after spontaneous EW symmetry breaking. The couplings Yu` and Yd`
are complex 3 ⇥ 3 matrices in flavour space, while the fields S1 and S̃1 correspond to
the two SU(2)L LQ singlets allowed by gauge invariance. Explicitly, the LQ fields trans-
form as S1 ⇠ (3, 1,�1/3) and S̃1 ⇠ (3, 1,�4/3) under the full SU(3)C ⇥ SU(2)L ⇥ U(1)Y
SM gauge group. Notice that the size of the modifications in pp ! `+`� production due
to LQ exchange depends primarily on the flavour structure and the magnitude of the cou-
plings Yu` and Yd`. However, once interference effects between the LQ signal and the SM
background are considered also the representation of the LQ plays a role because the inter-
ference pattern depends on the quantum numbers of the exchanged LQ [21]. In fact, in the
case of S1

�
S̃1

�
it turns out that the above Lagrangian give rise to destructive (constructive)

interference of the LQ signal with the SM DY background. The interactions (2.1) can there-
fore be used as a template to cover the full space of scalar LQ models which entail besides
the SU(2)L singlets S1 and S̃1, the SU(2)L doublets S2 and S̃2 and a SU(2)L triplet S3.
In this context, we add that the fields S2 and S3 lead to constructive interference, while S̃2

interferes destructively with the SM DY background.

3 Calculation in a nutshell

Figures 1 and 2 display representative Feynman diagrams inducing DY dimuon produc-
tion in the presence of (2.1). The first figure shows the tree-level correction involving t-
channel LQ exchange (left) and the corresponding real (middle) and virtual (right) QCD cor-
rections. Notice that all depicted contributions are initiated by bottom-quark (bb̄) fusion1

and that the exchanged LQ is a S̃1. An assortment of LQ contributions to DY dimuon
production that arise beyond the leading order (LO) in perturbation theory is give in the
second figure. The left Feynman diagram gives rise to resonant single-LQ production with
subsequent decay of the LQ to a pair of a bottom quark and a anti-muon, i.e. gb ! S̃1µ�

1Throughout this article we work in the five-flavour scheme, where charm- and bottom-quarks are
considered as partons in the proton and as such have a corresponding parton distribution function (PDF).

– 3 –

Figure 1. Examples of LQ contributions to DY dimuon production initiated by bottom-quark
fusion. The left Feynman diagram describes the tree-level correction involving t-channel LQ ex-
change, while the middle (right) graph represents the corresponding real (virtual) QCD corrections.
See main text for further details.

where u, d and ` represent the right-handed up-type, down-type quarks and charged lepton
fields, respectively, and the superscript c denotes charge conjugation. The fermionic SM
fields are understood to be mass eigenstates, i.e. the states that lead to diagonal SM Yukawa
coupling matrices after spontaneous EW symmetry breaking. The couplings Yu` and Yd`
are complex 3 ⇥ 3 matrices in flavour space, while the fields S1 and S̃1 correspond to
the two SU(2)L LQ singlets allowed by gauge invariance. Explicitly, the LQ fields trans-
form as S1 ⇠ (3, 1,�1/3) and S̃1 ⇠ (3, 1,�4/3) under the full SU(3)C ⇥ SU(2)L ⇥ U(1)Y
SM gauge group. Notice that the size of the modifications in pp ! `+`� production due
to LQ exchange depends primarily on the flavour structure and the magnitude of the cou-
plings Yu` and Yd`. However, once interference effects between the LQ signal and the SM
background are considered also the representation of the LQ plays a role because the inter-
ference pattern depends on the quantum numbers of the exchanged LQ [21]. In fact, in the
case of S1

�
S̃1

�
it turns out that the above Lagrangian give rise to destructive (constructive)

interference of the LQ signal with the SM DY background. The interactions (2.1) can there-
fore be used as a template to cover the full space of scalar LQ models which entail besides
the SU(2)L singlets S1 and S̃1, the SU(2)L doublets S2 and S̃2 and a SU(2)L triplet S3.
In this context, we add that the fields S2 and S3 lead to constructive interference, while S̃2

interferes destructively with the SM DY background.

3 Calculation in a nutshell

Figures 1 and 2 display representative Feynman diagrams inducing DY dimuon produc-
tion in the presence of (2.1). The first figure shows the tree-level correction involving t-
channel LQ exchange (left) and the corresponding real (middle) and virtual (right) QCD cor-
rections. Notice that all depicted contributions are initiated by bottom-quark (bb̄) fusion1

and that the exchanged LQ is a S̃1. An assortment of LQ contributions to DY dimuon
production that arise beyond the leading order (LO) in perturbation theory is give in the
second figure. The left Feynman diagram gives rise to resonant single-LQ production with
subsequent decay of the LQ to a pair of a bottom quark and a anti-muon, i.e. gb ! S̃1µ�

1Throughout this article we work in the five-flavour scheme, where charm- and bottom-quarks are
considered as partons in the proton and as such have a corresponding parton distribution function (PDF).

– 3 –

LO + PS NLO

https://arxiv.org/pdf/0709.2092.pdf


2. Theoretical framework and calculations

10

2.3 POWHEG-Box (in a nutshell)

2. Avoiding double counting

See ArXiv:0709.2092 for detailed information. 

• Jet-Matching: generate tree-level and real emission events, run parton shower (PS) and 
reconstruct jets, veto jet if it cannot be matched to an underlying parton within some scale.  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Figure 5. Inclusive pp ! µ+µ� production cross sections as a function of mµµ for two different b -
jet categories. The left (right) plot shows the results for Ybµ = 2,MLQ = 2TeV imposing a
b -veto (b -tag). The black, yellow and red curves correspond to the SM results obtained at NLO
in QCD (SM NLO), the LQ LO and the LQ NLO predictions, respectively. All results assume an
integrated luminosity of 139 fb�1. The lower panels display the ratios between the different LQ
contributions and the corresponding SM NLO spectrum. Further details can be found in the
main text.

the picture radically. This is illustrated on the right-hand side in Figure 5. In fact, the re-
quirement of an additional b -jet reduces the SM background by roughly a factor of 35 largely
independent of mµµ, while the b -jet requirement has an effect of around �60% (�15%) on
the signal strength in the considered LQ realisation at mµµ = 1TeV (mµµ = 2TeV). It is
also visible that the size of the NLO QCD corrections to the LQ signal is larger in the case
of the b -tag than the b -veto category, exceeding 25% above approximately mµµ = 1.5TeV.
This feature is explained by noting that NLO QCD contributions of the form gb ! S̃1µ�

with S̃1 ! bµ+, cf. the left diagram in Figure 2, will mostly contribute to the b -tag category.
Similar statements apply to channels like gb ! µ+µ�b where the anti-bottom quark that
partakes in the t-channel LQ process bb̄ ! µ+µ� arises from splitting of an initial-state
gluon. Notice however that while the latter type of corrections can be partly captured by a
PS when applied to the LO matrix elements, this is not the case for the former contribution
associated to resonant single-LQ production In order to achieve an accurate exclusive de-
scription of DY dilepton processes in LQ models involving heavy-flavoured jets, NLO+PS
predictions as provided in our work are therefore called for.
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Figure 7. Left: Comparison of the 95% CL constraints on the MLQ –Ybµ plane following from
different search strategies at LHC Run II. The yellow, red and green limit corresponds to the
inclusive DY search [2] and the DY analysis [4] in the b -veto and b -tag category, respectively.
The hatched grey parameter space is instead excluded by the search [84] for strong LQ pair pro-
duction. Right: Comparison of the 95% CL constraints on the MLQ –Yb⌧ plane that arise from
the LHC Run II double hadronic ditau analysis [6]. The green (red) exclusion corresponds to the
no b -tag (b -tag) category of the latter search, while the hatched grey parameter space is excluded
by strong pair production of third-generation LQs [85]. Consult the main text for additional expla-
nations.

is finally excluded by the search [84] for QCD pair production of scalar LQs. The displayed
exclusions are derived directly from the observed model-independent upper 95% CL limits
on the visible cross section times branching ratio provided in [2, 4]. From the shown results
it is evident that the search strategy that requires besides two OSSF muons a b -tag leads to
the best exclusion. As explained in Section 4.2 this is to be expected because the require-
ment of an additional b -tagged jet leads to a strong reduction of the signal-to-background
ratio. Notice also that for MLQ . 1.7TeV the exclusions contour starts to deviate from
its linear behaviour. This is a consequence of the contribution associated to single-LQ
production with subsequent decay of the LQ, cf. the left diagram in Figure 2, scaling as
|Ybµ|2 compared to the |Ybµ|4 dependence of the squared amplitude of the t-channel Born-
level LQ contribution. Another interesting feature of the results shown on the left-hand
side in Figure 7 is that the b -veto search performs better than the inclusive search strategy.
This feature is related to the fact that the SR with mµµ 2 [2070, 6000]GeV employed in [2]
is not optimised for the LQ signals studied here. Using the model-independent limits as a
function of the minimum dimuon invariant mass mmin

µµ , i.e. mµµ > mmin
µµ , presented in [4]

that covers lower values of mmin
µµ instead allows for such an optimisation and therefore leads

to a stronger bound.
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Figure 8. As Figure 7 but for the couplings Ysµ (left panel) and Yc⌧ (right panel). See main text
for further explanations.

The yellow and red bound shown on the left-hand side of Figure 8 corresponds to
the inclusive search [2] and the analysis [4] imposing a b -veto. For comparison, we also
display the parameter space with MLQ < 1730GeV that is excluded by the search [84]
for strong LQ pair production as a hatched grey vertical band. Like in the case of the
coupling Ybµ, cf. the left panel in Figure 7, one sees that the exclusion following from
the b -veto search surpasses the limit that derives from the inclusive analysis. The reason
is again that by choosing mmin

µµ appropriately the sensitivity of the b -veto search can be
improved over that of the inclusive analysis which uses a fixed and rather high value of mmin

µµ .
On the right in Figure 8 we finally present the 95% CL exclusion limit on the MLQ –Yc⌧
plane that originates from a recast of the search with a b -veto that has been performed
in the publication [4]. Notice that neither ATLAS nor CMS has searched for pairs of
scalar LQs decaying into light-flavour quarks and tau leptons. This explains why no bound
from QCD LQ pair production included in the right panel of Figure 8. Finally, we add
that a DY ditau search that requires a c -tag is likely to allow to strengthen the exclusion
bounds on the MLQ –Yc⌧ plane compared to the limits presented in this appendix. Given the
latest advances in tagging charm quarks at the LHC [75, 90] and the successful applications
of these techniques in the recent searches for the SM Higgs boson decaying to charm-
quark pairs [91, 92], we believe that OSSF dilepton searches with the requirement of an
additional c -jet would be an interesting addition to the exotics search canon of both the
ATLAS and CMS collaborations.
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Figure 7. Left: Comparison of the 95% CL constraints on the MLQ –Ybµ plane following from
different search strategies at LHC Run II. The yellow, red and green limit corresponds to the
inclusive DY search [2] and the DY analysis [4] in the b -veto and b -tag category, respectively.
The hatched grey parameter space is instead excluded by the search [84] for strong LQ pair pro-
duction. Right: Comparison of the 95% CL constraints on the MLQ –Yb⌧ plane that arise from
the LHC Run II double hadronic ditau analysis [6]. The green (red) exclusion corresponds to the
no b -tag (b -tag) category of the latter search, while the hatched grey parameter space is excluded
by strong pair production of third-generation LQs [85]. Consult the main text for additional expla-
nations.

is finally excluded by the search [84] for QCD pair production of scalar LQs. The displayed
exclusions are derived directly from the observed model-independent upper 95% CL limits
on the visible cross section times branching ratio provided in [2, 4]. From the shown results
it is evident that the search strategy that requires besides two OSSF muons a b -tag leads to
the best exclusion. As explained in Section 4.2 this is to be expected because the require-
ment of an additional b -tagged jet leads to a strong reduction of the signal-to-background
ratio. Notice also that for MLQ . 1.7TeV the exclusions contour starts to deviate from
its linear behaviour. This is a consequence of the contribution associated to single-LQ
production with subsequent decay of the LQ, cf. the left diagram in Figure 2, scaling as
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The yellow and red bound shown on the left-hand side of Figure 8 corresponds to
the inclusive search [2] and the analysis [4] imposing a b -veto. For comparison, we also
display the parameter space with MLQ < 1730GeV that is excluded by the search [84]
for strong LQ pair production as a hatched grey vertical band. Like in the case of the
coupling Ybµ, cf. the left panel in Figure 7, one sees that the exclusion following from
the b -veto search surpasses the limit that derives from the inclusive analysis. The reason
is again that by choosing mmin

µµ appropriately the sensitivity of the b -veto search can be
improved over that of the inclusive analysis which uses a fixed and rather high value of mmin

µµ .
On the right in Figure 8 we finally present the 95% CL exclusion limit on the MLQ –Yc⌧
plane that originates from a recast of the search with a b -veto that has been performed
in the publication [4]. Notice that neither ATLAS nor CMS has searched for pairs of
scalar LQs decaying into light-flavour quarks and tau leptons. This explains why no bound
from QCD LQ pair production included in the right panel of Figure 8. Finally, we add
that a DY ditau search that requires a c -tag is likely to allow to strengthen the exclusion
bounds on the MLQ –Yc⌧ plane compared to the limits presented in this appendix. Given the
latest advances in tagging charm quarks at the LHC [75, 90] and the successful applications
of these techniques in the recent searches for the SM Higgs boson decaying to charm-
quark pairs [91, 92], we believe that OSSF dilepton searches with the requirement of an
additional c -jet would be an interesting addition to the exotics search canon of both the
ATLAS and CMS collaborations.
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Figure 7. Left: Comparison of the 95% CL constraints on the MLQ –Ybµ plane following from
different search strategies at LHC Run II. The yellow, red and green limit corresponds to the
inclusive DY search [2] and the DY analysis [4] in the b -veto and b -tag category, respectively.
The hatched grey parameter space is instead excluded by the search [84] for strong LQ pair pro-
duction. Right: Comparison of the 95% CL constraints on the MLQ –Yb⌧ plane that arise from
the LHC Run II double hadronic ditau analysis [6]. The green (red) exclusion corresponds to the
no b -tag (b -tag) category of the latter search, while the hatched grey parameter space is excluded
by strong pair production of third-generation LQs [85]. Consult the main text for additional expla-
nations.

is finally excluded by the search [84] for QCD pair production of scalar LQs. The displayed
exclusions are derived directly from the observed model-independent upper 95% CL limits
on the visible cross section times branching ratio provided in [2, 4]. From the shown results
it is evident that the search strategy that requires besides two OSSF muons a b -tag leads to
the best exclusion. As explained in Section 4.2 this is to be expected because the require-
ment of an additional b -tagged jet leads to a strong reduction of the signal-to-background
ratio. Notice also that for MLQ . 1.7TeV the exclusions contour starts to deviate from
its linear behaviour. This is a consequence of the contribution associated to single-LQ
production with subsequent decay of the LQ, cf. the left diagram in Figure 2, scaling as
|Ybµ|2 compared to the |Ybµ|4 dependence of the squared amplitude of the t-channel Born-
level LQ contribution. Another interesting feature of the results shown on the left-hand
side in Figure 7 is that the b -veto search performs better than the inclusive search strategy.
This feature is related to the fact that the SR with mµµ 2 [2070, 6000]GeV employed in [2]
is not optimised for the LQ signals studied here. Using the model-independent limits as a
function of the minimum dimuon invariant mass mmin

µµ , i.e. mµµ > mmin
µµ , presented in [4]

that covers lower values of mmin
µµ instead allows for such an optimisation and therefore leads

to a stronger bound.
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Figure 8. As Figure 7 but for the couplings Ysµ (left panel) and Yc⌧ (right panel). See main text
for further explanations.

The yellow and red bound shown on the left-hand side of Figure 8 corresponds to
the inclusive search [2] and the analysis [4] imposing a b -veto. For comparison, we also
display the parameter space with MLQ < 1730GeV that is excluded by the search [84]
for strong LQ pair production as a hatched grey vertical band. Like in the case of the
coupling Ybµ, cf. the left panel in Figure 7, one sees that the exclusion following from
the b -veto search surpasses the limit that derives from the inclusive analysis. The reason
is again that by choosing mmin

µµ appropriately the sensitivity of the b -veto search can be
improved over that of the inclusive analysis which uses a fixed and rather high value of mmin

µµ .
On the right in Figure 8 we finally present the 95% CL exclusion limit on the MLQ –Yc⌧
plane that originates from a recast of the search with a b -veto that has been performed
in the publication [4]. Notice that neither ATLAS nor CMS has searched for pairs of
scalar LQs decaying into light-flavour quarks and tau leptons. This explains why no bound
from QCD LQ pair production included in the right panel of Figure 8. Finally, we add
that a DY ditau search that requires a c -tag is likely to allow to strengthen the exclusion
bounds on the MLQ –Yc⌧ plane compared to the limits presented in this appendix. Given the
latest advances in tagging charm quarks at the LHC [75, 90] and the successful applications
of these techniques in the recent searches for the SM Higgs boson decaying to charm-
quark pairs [91, 92], we believe that OSSF dilepton searches with the requirement of an
additional c -jet would be an interesting addition to the exotics search canon of both the
ATLAS and CMS collaborations.
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the LHC Run II double hadronic ditau analysis [6]. The green (red) exclusion corresponds to the
no b -tag (b -tag) category of the latter search, while the hatched grey parameter space is excluded
by strong pair production of third-generation LQs [85]. Consult the main text for additional expla-
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is finally excluded by the search [84] for QCD pair production of scalar LQs. The displayed
exclusions are derived directly from the observed model-independent upper 95% CL limits
on the visible cross section times branching ratio provided in [2, 4]. From the shown results
it is evident that the search strategy that requires besides two OSSF muons a b -tag leads to
the best exclusion. As explained in Section 4.2 this is to be expected because the require-
ment of an additional b -tagged jet leads to a strong reduction of the signal-to-background
ratio. Notice also that for MLQ . 1.7TeV the exclusions contour starts to deviate from
its linear behaviour. This is a consequence of the contribution associated to single-LQ
production with subsequent decay of the LQ, cf. the left diagram in Figure 2, scaling as
|Ybµ|2 compared to the |Ybµ|4 dependence of the squared amplitude of the t-channel Born-
level LQ contribution. Another interesting feature of the results shown on the left-hand
side in Figure 7 is that the b -veto search performs better than the inclusive search strategy.
This feature is related to the fact that the SR with mµµ 2 [2070, 6000]GeV employed in [2]
is not optimised for the LQ signals studied here. Using the model-independent limits as a
function of the minimum dimuon invariant mass mmin

µµ , i.e. mµµ > mmin
µµ , presented in [4]

that covers lower values of mmin
µµ instead allows for such an optimisation and therefore leads

to a stronger bound.
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Figure 8. As Figure 7 but for the couplings Ysµ (left panel) and Yc⌧ (right panel). See main text
for further explanations.
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the b -veto search surpasses the limit that derives from the inclusive analysis. The reason
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improved over that of the inclusive analysis which uses a fixed and rather high value of mmin
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On the right in Figure 8 we finally present the 95% CL exclusion limit on the MLQ –Yc⌧
plane that originates from a recast of the search with a b -veto that has been performed
in the publication [4]. Notice that neither ATLAS nor CMS has searched for pairs of
scalar LQs decaying into light-flavour quarks and tau leptons. This explains why no bound
from QCD LQ pair production included in the right panel of Figure 8. Finally, we add
that a DY ditau search that requires a c -tag is likely to allow to strengthen the exclusion
bounds on the MLQ –Yc⌧ plane compared to the limits presented in this appendix. Given the
latest advances in tagging charm quarks at the LHC [75, 90] and the successful applications
of these techniques in the recent searches for the SM Higgs boson decaying to charm-
quark pairs [91, 92], we believe that OSSF dilepton searches with the requirement of an
additional c -jet would be an interesting addition to the exotics search canon of both the
ATLAS and CMS collaborations.
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The yellow and red bound shown on the left-hand side of Figure 8 corresponds to
the inclusive search [2] and the analysis [4] imposing a b -veto. For comparison, we also
display the parameter space with MLQ < 1730GeV that is excluded by the search [84]
for strong LQ pair production as a hatched grey vertical band. Like in the case of the
coupling Ybµ, cf. the left panel in Figure 7, one sees that the exclusion following from
the b -veto search surpasses the limit that derives from the inclusive analysis. The reason
is again that by choosing mmin

µµ appropriately the sensitivity of the b -veto search can be
improved over that of the inclusive analysis which uses a fixed and rather high value of mmin

µµ .
On the right in Figure 8 we finally present the 95% CL exclusion limit on the MLQ –Yc⌧
plane that originates from a recast of the search with a b -veto that has been performed
in the publication [4]. Notice that neither ATLAS nor CMS has searched for pairs of
scalar LQs decaying into light-flavour quarks and tau leptons. This explains why no bound
from QCD LQ pair production included in the right panel of Figure 8. Finally, we add
that a DY ditau search that requires a c -tag is likely to allow to strengthen the exclusion
bounds on the MLQ –Yc⌧ plane compared to the limits presented in this appendix. Given the
latest advances in tagging charm quarks at the LHC [75, 90] and the successful applications
of these techniques in the recent searches for the SM Higgs boson decaying to charm-
quark pairs [91, 92], we believe that OSSF dilepton searches with the requirement of an
additional c -jet would be an interesting addition to the exotics search canon of both the
ATLAS and CMS collaborations.
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3.3 Exclusion Limits

Figure 7. Left: Comparison of the 95% CL constraints on the MLQ –Ybµ plane following from
different search strategies at LHC Run II. The yellow, red and green limit corresponds to the
inclusive DY search [2] and the DY analysis [4] in the b -veto and b -tag category, respectively.
The hatched grey parameter space is instead excluded by the search [84] for strong LQ pair pro-
duction. Right: Comparison of the 95% CL constraints on the MLQ –Yb⌧ plane that arise from
the LHC Run II double hadronic ditau analysis [6]. The green (red) exclusion corresponds to the
no b -tag (b -tag) category of the latter search, while the hatched grey parameter space is excluded
by strong pair production of third-generation LQs [85]. Consult the main text for additional expla-
nations.

is finally excluded by the search [84] for QCD pair production of scalar LQs. The displayed
exclusions are derived directly from the observed model-independent upper 95% CL limits
on the visible cross section times branching ratio provided in [2, 4]. From the shown results
it is evident that the search strategy that requires besides two OSSF muons a b -tag leads to
the best exclusion. As explained in Section 4.2 this is to be expected because the require-
ment of an additional b -tagged jet leads to a strong reduction of the signal-to-background
ratio. Notice also that for MLQ . 1.7TeV the exclusions contour starts to deviate from
its linear behaviour. This is a consequence of the contribution associated to single-LQ
production with subsequent decay of the LQ, cf. the left diagram in Figure 2, scaling as
|Ybµ|2 compared to the |Ybµ|4 dependence of the squared amplitude of the t-channel Born-
level LQ contribution. Another interesting feature of the results shown on the left-hand
side in Figure 7 is that the b -veto search performs better than the inclusive search strategy.
This feature is related to the fact that the SR with mµµ 2 [2070, 6000]GeV employed in [2]
is not optimised for the LQ signals studied here. Using the model-independent limits as a
function of the minimum dimuon invariant mass mmin

µµ , i.e. mµµ > mmin
µµ , presented in [4]

that covers lower values of mmin
µµ instead allows for such an optimisation and therefore leads

to a stronger bound.
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for further explanations.
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the inclusive search [2] and the analysis [4] imposing a b -veto. For comparison, we also
display the parameter space with MLQ < 1730GeV that is excluded by the search [84]
for strong LQ pair production as a hatched grey vertical band. Like in the case of the
coupling Ybµ, cf. the left panel in Figure 7, one sees that the exclusion following from
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2.3 POWHEG-Box (in a nutshell)

2. Avoiding double counting

See ArXiv:0709.2092 for detailed information. 
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2.3 POWHEG-Box (in a nutshell)

2. Avoiding double counting

• The POWHEG framework uses a different strategy, generating hardest emission events using 
full NLO accuracy:  

See ArXiv:0709.2092 for detailed information. 

In the POWHEG approach, one performs the generation of the hardest event with

NLO accuracy, in a framework that does not depend upon the SMC’s shower algorithm.

This is why it is fully independent from the SMC. Furthermore, the subsequent showers

takes place at softer transverse momenta, and thus a!ects infrared-safe observables only

at the next-to-next-to-leading order (NNLO). Thus, the matching problem considerably

simplifies, since it no longer requires a detailed examination of the properties of the SMC.

3.3 POWHEG

In the POWHEG formalism, the generation of the hardest emission is performed first,

using full NLO accuracy, and using the SMC to generate subsequent radiation. We give

here a simple illustration of the method, ignoring, for the moment, the complications due

to the presence of several singular regions in the NLO cross section. We begin by defining

B̄(!n) = B(!n) + V (!n)

+

!
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z
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, (3.2)

where we have assumed that all the !n+1, !n,# are expressed in terms of the barred

variables. Next we introduce the Sudakov form factor14
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The function kT (!n+1) should be equal, near the singular limit, to the transverse momen-

tum of the emitted parton relative to the emitting one. The POWHEG cross section for

the generation of the hardest event is then

d" = B̄(!n) d!n

,

#
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/
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where it is assumed that !n+1 is parametrized in terms of "rad and !n, and that values

of kT (!n+1) < pmin
T are not allowed. The cross section (3.4) has the following properties:

• At large kT it coincides with the NLO cross section up to NNLO terms.

• It reproduces correctly the value of infrared safe observables at the NLO. Thus, also

its integral around the small kT region has NLO accuracy.

• At small kT it behaves no worse than standard Shower Monte Carlo generators.

Thus, it fulfills the requirement of the previous subsection for the inclusion of NLO correc-

tions in an SMC.

14Torbjörn Sjöstrand has pointed out to us that a similar Sudakov form factor is also used in PYTHIA for

weak vector-bosons decay and production, in order to implement a matrix-element matching for the first

emission in the shower, see refs. [30, 31].
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• The PS is then only needed for emissions below . pmin
T
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