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We obtain predictions accurate at the next-to-leading order in QCD for the production of a generic
spin-two particle in the most relevant channels at the LHC: production in association with coloured
particles (inclusive, one jet, two jets and tf), with vector bosons (Z, W*,y) and with the Higgs boson.
We present total and differential cross sections as well as branching ratios as a function of the mass
and the collision energy also considering the case of non-universal couplings to standard model particles.
We find that the next-to-leading order corrections give rise to sizeable K factors for many channels,

Keywords: in some cases exposing the unitarity-violating behaviour of non-universal couplings scenarios, and
LHC in general greatly reduce the theoretical uncertainties. Our predictions are publicly available in the
Spin-two MADGRAPH5_aMC@NLO framework and can, therefore, be directly used in experimental simulations of
QCD spin-two particle production for arbitrary values of the mass and couplings.
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1. Introduction

After the discovery of the 125 GeV Higgs boson at the LHC [1,2],
the main task of Run II is to explore higher energy scales search-
ing for physics beyond the Standard Model (SM). Evidence for new
physics could be gathered via accurate measurements of the inter-
actions among SM particles or from the detection of new particles.
The existence of new particles at the TeV scale is widely moti-
vated by both theoretical and experimental issues of the SM. While
no significant evidence for new resonances has been reported at
the LHC so far, searches are actively pursued by the experimen-
tal collaborations with approaches that are as model independent
as possible [3,4]. For example, heavy colour-singlet states of arbi-
trary spins are searched for in several decay channels, including
very clean ones (such as dilepton and diphoton) as well as more
challenging ones, from diboson (WW,ZZ, HZ, HH) to di-jet (with
or without b-tags) and tt signatures. Finally, associated production
with SM particles are also often considered.

Robust interpretations of the corresponding experimental
bounds obtained on rates (o - BR) need model assumptions on the
one hand and accurate and precise predictions for the cross sec-
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tions and decay rates, on the other. Most of the interpretations
for spin-0 and spin-1 models are based on next-to-leading and
next-to-next-to-leading order predictions, as these can be easily
obtained by generalising SM calculations performed for the Higgs
boson (in the SM or SUSY) and for the vector bosons.

Interpretations for spin-two resonances, however, are typically
performed via leading order computations, which due to their low
accuracy and precision lead to a systematic loss in reach. A com-
plementary limitation also exists for dedicated spin-two searches
in the context of the many theoretical models predict the pres-
ence of massive spin-two resonances. The Kaluza-Klein excitations
of the graviton and the composite bound state from strong dy-
namics are well-known examples of such scenarios. In this case,
having accurate predictions can improve the experimental selec-
tions and significantly increase the sensitivity of the searches. In
addition, having predictions at hand for other production mecha-
nisms or decay modes can provide ideas for new signatures to be
looked for, especially in the case of the detection of a signal.

The aim of this Letter is to provide for the first time a complete
implementation of the Lagrangian of a generic spin-two particle
so that all the relevant production channels for the LHC can be
accurately simulated at Next-to-Leading Order (NLO) in QCD. In
this context, accurate predictions and in particular event genera-
tors at least at NLO in QCD and matched to Parton Showers (PS)
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are necessary to obtain simulations that can directly be used by
the experimental collaborations to allow information to be effi-
ciently extracted from experimental data. While predictions for
generic classes of bosonic resonances have become available in
the last years, e.g. [5] and several results are known in the liter-
ature [6-17], a completely general setup for the calculation at NLO
in QCD of processes involving a spin-two particle has still been
lacking. Especially, NLO results with PS effects are new for almost
all processes presented here, where only the inclusive spin-two
particle production in the universal coupling case is in exception.
Moreover, 2 — 3 processes computed here are achieved at NLO ac-
curacy for the first time in this Letter, while other processes like
Y, + H/Z/W are also first available in the warped dimensional
models by taking into account the QCD corrections. We stress
that although the discovery itself could not need such an accu-
rate Monte Carlo simulation, the characterisation of a new state,
from the determination of its quantum numbers to the form and
strength of its couplings, will require the best predictions to be
available to the experimental community.

2. Theoretical framework

We consider the effective field theory of a massive spin-two
particle Y; interacting with the SM fields. The kinetic term of Y,
can be described by the well-known Fierz-Pauli Lagrangian, with
the positive-energy condition BMYW =0, and the interactions with
SM fields are (V is a gauge field, while f are matter fields)

Yo _ KV oV fouy
EV,f__ TILV Y2

where T;‘iv (Tl{],) are the energy-momentum tensors of V (f), re-
spectively, i.e.,
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where the indices of other possible quantum numbers (such as
colour) are understood and F, is the field strength of V. In the
SM, the gauge fields V are SU(2); x U(1)y ElectroWeak (EW) gauge
bosons (W, B) or the SU(3)¢ gluon g, while the matter fields f are
quarks, leptons and left-handed neutrinos. The gauge-fixed term
proportional to the Kronecker delta function &p, o in Tl‘jv indicates
that it is needed only when V is massless my =0 (i.e, V=g,y).
The Y, can also interact with the SM Higgs doublet & via

[
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where the energy-momentum tensor Tffv is
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After spontaneous symmetry breaking, one gets the mass eigen-
states of EW bosons (Z, W*,y) and SM Higgs boson H. In addi-
tion, when working in the Feynman gauge and at 1-loop level, the
extra interaction of Y, and Fadeev-Popov (FP) ghost fields is nec-
essary (e.g. Refs. [18,19]),
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w being the FP ghost of the gluon field V = g and g, the strong
coupling constant.

Our implementation builds upon the FEYNRULES package [20,
21] and the NLOCT program [22]| which are used to generate the
UFO model [23] as well as the counterterms for the renormalisa-
tion and the rational term R;. Some extended functionalities have
been implemented in NLOCT to handle the effective Lagrangian
of a spin-two particle. A point worth of stressing concerns the
renormalisation. With universal couplings, e.g., kg = kg N0 extra
renormalisation procedure is needed beyond the usual ones of the
SM as the spin-two current is conserved. On the contrary, for non-
universal couplings, the spin-two current is not conserved and
specific renormalisation constants need to be introduced to can-
cel left-over ultraviolet divergences [5]. These extra couplings are
renormalised as
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by NLOCT, where Cr = 3, Tr = 1. Our implementation is general
and allows for models with non-universal couplings case to be
studied at NLO accuracy. The finite part of these counterterms
identifies the renormalisation scheme where the couplings kg 4 are
defined as kg q(my,) and it is chosen so that these couplings do
not run at this order in perturbation theory.

The corresponding spin-two UFO model [24] is directly em-
ployable in the MADGRAPH5_aMC@NLO framework [25] to perform
phenomenological studies at NLO QCD accuracy including match-
ing to PS. One-loop contributions are calculated numerically by
the MAbpLoorP module [26] with the tensor integrand-level re-
duction method [27,28] that was implemented in NINjA [29,30].
The real emission contributions are calculated with the Frixione-
Kuntz-Signer (FKS) subtraction method [31,32] implemented in
MADFKS [33]. Finally, the MC@NLO formalism [34] is employed to
perform the matching between fixed-order NLO calculations and
PS, hence making event generation possible.

3. Production at LHC

We now present predictions for the production of a spin-two
particle Y, as a function of mass as well centre-of-mass energy
at a hadron collider, for a wide range of production channels.
We will then focus on the LHC with a centre-of-mass energy of
/s =13 TeV. The (N)LO total cross sections of various Y, produc-
tion processes in the universal coupling case (i.e. % =1TeV™!)are
given in Table 1 for 500 GeV, 750 GeV and 1 TeV resonance masses
and summarised in Fig. 1. We also consider the minimal “basis”
of predictions, the universal couplings ((%, %) = (1,1) Tev—1).
The non-universal couplings cases ((“t, 22) = (1,0), (0, 1) Tev—1),
where the definition of x1 and k, are given in Table 2, are dis-
cussed later for the intermediate reference mass point of 750 GeV,
see Fig. 2.

We have employed NLO PDF4LHC15 [35-41] set with 30+2
members to estimate the PDF and o uncertainties. Missing higher-
order QCD corrections are estimated by independently varying
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