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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)

0370-2693/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.


http://dx.doi.org/10.1016/j.physletb.2017.05.007
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://creativecommons.org/licenses/by/4.0/
mailto:huasheng.shao@cern.ch
http://dx.doi.org/10.1016/j.physletb.2017.05.007
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2017.05.007&domain=pdf

508 G. Das et al. / Physics Letters B 770 (2017) 507-513

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.,

1
T,Xv =—8uv [_ZdeFpo‘ +dmy .0 ((3'086 VU) Vp
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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

[
A TWY‘”

where the energy-momentum tensor Tffv is

Yo _
Ly =

TS, =D, ®'Dy®+D,®'D,® - g,, (D’ DD, & — V().

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]),

Y2 PPy v
Lpp = _TTILUY

where
Tih = —&uv [(3"67)”) (9p0") —
+ [(8Md)a) (0,0) — g5 F™° (8,0%) WP VE + (1 <> u)] ,

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

gsf P (90" Vi |

(Slcg_—TF E g — Kq (——)/E+log47r+log 'MR)
mY2
20t 1 w
Skq==—CF (kg — kg) ——yE+10g4n+log
3 my2

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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Total cross sections for various spin-two particle production processes with the effective field theory scale A =1 TeV. Results are presented together with the renormalisa-
tion/factorization scale, PDF+a; uncertainties.

my, [GeV] Process oNLO [pb] o0 [pb] K factor

500 pp— Y2 (219 x 10329 £ 2.0% (1.60 x 10%)*828 £ 2.7% 137
pp— Yo+ (5.13 x 10) 7292 £3.1% (421 x 1091208 1 3.2% 1.22
pp— Y2+ jj (133 x 10%)124% £ 4.3% (1.21 x 10)1347% £ 4.3% 1.10
pp— Yo + 1t .01 x 107H)TI81% + 6% (1.08 x 103382 + 6.2% 1.86
pp—> Y2 +2Z (831x107 ) 8% +1.8% (4.60 x 10°1)728% £ 2.0 1.81
pp— Yo+ W+ (1.56 x 100 *89% + 1.9% (8.52 x 1071272 £2.4% 1.77
pp— Yo+ W~ (7.81 x 107H) 8% +2.6% (4.24 x 107128 £ 2.9% 1.84
pp—>Ya+y (1.02 x 100 F}%% +1.7% (4.24 x 10738 £2.2% 2.41
pp— Yz +H (L) - (7.37 x 107H 33 % + 5.0

750 pp— Y2 (7.49 x 102) 755 £ 3.4% (5.59 x 102) 192 £ 3.4% 134
pp—> Yo+ (2.20 x 10%)728% 1 3.9% (1.81 x 102)7221% + 4.0% 1.22
pp— Yz + jj (5.97 x 101)725% £ 4.9% (5.33 x 10)1334% £ 4.9% 1.12
pp — Yo + 1t (8.50 x 1072)T178% 1+ 7.4% (4.68 x 1072)7354% + 6.9% 1.82
p—>Yr+Z (476 x 107 ) T 2% + 2.4 (2.98 x 1071)T48% + 2 8% 1.60
pp— Yo+ WH (938 x 1071)T12¥ +2.3% (5.82x 107174 7% +2.8% 1.61
pp—> Yo+ W™ (4.26 x 1071748 £3.3% (2.62x 1071748 +3.6% 1.63
pp—>Ya+y (5.74x 107)T3% £ 2.0% (2.97 x 107173 +2.3% 1.89
pp— Y2+ H (L) - (2.89 x 107H T35 7% + 6.3%

1000 pp— Y2 (3.15x 10935 £4.1% (2.39 x 102) T 0% £ 4.0% 132
pp— Yo+ (1.07 x 102) 222 £ 4.7% (8.81x 10) 233 +4.7% 1.22
pp— Y2+ jj (278 x 101129 £5.1% (2.70 x 10)1357% £5.5% 1.03
pp— Yo+t (420 x 107)T17% 1 8.0% (2.33 x 1072)7388% 1+ 7,59 1.80
pp— Y2 +2Z (2.96 x 10~1)T82% + 2. 9% (2.00 x 10~1)T83% + 3.4 1.48
pp— Yo + W (6.05x 1071)"83% +2.8% (4.07 x 1071825 +-3.3% 1.49
pp— Y2+ W™ (255 x 1071 T88% + 4 0% (1.68 x 1071)*583% + 4 4 1.51
pp— Yoty (3.51 x 10°H)T7% +2.2% (2.07 x 10°1)"33% £ 2.5% 1.70

pp — Yo+ H (L)

(125 x 1074 7359% + 7.4%
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Fig. 1. Summary plot of NLO cross sections and corresponding K factors for the various spin-two particle production processes listed in Table 1, where the scale, PDF and o
uncertainties have been taken into account.
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the renormalisation scale pg and factorization scale pr between
1/2p0 to 210, (o being the half of sum of the transverse masses
of the final states. In Table 1, the quoted uncertainties come
from scale variation, PDF and «;, respectively. Relevant SM pa-
rameters are the top mass m; = 173.3 GeV, the Z-boson mass
mz = 91.1876 GeV, the W* mass my = 79.82436 GeV, the elec-
tromagnetic coupling constant o ~!(myz) = 127.9, and zero widths
for all particles. For simplicity, we adopt the 5-flavour scheme and
the CKM mixing matrix set to unity.

Cross sections for i) pp — Y2+ j, ii) pp — Y2+ jj and iii) pp —
Y, + y require a jet (or photon) definition and kinematical cuts.
The jets are defined by the anti-k7 algorithm [42] as implemented
in FASTJET [43] with R = 0.4. We also require cuts on the transverse
momentum pr(j) and the pseudorapidity n(j) of jets. The photon
is required to be isolated using Frixione’s criterion [44], where the
isolation parameters used in Eq. (3.4) of Ref. [44] have been set
to €, =1,n=1,80 =0.4. Cuts are chosen on a process-dependent
basis: i) pr(j) > 100 GeV, ii) pr(j) > 50 GeV and |n(j)| < 4.5 and
M(j1, j2) > 400 GeV, iii) pr(y) > 50 GeV and |n(y)| <2.5.

Several sources of theoretical uncertainties have been consid-
ered. As expected, the PDF and the parametrical o5 uncertainties
strongly depend on the process. o (pp — Y3 + tt) suffers from the
largest PDF uncertainty, 7%-8%, which is comparable in size to
the scale uncertainty and due to the relatively poor knowledge of
the gluon PDFs at large values of the Bjorken x. o (pp — Y, + tf)
and o (pp — Y, + jj), starting at order Olsz, are also sensitive to
the o5 parametric uncertainty, while for all other processes it
is negligible. The scale uncertainties in the QCD processes (i.e.,
pp — Yo+, Yo+ jj, Yo +tf) are significantly reduced after includ-
ing NLO corrections as expected. We also find that the estimate of
the uncertainties at LO is not reliable for the EW processes (i.e.,
pp — Y2 +Z, Yo+ W*, Yy + y). For the sake of completeness, we
have also computed the production of Y, in association with the
Higgs boson H. Neglecting the bottom Yukawa coupling, no tree-
level diagrams appear and the leading contribution to pp — Y, +H
comes from the top-quark Loop-Induced (LI) diagrams. Exploiting

Table 2
Definition of the couplings «1 2 for different processes.

Process Couplings set

pp— Y2, Yo+ j,Ya+jj K1=Kg, K2 =Kq

pp — Yy +tt K1 =Kgq,K2 =Kt

pp—>Ya+Z K1=Kgqt K2 =KB W, H
pp— Y2+ W* K1=Kgqt, K2 =KBW.H
pp—>Ya+vy K1=Kg,q,t, K2 =KB,W,H
pp—>Y2+H K1 =Kg,qtsK2 =KBW.H

= (Kq,%0)=(1,0)

G. Das et al. / Physics Letters B 770 (2017) 507-513

the techniques of Ref. [45], these contributions can be automati-
cally calculated at LO in MADGRAPH5_aMC@NLO. As expected, the
resulting cross section o (pp — Y, + H) is quite small compared
those of the other processes.

The results in the universal coupling case are presented in Ta-
ble 1 and Fig. 1 as a function of the resonance mass. They show
that the K factors for the EW processes are larger for lower my,
masses. This can be accounted for by the new contributions com-
ing from gluon-quark initial states that appear only beyond LO and
whose importance increase at low Bjorken x. In the right panel of
Fig. 1 LO uncertainty bands are included and represented by the
hatched regions. It is interesting to note that the (N)LO uncertainty
bands for these processes do not overlap, indicating the limitations
of LO computations and the necessity of including QCD corrections
for a reliable Monte Carlo simulation.

The results shown in Fig. 2 provide a useful “basis” to eval-
uate cross sections for other choices of the couplings which can
be written as o (k1, k2) = k70 (1,0) + k30 (0, 1) + k1k2(0 (1, 1) —
o0(1,0) —0(0,1)). Note also that since the (N)LO cross sections for
single Y, production processes are proportional to A~2, one can
fix A =1 TeV and obtain results for other values of A by a simple
rescaling.

The same codes that are used for the calculation of the total
cross sections can also be employed as event generators at NLO
accuracy by interfacing them to a PS program. Decays of the spin-
two resonance can be included keeping spin correlations either
by directly generating the corresponding process or by using the
MADSPIN package [46]. Needless to say, out of a simulated sam-
ple, one can obtain any differential distribution of interest. For
the sake of illustration, distributions after matching NLO calcula-
tions to PyTHIA 8.2 [47] are presented in Fig. 3 for the universal
coupling case, ie., (k1,x2) = (1, 1), with my, =750 GeV as an ex-
ample. Figs. 3a and 3b show the transverse momentum pr(Y2)
and pseudorapidity 1(Y;) distributions of Y, for the nine produc-
tion processes, respectively. Note that for inclusive production the
accuracy of gp—"T(pp — Y>) is only at the LO level when pr(Y3) #0.
We stress that, even though we do not present the results here,
inclusive samples with formal NLO accuracy for different jet mul-
tiplicities can be obtained by suitably merging NLO samples with
the corresponding parton multiplicities. In MADGRAPH5_aMC@NLO
this can be done automatically employing the FxFx method [48].
Nevertheless, one can already see that the curve fp—”T(pp —>Ya+j)
overlaps with Cj’p—"r(pp — Y3) when pr(Y2) > 400 GeV. In this range
i}—”T(pp — Yy + j) provides the NLO results for this observable

and indeed one notices that the theoretical uncertainty is reduced.

o (iq,%5)=(0,1)

@ (kq,%5)=(1,1)

. [pb] o] .
107 o m u M - " kRS
o ¢ A ¢ S
ZI 2 ° M : ] ° ° [ L:I
© 10° F ° - * e g_‘
my,=750 GeV g
1 13 TeV LHC,A=1TeV : g
10" E 1 1 ] 1 1 | 1 4=
9 25 3 T T T T T T T
b 2
9 15 ¢ $ % % 'S T PR L
= . ® 5
Eb 1360 3 %’%A;%%% ¢ 038 o013 on -
0.5 . . : ! L L L
Yo Yot Yorii  Youtt  YotZ  YorWT YprW o Yoy

Fig. 2. Summary plot of NLO cross sections and corresponding K factors for the various spin-two particle production processes in both universal and nonuniversal coupling

- . L g
cases at my, =750 GeV, where the scale, PDF and «;s uncertainties have been taken into account in < 5

5 NLo

(lower panel).
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750 GeV spin-2 particle Y, production at 13 TeV LHC
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Fig. 3. Differential distributions for various Y, production processes by matching NLO calculations with PS program PyTHIA 8.2 with the universal couplings assumption
(K1/A, k2/A)=(1,1) Tev—': (a) transverse momentum spectrum of Y, (b) pseudorapidity distribution of Y,. Y, + H is loop-induced and calculated at leading order. The

error bands represent scale and PDF+o uncertainties.

3 750 GeV spin-2 particle Y, production at 13 TeV LHC
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Fig. 4. Transverse momentum distributions of Y, with non-universal couplings (a) in pp — Y2,Y2 + j, Y2 + Z at NLO accuracy matched to PS (b) in pp — Y, + j with the

breakdown of different Y, helicity contributions at NLO.

The differential K factors in pr(Y;) are rather constant for the
three QCD processes, while they tend to increase with pr(Y2) for
the four EW processes. The increase in the latter case is due to
the opening of new partonic channels, quark-gluon initial states at
NLO, while at LO only quark-antiquark initial states contribute.
We now turn to studying distributions for non-universal cou-
plings cases. In Ref. [5] it was pointed out that when kg # kg the
spin-two current is not conserved and 2 — 2 squared amplitudes,
such as qg — Y»q, feature a dramatic growth with the parton level
centre of mass energy $, scaling as (kg — Kq)2§3/m§2/A2. We have
reproduced the corresponding unitarity-violation curves for pp —
Y, with my, =750 GeV in Fig. 4a. In addition, we show the pr(Y2)
distributions in the non-universal coupling cases for pp — Y, + j

and pp — Y, + Z. Similarly to pp — Y3, the very hard tails are
seen again in the other two processes, highlighting the unitarity-
violating behaviour of the non-universal coupling scenarios. We
also separate in Fig. 4b the contributions from the different helic-
ity configurations of Y,. The leading unitarity-violation behaviour
§%/m3,/A> comes from the helicity h =0 contribution, the h =1
contributions have a subleading growth §2/mj_ /A%, while h =2
curves are consistent with what is expected from dimension-five
operators. The dramatic unitarity-violation behaviour of the non-
universal coupling case underlines the inadequacy/incompleteness
of any naive effective field theory for a massive spin-two parti-
cle [49] and calls for the implementation of extra mechanisms
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(such as the introduction of other degrees of freedom) that restore
unitarity up to scales A parametrically larger than my,.

4. Partial decay widths

The LO partial decay widths of the spin-two particle Y, to SM
particles can be written as

_eNEm} 8
l_‘LO(YZ—)ff): TJ‘[A;G —4rf)3/2(1+§rf),f7£v,
2 3
K m
IOy — vpip) = —2 2
Y2 = VY1) = 50w Az
21,3
Ksm
FLO Y — g YZ
(Y2 > g2) TowAZ’
2,3
Kom
FLO Y — Y YZ ,
Y2 —=>yy) 807 A2
2 3
KzyMy
MY, 2y) = 20— 1) (64 3r2 +13).
3
PO, — 77) = — V2 (1 _gp )12
2> 22) =gt (1—4r) 2 f(rz) .
3
FLO(Yy o WHW™) = — V2 (1 _ gy, )12
2> )= 180 a2 L Arw) fTw).
2.,3
Kymy.
o, - HH) = MG — 4ry)?/?,

where f(ry) = k4 + 12k2 + ry(12k% + 80kpky — 36k2) +
12 (56k% — 80kpky + 72«2), and we have defined the dimen-
sionless quantities r; = miz/msz(z, N/ is the colour of f (ie.
ch =1 for leptons and N/ =3 for quarks) and «, = kg cos? Oy +
Kw Sin29w,Kz = KB sin20w + choszew,sz = (kw — KB) X
cos By sinfy with the Weinberg angle 6y,. The above expressions
have been checked with FEYNRULES and have also been numerically
validated with MADWIDTH [50]. The prefactors (1 — 4r;)@+1D/2 jp
the massive final state decay modes indicate the (first) angular
momentum between the decayed products. For example, due to
the fact that the Higgs boson H has a spin of zero, the decay
Y, — HH proceeds only through a D-wave, i.e., | = 2. For the par-
tial decay widths of the coloured final states (ie. Y, — jj and
Y, — tt), one can also easily include the NLO corrections within
MADGRAPH5_aMC@NLO framework.

For illustration, we list in Fig. 5 the numerical values for the
branching ratios of Y, in the universal coupling scenario, where
the partial widths for Y, — jj and Y, — tt include the QCD cor-
rections with the renormalisation scale pg = my, /2. The branching
ratios are given by assuming that Y, only decays to SM parti-
cles, and by only considering two-body decay modes which are
relevant and interesting in experimental new physics searches. In
this case, the dominant decay mode is Y, — jj. The leptonic de-
cay mode Y, — ¢+t¢~ (with ¢* =e*, u*, v+ ) is comparable with
Y, — yy. The partial width of Y, — HH is quite small as it pro-
ceeds through a D-wave decay only.

5. Conclusions

In summary, we have implemented the Lagrangian of a generic
spin-two particle in the MADGRAPH5_aMC@NLO framework. This
allows for the first time to perform simulations of production
and decay of a spin-two state Y, at NLO QCD accuracy in all
the relevant channels at hadron colliders and in particular at the
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Fig. 5. Branching ratios for the decay modes in the function of the resonance mass
my, by assuming the universal coupling case, where NLO QCD corrections are in-
cluded in the coloured final states with the renormalisation scale g =my, /2. Here
only the on-shell two-body SM decay modes are considered.

LHC. They include Y production in association with QCD parti-
cles (inclusive, one jet, two jets and top quark pair) and with
EW bosons (Z, W*,y). In addition, the cross section for the LI
process pp — Y, + H is obtained at LO+PS level. We find that
NLO corrections give rise to sizeable K factors for many chan-
nels and greatly reduce the theoretical uncertainties in general.
All results presented here can be reproduced automatically within
the MADGRAPH5_aMC@NLO framework for both universal coupling
and non-universal coupling cases. The unitarity-violation behaviour
of the transverse momentum pr(Y2) spectra in the non-universal
coupling case has been investigated and we find that the leading
(subleading) unitarity-violation term comes from the h=0 (h=1)
amplitudes. Finally, we also presented the general expressions of
the LO partial decay widths for Y, decays into SM particles, and
included the NLO QCD corrections for the decays to coloured par-
tons, Yo — jj and Y, — tt. Our results can be readily used in
experimental simulations of spin-two searches and interpretations
as well as for other analyses at the LHC, such as the search for
spin-two mediators in simplified dark matter models.
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