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Abstract We provide a comprehensive analysis of the
power of including top quark-polarisation information to
kinematically challenging top pair resonance searches, for
which ATLAS and CMS start losing sensitivity. Following
the general modelling and analysis strategies pursued by the
experiments, we analyse the semi-leptonic and the di-lepton
channels and show that including polarisation information
can lead to large improvements in the limit setting proce-
dures with large data sets. This will allow us to set stronger
limits for parameter choices where sensitivity from the invari-
ant mass of the top pair is not sufficient. This highlights the
importance of spin observables as part of a more comprehen-
sive set of observables to gain sensitivity to BSM resonance
searches.

1 Introduction

Given the lack of any conclusive hint for new physics beyond
the standard model (BSM), it is important to enhance the sen-
sitivity of collider searches that target new states and inter-
actions that are kinematically accessible at the large hadron
collider (LHC) after the first runs.

Observables which directly reflect the final state momen-
tum transfer, such as invariant mass or transverse momentum
distributions are obvious choices for searches for new reso-
nant states. However, if the new physics production cross
section is small, these observables might not have enough
discriminating power to isolate the signal from the compet-
ing backgrounds satisfactorily. In these circumstances, the
LHC experiments typically favour multivariate techniques
over rectangular cut flows. While this approach can increase
the sensitivity dramatically, care needs to be taken during
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the training stage of the analysis. In particular, experimen-
tal constraints (such as the detector’s granularity, response
effects etc.) need to be included and understood precisely
in order to formulate a realistic sensitivity estimate. While
this is clearly not an experimental limitation, the optimi-
sation of these methods lies firmly within the remit of the
expertise of the experimental community. Observables which
enhance the sensitivity in a cut-flow based analysis are likely
to retain their power when used in such a context, so from
this perspective it is still useful to investigate such observ-
ables in order that they can be used by the experiments.
Additionally this also allows us to gain a physical under-
standing of where the sensitivity comes from which can
be absent from high-dimensional multivariate based anal-
yses.

From a theoretical perspective, in the case of a low
expected BSM cross section, there is therefore still moti-
vation to ask whether observables which are complementary
to invariant mass distributions provide sensitivity improve-
ments. This also allows us to potentially gain a physi-
cal understanding of where sensitivity improvements found
through multivariate techniques come from.

For instance, constraints on the production cross section
of new resonant states derived from mass resonance searches
are strongly dependent on the assumed width of the new state.
Larger widths reduce the sensitivity gained from reaching
the pole of the resonance in the energy range of a collider as
the signal increasingly resembles a continuum excess rather
than a localised peak, which reduces the shape information
present in the distribution. We will show that spin polarisation
observables are precisely observables which can improve the
limit setting in such a case.

Assuming large statistics, multi-dimensional analyses in
more than one observable become possible. This opens up
the opportunity to study a variety of distributions and their
correlations. In particular a spin-assisted t t̄ invariant mass
search, which is the focus of this work, becomes possible.
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Models, which are typically employed by the ATLAS and
CMS collaborations to look for and constrain the presence of
new resonances are extra dimension scenarios, see e.g. [1,2].
In particular, the compactified Randall–Sundrum (RS) model
of Ref. [3] introduces a series of isolated graviton reso-
nances into the 4D effective theory. If SM fields propagate in
the entire five-dimensional anti-de sitter (AdS) background
geometry, the 4D theory will also contain Kaluza–Klein
copies of the low energy states that are identified with the
SM.

The recent experimental study in [1] demonstrated that
the constraint on the production cross section of e.g. a 3 TeV
gluon gKK decaying to t t̄ weakens by almost an order of
magnitude when going from �/m = 10% to �/m = 40%.
Such large widths can be problematic from a modelling per-
spective but are not unexpected in strongly coupled theories
inherent to the dual formulation of RS-type theories. In fact,
one of the coupling choices we will make in our analysis
corresponds to a width of �/m = 37.5%, to be compared
to �/m ≈ 15% for the default coupling choice made for
the ATLAS benchmark point. This does not require the pres-
ence of additional strongly coupled states in direct vicinity
as these are given by the higher Kaluza–Klein modes which
still are well separated in mass, although the convolution with
parton densities could in practice produce a non-negligible
contribution at lower masses as their widths also get large.
From this AdS/CFT [4–7] perspective, the top quark being
the heaviest particle discovered so far plays a special role as
its mass could be direct evidence of (at least partial) compos-
iteness. A potential composite structure of extra resonances
could therefore be reflected in the analysis of the associated
top quark spin observables, while a t t̄ bump search alone
does not access this level of detail.

These BSM-induced effects can be contrasted with the
fact that t t̄ production in the SM at the LHC is domi-
nated by parity-invariant QCD processes. We therefore can
expect to produce almost unpolarised tops. At the high
invariant masses we consider there is a sizeable contribu-
tion from weak processes which makes the SM expectation
slightly left-handed: for m(t t̄) > 3 TeV, Pt ≈ −0.15 where
Pt = +(−)1 correspond to completely right-(left-)handed
tops. This fact has inspired many studies of top polarisation
as a probe into BSM physics, both in pair [8–17] and sin-
gle [18–25] production. As the decays of Kaluza–Klein glu-
ons gKK and gravitons GKK are dominated by right-handed
tops these distributions are modified as pointed out in for
example [26,27].

The crucial point for including spin information to the
limit setting is that increasing the width of a parent particle
only has a modest effect on spin observables of its decay
products. Therefore, they offer a great opportunity to not
only give us more information generically, but also reduce
the impact of considering wider signal models. We will show

that this allows us to enhance the sensitivity of analyses
like [1].

Therefore, we consider pp → gKK /GKK → tR t̄R pro-
duction in this paper and study both the semi-leptonic and the
di-leptonic final states of the top decays in the region where
the reported sensitivity is low. Our goal is to determine to
what extent top polarisation and spin correlation measure-
ments allow us to make stronger empirical statements for the
models studied in e.g. [1].1 Our results can be considered as
a litmus test that motivates the consideration of such observ-
ables to the aforementioned multivariate techniques pursued
by the experiments.

The paper is organised as follows: in Sect. 2 we quickly
introduce the model and discuss relevant parameter for our
analysis to make this paper self-consistent. In Sect. 3.1 we
discuss the semi-leptonic final state, while Sect. 3.2 focuses
on the di-leptonic final state. In Sect. 4 we summarise our
results and present our conclusions in Sect. 5.

2 The model

In RS1 models [3] the hierarchy problem is solved by intro-
ducing an extra compactified dimension rUV < z < rTeV

with a warped anti-de Sitter geometry AdS5. This explains
fine-tuning in MPlanck/MWeak in terms of the localisation of
the 4D graviton near the “Planck” brane, z = rUV with
a fundamental scale of MPlanck and the Higgs sector near
the “TeV” brane, z = rTeV, with a fundamental scale of
MWeak. Thanks to the warped geometry we then expect
MPlanck/MWeak ∼ exp{πk(rTeV − rUV)}, where k is the AdS
curvature scale and rC = rTeV − rUV is the size of the extra
dimension. This is solved by krC ∼ 11 for the observed
values of the Planck and weak scales, and hence massively
reduces the required fine-tuning. Methods to stabilise the
geometry are known [28].

If the SM fermions propagate in all five dimensions, we
can additionally explain the structure of the Yukawa sector
through localisation [29]. The profile of the fermions’ wave
function is determined by a localisation factor ν (see [27] for
details) which exponentially peaks towards the Planck brane
for ν < −1/2 and towards the TeV brane for ν > −1/2 (this
can be understood as mixing with CFT bound state in the
dual picture; see [6,30] for details). To avoid constraints from
Z → bL b̄L while reproducing the correct Yukawa structure
we will gauge right-handed isospin and set νtR > νQ3L >

νother following [31]. In general we will keep νother < −1/2.

1 While our search focuses specifically on the Randall–Sundrum model
as it allows us to investigate the interplay of spin observables and cross
sections in a theoretically meaningful way they directly generalise to a
Z ′ case with chiral couplings to third generation fermions.
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Setups with the right-handed top quark localised close
to the TeV brane, a flat third generation left-handed quark
doublet profile, and other the fermions localised close to the
Planck brane are phenomenologically viable [31]. Thanks to
tR living on the TeV brane and (t, b)L being almost flat, the
dominant decay mode of gKK and GKK is to tR t̄R .

These are typical parameter choices that underpin the
experimental analyses. For the graviton, branching fractions
to hh and VLV

†
L are also sizeable as the Higgs and therefore

also the longitudinal modes of the weak bosons are located
on the TeV brane, but strong constraints on the masses of
both particles m(gKK ) and m(GKK ) are typically derived
from top resonance searches [1,2].

Our model setup follows these strategies of ATLAS and
CMS [1,2] but varies slightly between the gluon and graviton
signals. In general the gluon will always be easier to detect
due to much larger cross sections as it can be produced effi-
ciently through uū and dd̄ annihilation, whereas graviton
production is dominated by gluon fusion. As such it does not
make sense to compare identical parameter points and we
focus on choices which give a (relatively) narrow and a wide
resonance for each signal model.

For our graviton samples we use the model file from [32]
and consider the above extreme case where tR is localised
on the TeV brane (i.e. being fully composite), Q3L is very
close to flat, and the decay widths of the lightest KK graviton
resonance therefore are

�(G1 → tR t̄R) = 9
(3.83c)2mG1

960π
, (2.1)

�(G1 → φφ) = 4
(3.83c)2mG1

960π
, (2.2)

with c = k/MPlanck. The factor of 3.83 is the first root of
the Bessel function J1, which is encountered in RS mod-
els for the wave function along the compactified direction,
and which stems from the boundary condition for gravitons.
φ sums over ZL , WL , and h. Decays to right-handed tops
are therefore dominant at ∼70% and offer good prospects
for detection; however, both Z Z [33] and WW searches
offer additional information (see [34,35]). We consider two
values of c = {1, 2}, which correspond to the widths of
�G1/mG1 = {6.2%, 25%}. While c = 2 is in the upper end
of the range where we can trust our assumption that higher
curvature terms can be neglected in our calculations [33] this
is a useful point to consider in order to have a wide, fully
polarised resonance as one of our benchmark points. Note
that our model setup has mG1 ≈ 1.5mg1 which would put
our chosen mass points in tension with current constraints on
mg1 . However, our intention is to show the value of adding
polarisation information to searches and G1 is a useful exam-
ple of a source of a fully polarised resonance: searches for

g1 will in general always be more sensitive due to the more
efficient production mechanism.

For our gluon sample, generated with the model file intro-
duced in [36], we soften the localisation requirement and set
νQ3L ∼ −0.4 and vary νtR ∼ {−0.3, 0} which corresponds to
effective couplings of gg1bL b̄L

= gg1tL t̄L = gS , and gg1tR t̄R =
{2, 6}gS . These give widths of �g1/mg1 = {6.2%, 37.5%}
and branching ratios to t t̄ = {78.5%, 96.5%}. While always
dominated by right-handed tops, the fraction of right-handed
to left-handed tops also changes which should be reflected
in the polarisation observables.

2.1 Event generation and analysis

Our background is leading order semi- and di-leptonic
t t̄ samples generated using MadGraph 5 [37,38] and
reweighted to the NNLO cross section given in [39–41].
We focus on

√
s = 14 TeV collisions. Our signal samples

are also generated with MadGraph using the UFO model
format [42] to import models implemented in the Feyn-

Rules [43] language. These parton level samples are then
showered in Herwig 7.0.3 [44,45] and analysed using the
Rivet framework [46] which we also use for applying smear-
ing and efficiencies to the physics objects according to typ-
ical ATLAS Run 2 resolutions (where available, with Run 1
resolutions used otherwise) [47–49] at the beginning of the
analysis routine.

3 Analyses

3.1 Semi-leptonic study

3.1.1 Analysis selections and reconstruction

The analysis of the semi-leptonic samples focuses on reduc-
ing non-t t̄ backgrounds and reconstructing the individual
tops, largely following the boosted approach detailed in [1].
We start by finding electrons with pT > 25 GeV for
|η| < 2.47 and muons with pT > 25 GeV with |η| < 2.7. We
then cluster narrow anti-kT [50] R = 0.4 jets with pT > 25
GeV inside |η| < 2.8 and fat Cambridge–Aachen [51,52]
R = 1.2 jets with pT > 250 GeV inside |η| < 2, and we
require at least one of each after removing narrow jets which
overlap with the leading fat jet.

Since we are interested in highly boosted tops, we have
to accept some overlap between the lepton and b-jet on the
leptonic side so we do not require these to be isolated and
assume we can veto events with hard leptons from heavy
flavour decays inside QCD-produced jets.2 Following [54],

2 See [53] for a proof-of-principle investigation using the muon final
state.
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we top-tag the leading fat jet with HEPTopTagger [55,56]
mostly using the default setup of [56]. Note our choice of R =
1.2 is well motivated compared to the choice of R = 1.5 in
the benchmark study in [56] since we consider much heavier
resonances. Our only deviations from the default setup is
that we require the candidate to have a mass between 140
and 210 GeV and a pT > 250 GeV, since widening the
mass windows allows us to gain some statistics while still
keeping non-t t̄ backgrounds negligible and our signal tops
are so highly boosted that there is no loss in efficiency in
a slightly higher cut in pT . This provides our hadronic top
candidate and we require at least one of the narrow jets to be
b-tagged with an efficiency of 70% and fake rate of 1%; see
e.g. [57].

Our narrow jets tend to be quite hard since we are inter-
ested in the high-mtt̄ region but we have checked that the
leading narrow jet pT distribution peaks in the range from
50 to 300 GeV where the MV1 algorithm used by ATLAS
outperforms this naive estimate [58] for our signal samples.
To reflect the degradation of performance at higher pT , we
use a fake rate for light quarks and gluons of 10% above 300
GeV. We have checked that combining the pT -dependent b-
tagging with contemporary top-tagging techniques renders
the W j j background negligible compared to SM t t̄ produc-
tion at our signal mass points. We expect other SM back-
grounds to be negligible: we find lower signal acceptance ×
efficiencies than the 13 TeV ATLAS study in [59] thanks to
our stricter top-tagging which further suppresses all non-t t̄
backgrounds. The final sensitivity of our study could poten-
tially be improved by using a more permissive top-tagging
algorithm and taking care to estimate non-t t̄ background con-
tributions.

In the next step, we require missing transverse energy /pT
with |/pT | > 20 GeV and |/pT | + mT > 60 GeV where
mT = √

2pT,l |/pT |(1 − cos φl /p).
We reconstruct the leptonic W by assuming that its

decay products are the leading lepton and a neutrino, which
accounts for all of the reconstructed missing transverse
momentum. The longitudinal component of the neutrino
momentum is found by assuming the W is produced on-
shell, and we choose between the two resulting solutions by
picking the one which minimises |mblν − mt | after combin-
ing with the leading b-tagged jet. This object is our leptonic
top candidate.

We extract m(t t̄) by adding the found leptonic and
hadronic top candidates and define θl± by boosting to the
leptonic top’s rest frame and taking the angle between the
lepton and the top’s direction of travel.3 The final m(t t̄) dis-

3 Note that here are studies [60] that aim to extract the polarisation
information from boosted hadronic tops but we do not attempt to do so
here. We can expect the sensitivity of such a measurement to be smaller
than that of the leptonic side measurement.

tribution is shown in Fig. 1(1) and the cos θl± distribution in
Fig. 2a.

3.2 Di-leptonic study

The semi-leptonic final state discussed in Sect. 3.1 is naively
much more attractive due to a six times larger branching frac-
tion (since we are only considering electrons and muons) and
a less involved reconstruction of the individual top momenta.
Nonetheless, it is worthwhile to also consider the di-leptonic
final state as it offers two clean final state leptons which
enable a comparably straightforward measurement of spin
correlations with increasing statistics.

When considering di-leptonic t t̄ decays, however, we run
into a qualitatively new issue related to the reconstruction of
the individual top momenta: with two neutrinos in the final
state, we will have to make an educated guess of how the
single missing transverse energy vector decomposes into the
transverse components of the neutrinos pT,ν/ν̄ before recon-
structing the longitudinal momentum components. There
are a number of approaches that we outline in the follow-
ing.

The first method is to simply solve the full system of
kinematic equations by assuming all intermediate particles
are produced on-shell and that your measured kinematic
quantities are exact [61,62]. This will in general provide
up to eight sets of solutions, one of which being close
to the true momenta assuming that the assumptions are
valid. Using smeared kinematic quantities results in a larger
mean number of solutions which causes large combinato-
rial uncertainties. CMS have made use of this approach
together with a matrix element method [63] to reduce the
number of solutions on the basis of the matrix element
weight.

A second method is to use so-called “neutrino weighting”
[64,65], which scans over a large number of proposed neu-
trino solutions and constructs and assigns individual weights
for each guess based on how well the solution solves the
kinematic equations. It is then possible to calculate observ-
ables for single events by either selecting the solution with
the highest weight, or adding up the values for all solutions
with correct weighting. This method is often used by ATLAS
and has the advantage of only relying on kinematic informa-
tion.

A third method, which is the one we will adopt in this
work, uses kinematic insights from the MT 2 [66] observable.
The so-called MT 2 Assisted On Shell (MAOS) method [67,
68] uses the solution for the transverse components of the
two neutrino momenta which provides MT 2. The bisection
method for calculating MT 2 [69] and subsequent improve-
ments of the algorithm [70–72] have made it possible to
find the solution numerically. The solutions for the neu-
trino momenta k±

ν/ν̄ (where ± denotes the remaining twofold
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(a) (b)

Fig. 1 Distributions of m(t t̄) for the semi-leptonic (a) and di-leptonic
(b) analyses for the background SM t t̄ and signal samples after all analy-
sis selections and detector effects. Note that the semi-leptonic analysis

manages to reconstruct peaks for the narrow signal models, whereas
the di-leptonic one smears out all of the signal models into something
resembling continuum excesses

(a) (b)

Fig. 2 cos θl± distributions for the SM t t̄ and signal samples for the
semi-leptonic (a) and di-leptonic (b) analyses after all analysis selec-
tions and detector effects, in both for m(t t̄) > 2 TeV. Since the signal
produces right-handed tops we see a large modification of these lepton

angle distributions when compared to the SM expectation which at these
high invariant masses is slightly left-handed. Note that the polarisation
of the tops from g1 decays differs between the two coupling choices
and this can be discerned in both analyses

ambiguity in the longitudinal components) will approach
the true solutions for MT 2 → m(t), with k±

ν/ν̄ = pν/ν̄
4

for MT 2 = m(t) with all kinematic quantities measured
exactly and all intermediate particles on-shell. Therefore
this approach provides an approach to improving the quality

4 In this very particular situation we should find k+ = k−.

of the reconstruction if required by only using events with
m(t) − MT 2 < C for some cut C .

3.2.1 Analysis selections and reconstruction

We begin the analysis by finding electrons with pT > 25
GeV inside |η| < 2.47 and muons with pT > 25 GeV inside
|η| < 2.7. We then find anti-kT R = 0.4 jets with pT > 25
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(a) (b)

Fig. 3 Two-dimensional shape distributions of m(t t̄) and cos θl± for
the expected SM background (a) and a narrow (gtR = 2) g1 (b) in
the semi-leptonic analysis. This corresponds to the worst-case scenario

among our signal models from the perspective of gaining additional
information from the polarisation measurement

GeV with |η| < 2.8. Again we have to accept some overlap
between the leptons and jets due to the large top boost, so
we do not require these to be isolated and again assume we
can separate very hard prompt leptons from a nearby jet. We
then b-tag the jets within |η| < 2.5 with 70% efficiency and
a 1% fake rate (10% for pT > 300 GeV with the comments
regarding this choice made in Sect. 3.1.1 also valid here), and
require at least two b-tags. We also require missing transverse
energy /pT with |/pT | > 60 GeV.

While the high boost of our tops means that we can usually
correctly pair b-jets to leptons by taking the ones closest
to each other in η–φ space, we make use of some standard
approaches to further reducing the combinatorial uncertainty.
Due to the large boost we consider, we do not gain much
from cutting on Mtt̄

T (0), which is often considered in the
literature [73–76], where Mtt̄

T (0) is defined as the transverse
mass of the entire t t̄ system when mνν̄ = 0:

(
Mtt̄

T (0)
)2 = m2

vis + 2

(√
|pT |2 + m2

vis|/pT | + pT · /pT

)

(3.1)

We therefore select the candidate which minimises at least
two out of three test variables: T2, T3, and T4 defined in [75].
These correspond to how well the solution corresponding
to each pairing reconstruct the W and top masses and the
expected MT2 distribution. If either of the pairings returns
complex solutions for the neutrino momenta we automati-
cally select the other one. Once we have selected a pairing we

veto the event if MT 2 > m(t) or mbl >
√
m(t)2 − m(W )2.5

Note that we change the pairing algorithm defined in [75]
slightly: this is because we find that vetoing the entire event
if neither pairing results in a viable-seeming solution sup-
presses the WW j j background with little signal efficiency
loss. We do not use mbl for determining the correct pairing
(referred to as the T1 test variable in [75]) since this would
make the total number of test variables even and it correlates
strongly with T2.

As discussed above we reconstruct the individual neutri-
nos using the MAOS method. We take the solution for the
transverse momenta of the neutrinos which gives the cor-
rect MT 2, and solve the remaining kinematic constraints to
give two solutions for the longitudinal component of each
neutrino. This results in four final solutions for the complete
kinematics of the event with equal weights. This technique
has been used for example in phenomenological studies of
production angle measurements in [67] and top polarisation
measurements in [77]. Despite the fourfold combinatorial
uncertainty which introduces a large smearing of the final
m(t t̄) distribution as shown in Fig 1b, it reproduces truth-
level angular observables well as this only affects the longi-
tudinal neutrino momenta. The cos θl± distribution in Fig. 2
shows this in practice and confirms the final distributions are
closer to their true shapes than in the semi-leptonic analysis.
Unlike in the semi-leptonic case in Sect. 3.1.1 we can extract
the lepton angle from both tops by again boosting to the indi-

5 Ignoring smearing, finite width effects, and O(mb) corrections to mbl
these correspond to unphysical solutions.
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(a) (b)

Fig. 4 Two-dimensional shape distributions of m(t t̄) and cos θl± for
the expected SM background (a) and a narrow (c = 1) G1 (b) in the di-
leptonic analysis. This corresponds to one of the best scenarios among

our signal models from the perspective of gaining additional informa-
tion from the polarisation measurement

(a) (b)

Fig. 5 Limits on μ for a narrow (c = 1) G1 assuming a no systemat-
ics and b 5% systematics (see text for details on how this is propagated
to the individual bins) which can be set with different assumed total

luminosities using m(t t̄) and cos θl± (black line) and only using m(t t̄)
(red line) with the semi-leptonic analysis. The ±σ bands are for the
combined result. μ = 1 corresponds to σ × Br (G1 → t t̄) = 0.3 fb

vidual rest frames and taking the angle of their decay lepton
to the top direction of travel.

4 Discussion of results

4.1 Signal vs. background discrimination

We estimate the limits that can be set on the signal strength
μ = σ/σexpected for our model setups with the m(t t̄) and
combined m(t t̄) − θl± distributions by using the modified
frequentist confidence level CLs as outlined in [78]: for each
of the 2D-binned distributions (examples of which are shown
in Figs. 3, 4) we calculate the likelihood ratio

X =
bins∏

i

e−μsi

(
1 + μsi

bi

)di
, (4.1)

where si , bi and di are the expected number of signal and
background, and the observed number of events for each bin,
respectively. Using the likelihood ratio we can compute

CLs+b = Ps+b (X < Xobs) , (4.2)

CLb = Pb (X < Xobs) , (4.3)

CLs = CLs+b/CLb. (4.4)

To avoid spurious exclusions we do not use bins which
have no background events—this has a negligible effect as
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Fig. 6 Distribution of 	φ(l+l−) for the considered scenarios for
invariant massesm(t t̄) > 2 TeV. The signal models all usem(G1/g1) =
3 TeV

we have ensured there is sufficient statistics in all bins which
are expected to contribute to the exclusion limit for our signal
models.

A value of CLs < 0.05 is interpreted as excluding the
corresponding value of μ at 95% confidence level [79].
While our statistical setup is meant to closely resemble those
currently employed by the LHC experiments there is also
a recent study in [80] which investigates the information
gain from using multi-dimensional distributions such as our
m(t t̄)–θl± one using Bayesian methods. The study looks at
combining information from pT and angular observables in
VBF production of a single Higgs decaying to two photons,
and uses this to constrain Wilson coefficients in SMEFT.
Similar ideas have also recently been treated in a very elegant
manner by the study in [81] which investigates the informa-
tion content of various combinations of kinematic observ-
ables and the effect of restricting the available phase space
through kinematic selections on the total information avail-
able in VBF production of a single Higgs decaying to pairs
of taus and four leptons, and single Higgs + single top pro-
duction.

When calculating limits we use a flat Gaussian system-
atic of 5% on the total cross section6 of the background and
only statistical uncertainties for the signal. To propagate the
systematic uncertainty to individual bins we assume the frac-
tional systematic error is the same in all bins, and calculate
the correct uncertainty which would lead to the stated uncer-
tainty on the total cross section when adding up all the bins

6 We can expect that data-driven methods, which use the low m(t t̄)
spectrum to extrapolate to our signal region, become well controlled
with large data sets.

assuming they are statistically independent. In general intro-
ducing systematic uncertainties and propagating these in a
consistent manner always requires us to make an assump-
tion of how this is to be done which introduces a large effect
on the final limit on μ. In order to provide an estimate of
the importance of the systematic uncertainty on our limits
we also present a comparison to limits calculated with no
systematic uncertainties in Figs. 5 and 7.

4.2 Improvement from top polarisation observables

Before we comment on the relative improvement from
including polarisation-sensitive observables let us quickly
investigate the expected phenomenology in the model we
consider. As can be seen from Fig. 1. The reconstruction
smears out the resonance so the signal appears very wide for
all signal models in the semi-leptonic and di-leptonic analy-
sis. For relatively narrow resonances our reconstruction of the
semi-leptonic channel yields a better performance; however,
once moving to larger widths, the mtt̄ distribution quickly
loses its peak-like features. In such a case, setting limits by
using mtt̄ as a single discriminant effectively means con-
straining a continuum excess.

Considering directly inferred angular quantities like 	φ

(l+l−) from, e.g., the di-lepton final state does not offer a
great discriminative power, see Fig. 6. This is in particular
true when we would like to discriminate between different
signal hypotheses once an excess has been discovered. The
reason for the highly correlated 	φ(l+l−) is the large con-
sidered mass range of the t t̄ resonance, which leads to back-
to-back tops and leptons as a consequence.

It is exactly the boost to the top rest frame which lifts this
degeneracy (modulo reconstruction inefficiencies). Since the
signal produces highly polarised tops, we see a large mod-
ification of these lepton angle distributions, which provides
additional discrimination power (Fig. 2) that we can use to
tighten the estimated constraint on μ when combined with t t̄ ,
Figs. 3 and 4 (we also show the distribution of the expected
SM background which exhibits no particular resonant fea-
tures in the m(t t̄)–cos θl± plane). Note that the polarisation
of the tops from g1 decays differs between the two coupling
choices and this is visible in both channels.

Using the m(t t̄)–cos θl± correlation as the baseline of
the limit setting outlined above we obtain a large improve-
ment by a factor up to ∼ 3 with increasing luminosity com-
pared to m(t t̄) alone in Fig. 8b for the ideal case of the di-
leptonic analysis of a wide highly polarised resonance, as the
large statistics available with 100 fb−1 provide an efficient
sampling of the sensitivity unveiled in Fig. 4. This relative
improvement reduces for smaller reconstructed widths that
can be reached in the semi-leptonic channel as discriminat-
ing power in m(t t̄) is gained, yet an improvement at large
luminosity by a factor of ∼ √

2 is still possible for our bench-
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(a) (b)

Fig. 7 Limits on μ for a wide (gtR = 6) g1 assuming a no system-
atics and b 5% systematics on the total cross section (see text for
details on how this is propagated to the individual bins) which can
be set with different assumed total luminosities using m(t t̄) and cos θl±

(black line) and only using m(t t̄) (red line) with the di-leptonic analy-
sis. The ±σ bands are for the combined result. μ = 1 corresponds to
σ × Br (g1 → t t̄) = 200 fb

(a) (b)

Fig. 8 Limits on μ for a wide (c = 2) G1 using the semi-leptonic (a)
and di-leptonic (b) analyses for a fixed luminosity of 100 fb−1 with no
systematics as a function of resonance mass using m(t t̄) and cos θl±

(black line) and only using m(t t̄) (red line). The ±σ bands are for the
combined result

(a) (b)

Fig. 9 Limits on μ for a wide (c = 2) G1 using the semi-leptonic (a)
and di-leptonic (b) analyses for a fixed luminosity of 100 fb−1 with 5%
systematics on the total cross section (propagated to bins as explained

in the text) as a function of resonance mass using m(t t̄) and cos θl±
(black line) and only using m(t t̄) (red line). The ±σ bands are for the
combined result

mark less-polarised gluon, which is the least sensitive of our
parameter points.

It is exactly this improvement from including polari-
sation information, which renders the analyses potentially

sensitive—depending on systematics—to broad gluon-like
resonances at L ∼ 100 fb−1 at our benchmark set-
ting. Discrimination solely based on m(t t̄) flattens out
and an analysis which focuses exclusively on resonant-
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like enhancements will have less sensitivity by factors up
to 3.

The improvement is not too sensitive on the precise mass
scale around our chosen benchmark, and becomes especially
relevant at large widths as alluded to in the beginning of this
work, Figs. 7, 8 and 9.

As can be seen from our results for graviton-like res-
onances, depending on the size of the cross section, only
including spin polarisation is not enough to reach a sensitivity
to constrain the underlying model satisfactorily. Nonetheless
the relative improvement by a factor of �3 should provide an
important handle to tackle such low-cross-section scenarios
much better at large luminosity, possibly as part of a multi-
variate approach invoked by the experiments.

5 Conclusions

Resonance searches at the LHC t t̄ final states are a well
motivated strategy for discovering new physics beyond the
SM [1,2]. While peaks in the mass spectrum are very pow-
erful indicators of the presence of such new physics, we also
often expect to see large modifications to other distributions
and combining this information through multi-dimensional
distributions often offers a good way to improve sensitivity.
Additionally, if the resonance becomes wide, invariant mass
distributions necessarily lose sensitivity. We have performed
a detailed investigation of the semi-leptonic and di-leptonic
t t̄ final states for

√
s = 14 TeV and provide quantitative esti-

mates of the information gain from including top polarisation
information in the limit setting. Our results demonstrate that
this information helps to ameliorate the loss in sensitivity
for wider signal models. To make our analysis comparable
to the practice of the experiments we have focussed on the
RS scenario as a particular candidate that provides a theoret-
ically well-defined framework for such a phenomenological
situation. For the fully polarised scenarios we study in this
work we find improvements of factors of up to 3 (2) on the
limit of the signal strength for the di-(semi)-leptonic analysis
at large luminosity, with larger improvements for wider sig-
nal models as expected. For our benchmark choice of 3 TeV
resonances, including this information is crucial to exclude
gluon-like at 95%. Interestingly the larger improvement for
the di-leptonic analysis allows this channel to become com-
petitive with semi-leptonic one for resonance searches for
these types of models; however, we would like to note that
this statement heavily depends on the systematics modelling
and only a dedicated experimental analysis can fully assess
the relative sensitivities.

While these improvements are specific to our parameter
choices at face value, similar relative improvements can be
expected for other, non-graviton or gluon resonances (not
limited to RS models) that predict a net polarisation of the

top pair. Polarisation information is therefore an important
ingredient to a more comprehensive analysis strategy that
builds upon the invariant top pair mass, providing additional
information in multivariate approaches.

Acknowledgements We thank Simon Head for collaboration during an
early stage of this work. JF acknowledges support from the Helmholtz
Gemeinschaft. KN thanks the University of Glasgow College of Science
and Engineering for a Ph.D. scholarship.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.

References

1. ATLAS collaboration, G. Aad et al., A search for t t reso-
nances using lepton-plus-jets events in proton–proton collisions
at

√
s = 8 TeV with the ATLAS detector. JHEP 08, 148 (2015).

arXiv:1505.07018
2. CMS collaboration, V. Khachatryan et al., Search for resonant t t̄

production in proton–proton collisions at
√
s = 8 TeV. Phys. Rev.

D 93, 012001 (2016). arXiv:1506.03062
3. L. Randall, R. Sundrum, A Large mass hierarchy from a

small extra dimension. Phys. Rev. Lett. 83, 3370–3373 (1999).
arXiv:hep-ph/9905221

4. J.M. Maldacena, The large N limit of superconformal field theo-
ries and supergravity. Int. J. Theor. Phys. 38, 1113–1133 (1999).
arXiv:hep-th/9711200

5. E. Witten, Anti-de Sitter space and holography. Adv. Theor. Math.
Phys. 2, 253–291 (1998). arXiv:hep-th/9802150

6. N. Arkani-Hamed, M. Porrati, L. Randall, Holography and phe-
nomenology. JHEP 08, 017 (2001). arXiv:hep-th/0012148

7. R. Rattazzi, A. Zaffaroni, Comments on the holographic pic-
ture of the Randall–Sundrum model. JHEP 04, 021 (2001).
arXiv:hep-th/0012248

8. K.-I. Hikasa, J.M. Yang, B.-L. Young, R-parity violation and top
quark polarization at the Fermilab Tevatron collider. Phys. Rev. D
60, 114041 (1999). arXiv:hep-ph/9908231

9. P.-Y. Li, G.-R. Lu, J.M. Yang, H. Zhang, Probing R-parity violating
interactions from top quark polarization at LHC. Eur. Phys. J. C
51, 163–168 (2007). arXiv:hep-ph/0608223

10. R.M. Godbole, S. Kraml, S.D. Rindani, R.K. Singh, Probing
CP-violating Higgs contributions in gamma gamma -> f anti-f
through fermion polarization. Phys. Rev. D 74, 095006 (2006).
arXiv:hep-ph/0609113

11. R.M. Godbole, S.D. Rindani, R.K. Singh, Lepton distribution as a
probe of new physics in production and decay of the t quark and
its polarization. JHEP 12, 021 (2006). arXiv:hep-ph/0605100

12. L.G. Almeida, S.J. Lee, G. Perez, I. Sung, J. Virzi, Top jets at the
LHC. Phys. Rev. D 79, 074012 (2009). arXiv:0810.0934

13. D. Krohn, T. Liu, J. Shelton, L.-T. Wang, A polarized view of the
top asymmetry. Phys. Rev. D 84, 074034 (2011). arXiv:1105.3743

14. S.S. Biswal, S.D. Rindani, P. Sharma, Probing chromomagnetic and
chromoelectric couplings of the top quark using its polarization
in pair production at hadron colliders. Phys. Rev. D 88, 074018
(2013). arXiv:1211.4075

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1505.07018
http://arxiv.org/abs/1506.03062
http://arxiv.org/abs/hep-ph/9905221
http://arxiv.org/abs/hep-th/9711200
http://arxiv.org/abs/hep-th/9802150
http://arxiv.org/abs/hep-th/0012148
http://arxiv.org/abs/hep-th/0012248
http://arxiv.org/abs/hep-ph/9908231
http://arxiv.org/abs/hep-ph/0608223
http://arxiv.org/abs/hep-ph/0609113
http://arxiv.org/abs/hep-ph/0605100
http://arxiv.org/abs/0810.0934
http://arxiv.org/abs/1105.3743
http://arxiv.org/abs/1211.4075


Eur. Phys. J. C (2017) 77 :407 Page 11 of 12 407

15. M. Baumgart, B. Tweedie, Transverse top quark polarization and
the ttbar forward–backward asymmetry. JHEP 08, 072 (2013).
arXiv:1303.1200

16. B. Tweedie, Better hadronic top quark polarimetry. Phys. Rev. D
90, 094010 (2014). arXiv:1401.3021

17. L. Cerrito, D. Millar, S. Moretti, F. Span, Discovering and profiling
Z′ bosons using asymmetry observables in top pair production with
the lepton-plus-jets final state at the LHC. arXiv:1609.05540

18. T. Gajdosik, R.M. Godbole, S. Kraml, Fermion polarization in
sfermion decays as a probe of CP phases in the MSSM. JHEP
09, 051 (2004). arXiv:hep-ph/0405167

19. M. Perelstein, A. Weiler, Polarized tops from stop decays at the
LHC. JHEP 03, 141 (2009). arXiv:0811.1024

20. J. Shelton, Polarized tops from new physics: signals and observ-
ables. Phys. Rev. D 79, 014032 (2009). arXiv:0811.0569

21. R.M. Godbole, L. Hartgring, I. Niessen, C.D. White, Top polari-
sation studies in H−t and Wt production. JHEP 01, 011 (2012).
arXiv:1111.0759

22. G. Belanger, R.M. Godbole, L. Hartgring, I. Niessen, Top polar-
ization in stop production at the LHC. JHEP 05, 167 (2013).
arXiv:1212.3526

23. K. Huitu, S. Kumar Rai, K. Rao, S.D. Rindani, P. Sharma, Probing
top charged-Higgs production using top polarization at the large
hadron collider. JHEP 04, 026 (2011). arXiv:1012.0527

24. A. Papaefstathiou, K. Sakurai, Determining the helicity struc-
ture of third generation resonances. JHEP 06, 069 (2012).
arXiv:1112.3956

25. J.A. Aguilar-Saavedra, C. Degrande, S. Khatibi, Single top polar-
isation as a window to new physics. arXiv:1701.05900

26. K. Agashe, A. Belyaev, T. Krupovnickas, G. Perez, J. Virzi, LHC
signals from warped extra dimensions. Phys. Rev. D 77, 015003
(2008). arXiv:hep-ph/0612015

27. B. Lillie, L. Randall, L.-T. Wang, The bulk RS KK-gluon at the
LHC. JHEP 09, 074 (2007). arXiv:hep-ph/0701166

28. W.D. Goldberger, M.B. Wise, Modulus stabilization with
bulk fields. Phys. Rev. Lett. 83, 4922–4925 (1999).
arXiv:hep-ph/9907447

29. T. Gherghetta, A. Pomarol, Bulk fields and supersymmetry in a slice
of AdS. Nucl. Phys. B586, 141–162 (2000). arXiv:hep-ph/0003129

30. R. Contino, A. Pomarol, Holography for fermions. JHEP 11, 058
(2004). arXiv:hep-th/0406257

31. K. Agashe, A. Delgado, M.J. May, R. Sundrum, RS1, cus-
todial isospin and precision tests. JHEP 08, 050 (2003).
arXiv:hep-ph/0308036

32. O. Antipin, T. Hapola, Graviton model file. http://cp3-origins.dk/
research/units/ed-tools

33. K. Agashe, H. Davoudiasl, G. Perez, A. Soni, Warped gravi-
tons at the LHC and beyond. Phys. Rev. D 76, 036006 (2007).
arXiv:hep-ph/0701186

34. ATLAS collaboration, M. Aaboud et al., Searches for heavy dibo-
son resonances in pp collisions at

√
s = 13 TeV with the ATLAS

detector. JHEP 09, 173 (2016). arXiv:1606.04833
35. CMS collaboration, A.M. Sirunyan et al., Search for massive res-

onances decaying into WW, WZ or ZZ bosons in proton-proton
collisions at

√
s = 13 TeV. arXiv:1612.09159

36. R. Frederix, F. Maltoni, Top pair invariant mass distribution: a win-
dow on new physics. J. High Energy Phys. 2009, 047 (2009)

37. J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, T. Stelzer, Mad-
Graph 5: going beyond. JHEP 06, 128 (2011). arXiv:1106.0522

38. J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mat-
telaer et al., The automated computation of tree-level and next-
to-leading order differential cross sections, and their matching to
parton shower simulations. JHEP 07, 079 (2014). arXiv:1405.0301

39. M. Czakon, A. Mitov, NNLO corrections to top-pair production at
hadron colliders: the all-fermionic scattering channels. JHEP 12,
054 (2012). arXiv:1207.0236

40. M. Czakon, A. Mitov, NNLO corrections to top pair production at
hadron colliders: the quark–gluon reaction. JHEP 01, 080 (2013).
arXiv:1210.6832

41. M. Czakon, P. Fiedler, A. Mitov, Total top-quark pair-production
cross section at hadron colliders through O( 4

S ). Phys. Rev. Lett.
110, 252004 (2013). arXiv:1303.6254

42. C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,
T. Reiter, UFO—the universal FeynRules output. Comput. Phys.
Commun. 183, 1201–1214 (2012). arXiv:1108.2040

43. A. Alloul, N.D. Christensen, C. Degrande, C. Duhr, B.
Fuks, FeynRules 2.0—a complete toolbox for tree-level phe-
nomenology. Comput. Phys. Commun. 185, 2250–2300 (2014).
arXiv:1310.1921

44. M. Bahr et al., Herwig++ physics and manual. Eur. Phys. J. C 58,
639–707 (2008). arXiv:0803.0883

45. J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note. Eur. Phys.
J. C 76, 196 (2016). arXiv:1512.01178

46. A. Buckley, J. Butterworth, L. Lonnblad, D. Grellscheid, H. Hoeth,
J. Monk et al., Rivet user manual. Comput. Phys. Commun. 184,
2803–2819 (2013). arXiv:1003.0694

47. ATLAS collaboration, G. Aad et al., Performance of miss-
ing transverse momentum reconstruction in proton–proton colli-
sions at 7 TeV with ATLAS. Eur. Phys. J. C 72, 1844 (2012).
arXiv:1108.5602

48. Electron identification measurements in ATLAS using
√
s = 13

TeV data with 50 ns bunch spacing. Tech. Rep. ATL-PHYS-PUB-
2015-041, CERN, Geneva, Sep, 2015

49. ATLAS collaboration, G. Aad et al., Muon reconstruction perfor-
mance of the ATLAS detector in proton–proton collision data at√
s = 13 TeV. Eur. Phys. J. C 76, 292 (2016). arXiv:1603.05598

50. M. Cacciari, G.P. Salam, G. Soyez, The anti-k(t) jet clustering
algorithm. JHEP 04, 063 (2008). arXiv:0802.1189

51. Y.L. Dokshitzer, G.D. Leder, S. Moretti, B.R. Webber,
Better jet clustering algorithms. JHEP 08, 001 (1997).
arXiv:hep-ph/9707323

52. M. Wobisch, T. Wengler, Hadronization corrections to jet cross-
sections in deep inelastic scattering, in Monte Carlo generators
for HERA physics. Proceedings, Workshop, Hamburg, Germany,
1998–1999, pp. 270–279, 1998. arXiv:hep-ph/9907280

53. K. Rehermann, B. Tweedie, Efficient identification of boosted
semileptonic top quarks at the LHC. JHEP 03, 059 (2011).
arXiv:1007.2221

54. T. Plehn, M. Spannowsky, M. Takeuchi, Boosted semileptonic tops
in stop decays. JHEP 05, 135 (2011). arXiv:1102.0557

55. T. Plehn, G.P. Salam, M. Spannowsky, Fat jets for a light higgs.
Phys. Rev. Lett. 104, 111801 (2010). arXiv:0910.5472

56. G. Kasieczka, T. Plehn, T. Schell, T. Strebler, G.P. Salam, Reso-
nance searches with an updated top tagger. JHEP 06, 203 (2015).
arXiv:1503.05921

57. ATLAS collaboration, Measurement of the b-tag efficiency in a
sample of jets containing muons with 5 fb1 of data from the ATLAS
detector

58. ATLAS collaboration, G. Aad et al., Performance of b-jet iden-
tification in the ATLAS experiment. JINST11, P04008 (2016).
arXiv:1512.01094

59. Search for heavy particles decaying to pairs of highly-boosted top
quarks using lepton-plus-jets events in proton–proton collisions
at

√
s = 13 TeV with the ATLAS detector. Tech. Rep. ATLAS-

CONF-2016-014, CERN, Geneva, Mar, 2016
60. D. Krohn, J. Shelton, L.-T. Wang, Measuring the polarization of

boosted hadronic tops. JHEP 07, 041 (2010). arXiv:0909.3855
61. L. Sonnenschein, Algebraic approach to solve t t̄ dilepton equa-

tions. Phys. Rev. D 72, 095020 (2005). arXiv:hep-ph/0510100
62. L. Sonnenschein, Analytical solution of ttbar dilepton equations.

Phys. Rev. D 73, 054015 (2006). arXiv:hep-ph/0603011

123

http://arxiv.org/abs/1303.1200
http://arxiv.org/abs/1401.3021
http://arxiv.org/abs/1609.05540
http://arxiv.org/abs/hep-ph/0405167
http://arxiv.org/abs/0811.1024
http://arxiv.org/abs/0811.0569
http://arxiv.org/abs/1111.0759
http://arxiv.org/abs/1212.3526
http://arxiv.org/abs/1012.0527
http://arxiv.org/abs/1112.3956
http://arxiv.org/abs/1701.05900
http://arxiv.org/abs/hep-ph/0612015
http://arxiv.org/abs/hep-ph/0701166
http://arxiv.org/abs/hep-ph/9907447
http://arxiv.org/abs/hep-ph/0003129
http://arxiv.org/abs/hep-th/0406257
http://arxiv.org/abs/hep-ph/0308036
http://cp3-origins.dk/research/units/ed-tools
http://cp3-origins.dk/research/units/ed-tools
http://arxiv.org/abs/hep-ph/0701186
http://arxiv.org/abs/1606.04833
http://arxiv.org/abs/1612.09159
http://arxiv.org/abs/1106.0522
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1207.0236
http://arxiv.org/abs/1210.6832
http://arxiv.org/abs/1303.6254
http://arxiv.org/abs/1108.2040
http://arxiv.org/abs/1310.1921
http://arxiv.org/abs/0803.0883
http://arxiv.org/abs/1512.01178
http://arxiv.org/abs/1003.0694
http://arxiv.org/abs/1108.5602
http://arxiv.org/abs/1603.05598
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/hep-ph/9707323
http://arxiv.org/abs/hep-ph/9907280
http://arxiv.org/abs/1007.2221
http://arxiv.org/abs/1102.0557
http://arxiv.org/abs/0910.5472
http://arxiv.org/abs/1503.05921
http://arxiv.org/abs/1512.01094
http://arxiv.org/abs/0909.3855
http://arxiv.org/abs/hep-ph/0510100
http://arxiv.org/abs/hep-ph/0603011


407 Page 12 of 12 Eur. Phys. J. C (2017) 77 :407

63. K. Kondo, Dynamical likelihood method for reconstruction of
events with missing momentum. 1: method and toy models. J. Phys.
Soc. Jpn. 57, 4126–4140 (1988)

64. D0 collaboration, B. Abbott et al., Measurement of the top quark
mass using dilepton events. Phys. Rev. Lett. 80, 2063–2068 (1998).
arXiv:hep-ex/9706014

65. ATLAS collaboration, M. Aaboud et al., Measurements of top-
quark pair differential cross-sections in the eμ channel in
pp collisions at

√
s = 13 TeV using the ATLAS detector.

arXiv:1612.05220
66. C.G. Lester, D.J. Summers, Measuring masses of semiinvisibly

decaying particles pair produced at hadron colliders. Phys. Lett. B
463, 99–103 (1999). arXiv:hep-ph/9906349

67. W.S. Cho, K. Choi, Y.G. Kim, C.B. Park, M(T2)-assisted on-
shell reconstruction of missing momenta and its application to
spin measurement at the LHC. Phys. Rev. D 79, 031701 (2009).
arXiv:0810.4853

68. W.S. Cho, K. Choi, Y.G. Kim, C.B. Park, Mass and spin measure-
ment with M(T2) and MAOS momentum. Nucl. Phys. Proc. Suppl.
200–202, 103–112 (2010). arXiv:0909.4853

69. H.-C. Cheng, Z. Han, Minimal kinematic constraints and m(T2).
JHEP 12, 063 (2008). arXiv:0810.5178

70. A.J. Barr, B. Gripaios, C.G. Lester, Transverse masses and kine-
matic constraints: from the boundary to the crease. JHEP 11, 096
(2009). arXiv:0908.3779

71. C.G. Lester, B. Nachman, Bisection-based asymmetric MT 2 com-
putation: a higher precision calculator than existing symmetric
methods. JHEP 03, 100 (2015). arXiv:1411.4312

72. F. Etayo, L. Gonzalez-Vega, N. del Rio, A new approach to char-
acterizing the relative position of two ellipses depending on one
parameter. Comput. Aided Geom. Des. 23, 324–350 (2006)

73. A.J. Barr, B. Gripaios, C.G. Lester, Measuring the Higgs boson
mass in dileptonic W-boson decays at hadron colliders. JHEP 07,
072 (2009). arXiv:0902.4864

74. D.R. Tovey, Transverse mass and invariant mass observables for
measuring the mass of a semi-invisibly decaying heavy particle.
JHEP 11, 148 (2010). arXiv:1008.3837

75. K. Choi, D. Guadagnoli, C.B. Park, Reducing combinatorial uncer-
tainties: a new technique based on MT2 variables. JHEP 11, 117
(2011). arXiv:1109.2201

76. C.B. Park, Reconstructing the heavy resonance at hadron colliders.
Phys. Rev. D 84, 096001 (2011). arXiv:1106.6087

77. D. Guadagnoli, C.B. Park, MT 2-reconstructed invisible momenta
as spin analizers, and an application to top polarization. JHEP 01,
030 (2014). arXiv:1308.2226

78. T. Junk, Confidence level computation for combining searches with
small statistics. Nucl. Instrum. Methods A 434, 435–443 (1999).
arXiv:hep-ex/9902006

79. A.L. Read, Presentation of search results: the CL(s) technique. J.
Phys. G 28, 2693–2704 (2002)

80. F. Ferreira, S. Fichet, V. Sanz, On new physics searches with mul-
tidimensional differential shapes. arXiv:1702.05106

81. J. Brehmer, K. Cranmer, F. Kling, T. Plehn, Better Higgs boson
measurements through information geometry. Phys. Rev. D 95,
073002 (2017). arXiv:1612.05261

123

http://arxiv.org/abs/hep-ex/9706014
http://arxiv.org/abs/1612.05220
http://arxiv.org/abs/hep-ph/9906349
http://arxiv.org/abs/0810.4853
http://arxiv.org/abs/0909.4853
http://arxiv.org/abs/0810.5178
http://arxiv.org/abs/0908.3779
http://arxiv.org/abs/1411.4312
http://arxiv.org/abs/0902.4864
http://arxiv.org/abs/1008.3837
http://arxiv.org/abs/1109.2201
http://arxiv.org/abs/1106.6087
http://arxiv.org/abs/1308.2226
http://arxiv.org/abs/hep-ex/9902006
http://arxiv.org/abs/1702.05106
http://arxiv.org/abs/1612.05261

	Constraining new resonant physics with top spin polarisation information
	Abstract 
	1 Introduction
	2 The model
	2.1 Event generation and analysis

	3 Analyses
	3.1 Semi-leptonic study
	3.1.1 Analysis selections and reconstruction

	3.2 Di-leptonic study
	3.2.1 Analysis selections and reconstruction


	4 Discussion of results
	4.1 Signal vs. background discrimination
	4.2 Improvement from top polarisation observables

	5 Conclusions
	Acknowledgements
	References




