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Single top production as a probe of heavy resonances
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The single top-quark final state provides sensitivity to new heavy resonances produced in proton-proton
collisions at the Large Hadron Collider. Particularly, the single top plus quark final state appears in models
with heavy charged bosons or scalars, or in models with flavor-changing neutral currents involving the top
quark. The cross sections and final-state kinematics distinguish such models from each other and from
standard model backgrounds. Several models of resonances decaying to a single top-quark final state are

presented and their phenomenology is discussed.
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I. INTRODUCTION

The CERN Large Hadron Collider (LHC) in Geneva,
Switzerland has, since its first run in September 2008, been
vital in probing new physics at high energies. Several
compelling new physics scenarios predict extended gauge
sectors with new heavy resonances which couple strongly
to the third generation of quarks. Such theories include
top-color models [1], extra-dimensional theories [2], and
composite Higgs models [3]. The top-quark production
channels thus offer a very promising way to probe new
physics at the LHC. In particular, single top production is
studied. Several types of heavy resonances could indeed be
observed in the single top final state. In this analysis,
W-prime bosons and several types of colored resonances—
scalar color octets, Kaluza-Klein gluons (KKg), and
color-triplet scalars—will be considered. W-prime bosons
are predicted in many beyond-the-standard-model (BSM)
theories [G(221) models [4,5], Randall-Sundrum (RS) [6]
theories, and composite Higgs models [3], among many
others] and have a relevant decay branching ratio into the b
mode, which this analysis is focused on, in many motivated
scenarios. Scalar and vector color octets are analyzed in the
tc flavor-violating decay. Such a channel offers the pos-
sibility of testing the flavor structure of many compelling
BSM theories such as RS, composite Higgs, and top-
coloron models [1,7-9]. Color-triplet scalars could
appear from R-parity-violating supersymmetric theories
[10], E¢ grand unification models [11], and as “excited
quarks” in some types of composite models [12]. A
scalar color triplet in the tb decay mode is considered.
In this paper, search strategies for this wide class of
heavy resonances at the LHC are presented. A significant
part of the analysis is devoted to the study of the most
suitable kinematic variables to distinguish the different
types of resonances from the backgrounds and from
each other.

1550-7998,/2015,/91(5)/054020(21)

054020-1

PACS numbers: 14.65.Ha, 12.60.-i, 12.60.Cn, 13.85.Rm

Several different models of resonances in the single top
plus jet final state have been proposed, though most have
not yet been studied experimentally. Phenomenological
analyses of the single top plus jet final state at the LHC
have focused on W’ production [13], including at next-to-
leading order (NLO) in QCD [14-16], quark excitations
[17,18], and charged Higgs [19,20], as well as on searches
in the tW final state [21]. Colored resonances have
previously been considered in the form of a top pion
[22] and colored diquarks [23].

The benchmark models are presented in Sec. II
Section III presents the event selection. The separation
of the signals from the backgrounds is discussed for the
8 TeV LHC and a resonance mass of 750 GeV in Sec. IV,
while the different signals are separated from each other at
the 14 TeV and a resonance mass of 3000 GeV in Sec. V.
Our conclusions are in Sec. VI.

II. THE BENCHMARK MODELS

In this study, the focus is on several types of heavy
resonances which can contribute to the production of single
top quarks at the LHC, specifically scalar color octets,
vector color octets (Kaluza-Klein gluons), scalar color
triplets and W’ bosons. All events are generated with
MADGRAPHS [24]. The detailed specifications for the
generations can be found in Sec. II D.

A. A scalar and a vector/KKg color octet from an
extended color gauge sector

Colored vector bosons from new strong dynamics, or
KK g’sin a dual five-dimensional picture, have been searched
for mainly in the 77 channel [25,26]. In this paper, the
single top channel through the flavor-violating KKg — tc
decay is analyzed. This channel could give insight into
the flavor structure of many compelling BSM theories
such as RS [6], composite Higgs [3], and top-coloron models
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[1]. The KK g has been studied by ATLAS [27] and CMS [28]
in the 77 mode, and limits were estimated for 14 TeV running
in the KKg — tc mode during the Snowmass 2013
conference [29].

The benchmark adopted here is the simple renormaliz-
able model of an extended color gauge sector introduced in
Ref. [30], which realizes next-to-minimal flavor violation
(NMFV) [31,32]. In this model, the third-generation quarks
couple differently than the light quarks under an extended
SU(3), x SU(3), color gauge group. The mixing between
light and third-generation quarks is induced by the inter-
actions of all three generations of quarks with a set of
new heavy vector-like quarks. The model reproduces the
Cabibbo-Kobayashi-Maskawa (CKM) mixing and gener-
ates flavor-changing neutral currents (FCNCs) from non-
standard interactions. Due to the specific structure of the
model, dangerous FCNCs are naturally suppressed and a
large portion of the model parameter space is allowed by
the data on meson mixing processes and on b — sy [30].

The model has the color gauge structure SU(3),x
SU(3),. The extended color symmetry is broken down
to SU(3) . by the (diagonal) expectation value, (®) o u - Z,
of a scalar field ®, which transforms as a (3, 3) under
SU(3), x SU(3),. It is assumed that color gauge breaking
occurs at a scale much higher than the electroweak
scale, u > v.

Breaking the color symmetry induces a mixing between
the SU(3), and the SU(3), gauge fields A}, A7, which is

w
diagonalized by a field rotation determined by

cota):&,

92
where g, is the QCD strong coupling and g¢;, g, are the
SU(3), and SU(3), gauge couplings, respectively. The
mixing diagonalization reveals two color vector-boson
mass eigenstates: the mass-less SM gluon and a new
massive color-octet vector boson G* given by

g, = g; Sinw = ¢, cos w, (1)

gsu

G}, = coswA), — sinwA?, - .
sin @ cos @

U

In the NMFV model, the third-generation quarks couple
differently than the light quarks under the extended color
group. q; = (17, by), tg, and by, as well as a new weak
doublet of vector-like quarks, transform as (3, 1) under
SU(3), x SU(3), while the light-generation quarks are
charged under SU(3), and transform as (1, 3). The G*
interactions with the color currents associated with SU(3),
and SU(3), are given by

gs(cotwJi — tan wJ5)G;,. (3)

1. The vector color octet (KKg) G*

The color vector boson from an extended color group,
Kaluza-Klein gluon or G*, can be produced at the LHC by
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FIG. 1 (color online). Example Feynman diagram for KK g (G*)
production with decay to tc.

quark-antiquark fusion (Fig. 1) determined by the G*
coupling to light quarks g,tanw [Eq. (3)]. Gluon-gluon
fusion production is forbidden at tree level by SU(3).
gauge invariance.

The G* decay widths are

2 2 2
" - 9 ) n n
[[G* — 11] = 243”MG*cot wy[1 _4Mé*(1 +2MZG*>’
_ 92 )
[[G* = bb] = = Mg cot’w,
[G* — bb] Han Marcot’e

[G" - jjl = gMG*tanza). (4)

Additionally, the NMFV flavor structure of the model
generates a G* — fc¢ flavor-violating decay with rate

F[G* - ZLEL] == F[G* d CLEL}

2
=(V)? fTSMG* (cotw + tanw)?,  (5)
n

where V., = 0.0415 is the CKM matrix element [33].

A complete analysis of the limits on the G* coupling and
mass from direct LHC searches and from flavor observ-
ables has been performed in Ref. [30]. The LHC searches
for dijet resonances [34,35] place the strongest limits from
collider searches [36], excluding G* masses in the range
10004300 GeV for cotw = 0.5, when the G* couples
more strongly to light quarks, and gradually reducing to
the range 1000-2400 GeV for cotw = 2.5, when the G*
couples more strongly to third-generation quarks. Outside
the range 0.5 < cotw < 2.5, the G* resonance is broader,
I'/M = 0.2, and cannot be excluded by current LHC
searches. This analysis considers the G* contribution to
single top production, pp — G* — ftc, for

cotw =26,  T/M=0.25. (6)

For this cot w value, the strongest limits come from the data
on K-meson mixing, which can still allow for G* above
~500 GeV for reasonable values of the quark-mixing
parameters [38].
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2. The scalar color octet (coloron) Gy

The SU(3), x SU(3), — SU(3). breaking induced by
the expectation value of the (3, 3) scalar field ® generates
color-octet and color-singlet scalars, whose phenomenol-
ogy has been discussed in Ref. [39]. This paper analyzes
the contribution to single top production of the color-octet
scalar, which will be dubbed the coloron.

The most general renormalizable potential for ® is [40]

V(®) = —m3Tr(®d") — u(det® + H.c.) + g [Tr(®®7))?

k
+ 5Tr(<1><1>7<1><1>7), (7)
where
1 .. .,
det® = ge’/ke’ TR ® Py, (8)
and where, without loss of generality, one can choose

u > 0. Assuming m3 > 0, ® acquires a (positive) diagonal
expectation value:

() =wu-T. 9)

The ® expansion around the vacuum gives

1
d=u+— +i¢;) + (GY + iGE)T?, 10
\/6(451? ¢1) + (G +iGE) (10)
where ¢y and ¢; are singlets under SU(3), Additionally,
G¢, a=1,...,8, are the Nambu-Goldstone bosons asso-

ciated with the color-symmetry breaking, which will be
eaten by the G*’s, and G are color octets. This analysis
focuses on the color octet G.

Gy can be produced in pairs through its interactions with
gluons

2
T pebe foe GLGHGYy Gy + 9, f " GRGHI" Gl (1)

or it can be produced singly via gluon-gluon fusion. This
occurs at one-loop order through the cubic interaction

H
6

which arises from the y(det ® 4+ H.c.) term in the potential
(7), where d,,. is the SU(3) totally symmetric tensor. The
single production of Gy can be described by the effective
coupling

d G4 GY GS,, (12)

1
~ 7 Cos6abc Gu G" e (13)

with

la, p [(2°
Copc=1\=-— —=1]. 14
996 \/;er%;H (9 ) (14)
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Note that single production is suppressed by a factor
(72/9 — 1), which is an accidental suppression factor
coming from the loop. Above the threshold for decays
into a single top quark, Gz has two main decay modes:
the decay into gluons (cf. Sec. II A), which occurs at loop
level similar to single coloron production, and the flavor-
violating decay into tc. The corresponding rates are

_ M 2 2 2
F[Gy — (20tr +Frcs)] = (Voy)? ’"—(1 ’")

167 u? _M%;H
502 @2 (2 2

We set u = u [the stability of the potential in Eq. (7) forbids
# > u], and consider for simplicity the set of (Mg, ., u)
values in Fig. 2 that give a 50% G decay into tc and 50%
into gg. G is a very narrow resonance, with a width of the
order of 107* GeV.

The analysis is focused on the production of a single Gy
followed by the decay G — tc, as shown in Fig. 3. We note
that since G, has color, the process of single coloron plus jet
production includes contributions where the gluon is emitted
by the coloron as shown in Fig. 4(a), and where the coloron
couples to an initial-state gluon as shown in Fig. 4(b). Gluon
emission from G is described by the third term in Eq. (11).
These two modes are important for inclusive single coloron
production. For the parton-level cuts given in Sec. I D, these
extra gluon processes contribute approximately 22% of the
tree-level cross section at the 8 TeV LHC and a resonance

5000
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3000

1 (GeV)

2000

10000 v v
500 1000 1500 2000 2500 3000
Mgy (GeV)

FIG. 2 (color online). Contour plot of the Gy — ¢ branching
ratio in the plane (Mg, ,u). This analysis uses the values
indicated by the red thick curve, for which G decays at the
same rate into 7c¢ and into gg.
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FIG. 3 (color online). Feynman diagram for single coloron
production with decay to zc.

mass of 750 GeV, and approximately 29% of the tree-level
cross section at 14 TeV for a resonance mass of 3000 GeV.
Coloron pair production can also contribute as shown
in Fig. 5.

As discussed in Ref. [39], some limits on the (M, u)
parameter space, with Mg, < 450 GeV, can be extracted
from the CMS search for new physics in same-sign-
dilepton channels [41] and from the ATLAS [42] and
CMS [43] searches for pair-produced dijet resonances. No
bounds are set on the Gy parameter space for M, above
450 GeV.
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FIG. 4 (color online).
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FIG. 5 (color online).
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B. Color triplet

The proton-proton initial state of the LHC makes it
particularly sensitive to resonances that carry color. The
color triplet ® is a heavy hadronic resonance with frac-
tional electric charge, based on the model introduced in
Ref. [44]. Figure 6 shows the Feynman diagram for the
production of a single color triplet through colored
charged particles, with decay to tb. At the LHC, quark-
quark fusion with color structure 3 ® 3 produces such
colored particles. According to the color decomposition
3® 3 =6 3, where 3, 3, and 6 are the triplet, antitriplet
and sextet representations, the colored particles could be
color sextet or antitriplet, a so-called “diquark” [23].
Since the LHC is a proton-proton machine, the production
of the color triplet receives an enhancement from the
parton luminosity of the quark-quark initial state. Such
color-sextet and -triplet particles are predicted in many
new physics models, such as superstring inspired Eg
grand unification models [11] and other kinds of diquark
models.

g g
Gy t
9999) Gu c
g
(b)

Feynman diagrams for single coloron production with decay to zc¢ in association with a gluon. The coloron
couples to a gluon (a) in the final state and (b) in the initial state.

|
o~

(b)

Feynman diagrams for coloron pair production (a) via gg and (b) via gg with decay to tcgg.
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ST

FIG. 6 (color online). Feynman diagram for production and
decay of a color triplet ®.

The contributing quark-quark initial states are QQ, QU,
OD, and UD, where Q, U, D denote the SM quark doublet,
up-type singlet, and down-type singlet, respectively. The
diquark particles could be the spin-0 scalars with SU(3) x
SU(2), x U(1)y quantum numbers

-1 = 1
¢=<6®3,3,§>, (I>U=<6693,1,§>, (16)

and the spin-1 vectors

V= (6@3,2,2), VE = (6@3,2,—2). (17)

To produce the b final state, the charge of the colored
particle needs to be % The gauge-invariant Lagrangian can
be written as [44]

Lgiquark = Kj;b [kop05uior® Oy + As®yDS, Uy
+ ﬂ'(ll]ﬁ an i027ﬂ Vb# Uﬂb + ’1111)/;’ an i627/4 VjDMD/ib]
+ H.c., (18)

where &/ = %o,ﬁ)i with the SU(2), Pauli matrices ¢, and

color factor K{;b‘ The coupling to QQ is given by k.4, and
the coupling to U and D by 4,4. Here a, b are quark color
indices, and j is the diquark color index with j =1 — Np,
where N is the dimension of the (N, = 3) antitriplet or
(Np = 6) sextet representation. C denotes charge conju-
gation, and a, f are the fermion generation indices. After
electroweak symmetry breaking, all of the SM fermions
are in the mass eigenstates. The relevant couplings of the
colored diquark to the top quark and the bottom quark are
then given by

L KL [k s @U g Pod gy + 2y VU o, Pedlys)] + Hec.,

(19)

99D —

where P, = HET“ are the chiral projection operators.

Assuming that the flavor-changing neutral coupling is
small, the third-generation couplings are

PHYSICAL REVIEW D 91, 054020 (2015)

Etop = Kébq)FaPTbﬁ + K{sz”F(lyHPTbﬁ +He. (20
The decay width of the color triplet to ¢b is given by

2
[(® — th) = g—z (1=x7)?+ O(xp xxp) + O(x7),  (21)

where x, = m,/mg and x, = m;,/mg and the color triplet
coupling to tb is given by gg.

C.wW

Many BSM theories [G(221) models [4,5], RS theories,
and composite Higgs models among many others] consider
an extended electroweak gauge symmetry and predict the
existence of a heavy W-prime (W’) resonance. In many
motivated scenarios, W' has a relevant decay branching
ratio to third-generation quarks. This analysis focuses on
the W — tb channel (Fig. 7) in a general Lorentz-invariant
parametrization of the W’ interaction with fermions
[14,16]:

L=-2_v fro(gr(L+7°) +g,(1 - r))W"f; +H.ec.,

2\/5 i,
(22)

where g = ggu = €/ sin 8y is the SM weak coupling, and
Vi ; corresponds to the CKM matrix in the case of W’
interactions with quarks and to the §; ; diagonal matrix for
the W' interactions with leptons, although in principle, V7 ;
could be different for left-handed and right-handed cou-
plings of W’ [45]. The right-handed and left-handed gauge
couplings to fermions are given by grg and ¢ g, respec-
tively. Two coupling scenarios are considered without loss
of generality:

Q/L:()»
g =1

The direct coupling of W’ to SM gauge bosons is neglected.
Interference with the SM W boson is considered for the
case of left-handed couplings [46]. Moreover, it is dem-
onstrated that contributions from the production of off-shell
top quarks are relevant especially for W’ bosons with
left-handed couplings; thus the process W' — Whb is

(right-handed W")
(left-handed W’) (23)

q t

q b

FIG. 7 (color online).
production.

Feynman diagram of the W’ single top
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considered. The W’ is produced via the Drell-Yan process
(Fig. 7). The left-handed (right-handed) W’ width-over-
mass ratio is of the order of 0.08 (¢} g)? [0.08 (gkg)*] and
the W' — tb branching ratio is about 25% [14,47].

ATLAS and CMS have recently performed searches for
W”s in several decay channels, including v [48,49],
hadronic decay [50,51], WZ [52,53] and the tb mode
[54-56]. The sensitivity at the 8 TeV LHC in the #b decay
mode approaches 2000 GeV for an SM-like W’ coupling to
tb. However, these W’ searches focus on the high-mass
reach for W’ and are not sensitive in the lower-mass region
where a W’ with smaller couplings might be hiding. The
CMS lepton + jets analysis starts at mys = 800 GeV,
while the ATLAS single top analysis in the hadronic
channel starts at my, = 1500 GeV. Sensitivity at lower
resonance masses is also provided by the Tevatron
searches [57,58].

The sensitivity of future hadron colliders to W' — b was
also explored for Snowmass 2013 [29]. Sensitivity up to
several TeV can be achieved.

D. Event generation

All samples are generated at leading order (LO) using
MADGRAPHS [24], including both top and antitop produc-
tion with leptonic (electron or muon) decays of the W
boson from the top-quark decay. The top-quark mass is set
to 172.5 GeV [59], though off-shell top quarks are allowed
in the event generation as discussed below. The parton
distribution function (PDF) set CT10 is used [60], and the
factorization and renormalization scales are set to the
resonance particle mass unless otherwise indicated.

KK g production uses the mixing parameter cotw = 2.6;
see Sec. Il A 1. For the coloron, only the tree-level diagram
shown in Fig. 3 is included in the event generation in this
parton-level analysis. Coloron pair production is also

S 8 TeV LHC

S [pb]
3

107

-..— Color triplet

— KKg

Coloron

----- Coloron pair production

o b v b v by by

1000 1500 2000 2500 3000
Resonance Mass [GeV]

(@)

107
10"
1072
10"

LU AL UL R L L R L R R R R L R

a
o
o

FIG. 8 (color online).
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considered since a mixed final state can mimic single
coloron production. It produces the relevant final state if
one coloron decays to t¢ or 7c and the other to two gluons.
All colorons have a branching ratio to t¢ of 50%. Color-
triplet production and decay occurs with coupling
go = 0.3, which corresponds to a branching fraction to
tb of roughly 1/3. The same value is used for coupling to
the first and third generations. In principle, the coupling is
constrained by D-meson mixing for the second generation
of quarks [61]. However, this analysis is not sensitive to
second-generation couplings.

The cross sections for KK g and color-triplet production,
as well as single and pair production of colorons, are shown
in Fig. 8 for two different proton-proton collider energies.
The color-triplet cross section is largest since it benefits
from the quark-quark initial state (with a small contribution
from the antiquark-antiquark initial state). The KKg initial
state is ¢gg, and hence the cross section is suppressed
compared to color-triplet production.

The initial-state particles in single coloron production
are both gluons, which result in a large cross section at
low coloron mass. The cross section quickly decreases as
the coloron mass increases. The initial-state particles are
similar in coloron pair production, although there is a uit
initial state as well; see Fig. 5(b). An additional pattern
visible in the coloron cross sections is that the pair-
production cross sections decrease more quickly than the
single-production one due to the limited available phase
space. In general, the coloron cross sections are lower than
those of the KK g and color triplet, reflecting the differences
in coupling and initial states.

When increasing the collider energy from 8 TeV to
14 TeV, the color-triplet production only increases by a
factor of 2, while the KKg and single coloron production
cross sections increase by about an order of magnitude,

10 >~ 14 TeV LHC
10
102
8 10°k
© E
10 3
10°
E --- Color triplet
10° & — KKg
107 ; Coloron
E - Coloron pair production
10'8|111111111111111111111111|1

500 1000 1500 2000 2500 3000
Resonance Mass [GeV]

(b)

Cross section as a function of resonance mass for KKg, color-triplet, single coloron — fc¢ and coloron pair

— tcgg production at a proton-proton collider at (a) 8 TeV and (b) 14 TeV.
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FIG. 9 (color online).
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Bl b e b e 1
500 1000 1500 2000 2500 3000
Resonance Mass [GeV]
(b)

Cross section as a function of resonance mass for W’ production with different couplings and for W’ production

together with SM s-channel production at a proton-proton collider at (a) 8 TeV and (b) 14 TeV.

especially at higher masses. This is a result of gluons and
antiquarks in the initial state for KKg and single coloron
production. The coloron pair production increases even
more due to the increase in available phase space.

W' boson samples are generated using the model
described in Sec. I C for two W’ coupling scenarios: purely
left-handed couplings (W}, with g; = 1, gk = 0) and purely
right-handed couplings (W%, with ¢; =0, gy = 1). The
cross sections for W), and W production are shown in Fig. 9
for two different proton-proton collider energies.

The left-handed and right-handed couplings of the W’
are principally the same, and hence the production cross
sections should be exactly the same. However, this is not
the case. For the low W’ mass region in Fig. 9, the W/, and
W' cross sections are approximately the same, but they

14 TeV LHC
e E— W
10° — Wy
E — SM
. SM + W,
- - SM + W]
10°
a F
2 F
s f
g T
w = -
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- i
10" =i
-...Tl....|....|:".'=4..|....|'.]--.—..|....|....
0 500 1000 1500 2000 2500 3000 3500 4000

Mass (Reconstructed Top) [GeV]
(@)

FIG. 10 (color online).

diverge for higher masses. The difference is as large as 20%
for a W’ mass of 3000 GeV. At such high resonance masses,
the production of off-shell top quarks becomes relevant. A
top quark produced from a W}, decay has to undergo a spin
flip before it can decay via the left-handed weak inter-
action, and hence the production of high-mass off-shell top
quarks is suppressed in W} production. This large off-shell
top contribution for W/, production can also be seen in the
parton-level invariant mass of the Wb system shown in
Fig. 10(a). Near 172.5 GeV, both W, and W) peak in the
same location. When moving to higher masses, W/
production has a broad shoulder extending out to high
virtual top-quark masses. Previous experimental analyses
have not considered these off-shell top quarks that could
potentially enhance the sensitivity to W) production.

14 TeV LHC
e . - W,
B M
10° SM + Wy
g —= SM + W
1) L
5
g 10g
woE
“5 L
c C
5 1F .
o £ e !
[T . - 1 B
10 L i
: N
o ! 5
Lo |-| Liy
102 b e b b b b NiTR
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Mass (Reconstructed Resonance Particle) [GeV]

(b)

Reconstruction of (a) the mass of the top quark and (b) the mass of the resonance particle for W’ signals with

and without SM single top production, at a 14 TeV proton-proton collider.
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The production of W/ interferes with SM single top-
quark production in the s-channel, and hence the cross
section for SM+ W} production is different from
SM + W} production at low W’ masses. This interference
effect can also be seen as a dip in the parton-level
distribution of the invariant mass of the Whb system,
shown in Fig. 10(b).

The largest backgrounds to the single top plus jet
signature are from W-boson plus jet production, from
SM single top production, from top-quark pair production,
and from diboson production. Backgrounds are generated
with MADGRAPHS [24], using the generator given in
Eq. (24). In particular the jet cuts are the same as those
in the event selection in Eq. (25). W 4 jets events are
generated as a W boson in association with exactly two
objects (Wjj), which can consist of light quarks, gluons,
charm quarks or bottom quarks. Since this analysis is
at the parton level, no parton showering is included and
thus no matching procedure is required. The kinematic
distributions we emphasize in this paper are not sensitive
to the details of the modeling of low-p jets in W + jets
events.

The standard MADGRAPHS generator cuts are used for
quarks and gluons (j) and leptons (/):

quarks and gluons with p'§ > 20 GeV, In;j| <5,
leptonwith  p% > 10 GeV, | <2.5,
Jj-jseparationof AR > 0.4,
J-lepton separationof AR > 0.4. (24)

Top pair production includes lepton + jets and dilepton
decay modes (where lepton refers to an electron or muon).
Single top production includes #-channel, Wt and s-channel
with decay to lepton + jets. Diboson production includes
WW and WZ, with one W boson decaying to a lepton/
neutrino, and the other W boson or the Z boson decaying
to jets.

Despite the simplistic modeling of the background
processes, their event yield is in agreement within a
factor of 2 of those in the ATLAS W’ — tb search [54].
While we study these backgrounds and how to separate
them from the signal only at the 8 TeV LHC, the relative
importance of the different backgrounds is similar at the
14 TeV LHC, with the main change being that W + jets
will be less important and that the top pair background will
be more important.

1. Cross section uncertainty

We compute both the scale and the PDF uncertainties
for the LO signal cross sections. To evaluate the scale
uncertainty, we vary the factorization and renormalization
scales up and down by a factor of 2 (together) from
the default value, which is the resonance particle mass.

PHYSICAL REVIEW D 91, 054020 (2015)

TABLE I.  Scale and PDF uncertainties for the different signals
at a 8 TeV proton-proton collider.

8 TeV collider energy

Signal Cross Section uncertainty [%]

m = 750 GeV [fb] Scale PDF
Wh 1800 5.4 0.15
W 1900 55 0.07
KKg 13 24 0.27
Single coloron 0.10 34 0.08
Coloron pair 1.8 71 0.29
Color triplet 2200 5.0 0.35

The PDF uncertainty is evaluated by finding the largest
variation among the set of CT10 uncertainty eigenvectors.
The resulting uncertainties are listed in Table I for the
8 TeV LHC and Table II for the 14 TeV LHC.

The scale uncertainties for W’ and the color triplet double
(from about 5% to about 10%) when going from 8 TeV to
14 TeV, while the uncertainties for KK¢g and the coloron
remain large but unchanged. The scale uncertainty of single
coloron and coloron pair production are large due to the
two initial-state gluons. For single coloron production,
the scale uncertainty is increased by the contribution
of the additional gluon radiation diagrams from Fig. 4.
The additional gluon has a steeply falling p; distribution
which makes it sensitive to the cuts from Eq. (24). The scale
uncertainty for coloron pair production is even larger due to
the production of two high-mass resonance particles. If a
scale of twice the resonance mass is chosen, then the double
coloron production scale uncertainty at 14 TeV is only
37%. Coloron and KK g production will all benefit from an
NLO computation of the cross section [62]. Tables I and II
show that the PDF uncertainties are negligible for the
signals considered here; they are all less than 1%. Other
uncertainties (from the top mass or @, or weak corrections)
are also small.

TABLEIL. Scale and PDF uncertainties for the different signals
at a 14 TeV proton-proton collider.

14 TeV collider energy

Signal Cross Section uncertainty [%]

m = 3000 GeV [fb] Scale PDF
Wh 8.9 9.9 0.09
W 12 10 0.30
KKg 0.09 23 0.21
Single coloron 3.74 x 1073 38 0.35
Coloron pair 6.5x 1073 79 0.93
Color triplet 24 9.6 0.15
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ITI. ANALYSIS

We study single top plus jet resonances in two kinematic
regions, each at a different collider energy. The low-mass
analysis focuses on a resonance mass of 750 GeV at a
collider energy of 8 TeV. Here, the individual signals are
compared with the SM backgrounds. The high-mass
analysis focuses on events with a 3000 GeV resonance
mass at a collider energy of 14 TeV, comparing kinematic
distributions between different signals.

The analysis is based on parton-level information from
MADGRAPHS. We select objects and apply cuts to model the
ATLAS and CMS selection [55,56]. Jets are reconstructed
from quarks and gluons using a cone algorithm with a cone

|

2 or 3 jets;

leading jet:

second jet:

at least one b-tagged jet;

exactly one lepton (electron or muon):

missing transverse energy :

The acceptances for the different signals to pass these
cuts are shown in Table III for the various signals. At
the lower resonance mass of 750 GeV, the acceptance is
30-43%, with a much smaller acceptance for coloron pair
production due to its larger number of jets. The acceptance
goes up to around 50-70% for the higher resonance mass,
and there is a larger variation in acceptance between the
different signals due to their different couplings and initial
states, which affect the event kinematics.

The W boson is reconstructed from the x, y and z
components of the lepton and the x and y components of
the Ej, using the parton-level longitudinal neutrino
momentum for simplicity. This neutrino p is not available
experimentally, where a W-boson mass constraint is com-
monly used. However, this choice does not have a big
impact on our analysis which is not critically dependent on

TABLE III.  Acceptances for single top resonance signals to
pass basic selection cuts [Eq. (25)].

8 TeV, 14 TeV,
Resonance particle 750 GeV mass 3000 GeV mass
Wh 0.40 0.72
W 0.39 0.74
KKg 0.30 0.52
Single coloron 0.39 0.68
Coloron pair 0.07 0.05
Color triplet 0.43 0.82

PHYSICAL REVIEW D 91, 054020 (2015)

size of AR = 0.4. Jets are required to have py > 25 GeV
and || < 2.5. Random sampling is used to assign b-tag
information to jets. A jet containing a b quark is tagged
with a probability of 80%, a jet containing a ¢ quark
with a probability of 10%, and all other jets (containing
light quarks and gluons) are tagged with a probability
of 1%.

Leptons are required to be isolated, AR(lepton, jet) >
0.2. The missing transverse energy 7y is calculated by
adding the neutrino four-vector to the four-vectors of any
jets with pr <25 GeV or with || > 2.5.

With these object definitions, events are required to pass
a series of selection cuts:

pi > 150 GeV;
PP > 60 GeV;

pgi > 25 GeV,
ET > 25 GCV

ne| < 2.5
(25)

|
the longitudinal neutrino momentum. The top quark is
reconstructed from the W boson and the second jet.
We always use the second jet in the event, regardless of
b-tagging information. Figure 11 shows the correlations of
the jet transverse momenta for W’ signals with left-handed
and right-handed couplings.

For resonance production at rest, the top quark is
produced together with another quark, which for kinematic
reasons will always have a momentum larger than the b
quark from the top decay. Only if the resonance particle
itself receives a boost does this not have to be true.
Figure 11 reflects this relationship for high p;. Only at
low transverse quark momenta does the b quark from the
top decay sometimes become the leading jet in the event.
Most of these events are removed by the leading-jet pr
requirement, cf. Eq. (25). The effect of the W’ coupling can
also be seen in Fig. 11. The b quark from the top decay will
move in the same direction as the top and thus get higher p;
for a left-handed W’ decay. This also makes it more
sensitive to the effects of limited experimental energy
resolution and misreconstruction. The other signals have
different couplings and land somewhere between W’ and
W' . The KKg is more similar to W), (though it has some
misidentification as will be discussed in Sec. V), while the
coloron is more similar to W}. Note that if the top quark is
allowed to go off shell, then this relationship no longer
holds, and for events in the high-top-mass tail of Fig. 10(a),
there is no longer any correlation, and the b quark from the
top-quark decay is the leading jet half of the time.
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Distribution of the p; of the b quark from the top-quark decay vs the p7 of the quark produced together with

the top quark in the event for W’ production at my, = 3000 GeV at the 14 TeV LHC, for (a) W} and (b) W’,. The event count per bin

follows rainbow colors.

The resonance particle mass is then reconstructed by
adding the top quark and the other jets in the event. The
same algorithms to reconstruct the W boson, top quark and
resonance particle are applied at 8 TeV and at 14 TeV.

We use the kinematic properties of the lepton and jets
together with these reconstructed objects to determine
variables that separate the signals from the background
at the 8 TeV LHC in Sec. IV, for events passing the
selection cuts from Eq. (25). We will discuss single b tags
and double b tags separately as appropriate. We apply the
same selection cuts in the 14 TeV discussion comparing
different signal kinematics.

IV. LOW-MASS ANALYSIS

In the low-mass analysis, a 750 GeV resonance particle
mass is studied at a collider energy of 8 TeV. The interest
of the LHC searches is understandably in higher mass
sensitivity [55]. However, as Fig. 9(a) shows, processes
other than W’ or color triplets have smaller cross sections
and existing analyses do not rule them out (and so far do not
even consider them). Moreover, it is quite possible that a W’
exists at low resonance mass, albeit with couplings below
the current limits.

Here we explore kinematic variables that distinguish the
various single top resonance signals from the SM back-
grounds. Experiments have so far only probed for W’
production, and we will demonstrate that the kinematic
properties of other signals can be very different from W'.
Multivariate analyses as employed by ATLAS [63] and
CMS [56] may not be sensitive to these signals since
they are trained for specific signal kinematics. The
goal of this section is to find variables with strong

discriminating power against background in favor of the
various signals. Signals and backgrounds are normalized
to an integrated luminosity of 20 fb~! with cross sections
according to Sec. II D. Individual MADGRAPH event weights
are included and the normalization for each simulated event
is given by

Event weight - Cross section - Luminosity
Total weight )

(26)

We note that coloron pair production is not included in this
section.

One of the most differentiating features in the signal and
background events is the b-tag information. And since the
LHC is a proton-proton collider, lepton charge (from the
decay of the top quark) not only differentiates the different
signals from each other (based on initial-state quarks or
gluons), but it also separates signals from backgrounds. We
multiply the number of b-tagged jets by the lepton charge
to fully explore this information and show the result in
Fig. 12.

It is clear that background dominates in the one-tag
region, while the W’ and color-triplet signals will dominate
in the two-tag region. Only KKg production mainly
occupies the one-tag region, as expected since there is
only one b quark in KKg events. Color-triplet production
also stands out in that it only occupies the positive-
lepton-charge region due to the unique initial state. We
will show kinematic distributions for both lepton charges
and one-tag and two-tag events combined, except as noted
otherwise.
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FIG. 12 (color online).
background processes.

A. Object properties

We explore kinematic distributions in three categories:
object properties, event kinematics and angular correla-
tions. Here, we examine the basic kinematic distributions of
jets, the leptons and £. The p; distribution of the leading
jet is shown in Fig. 13.

Since the second jet reconstructs the top quark, the
leading jet is consequently always the one produced
together with the top quark. Its p; and energy distributions
are shown in Fig. 13, where the energy is shown for the
leading jet boosted into the center-of-mass (CM) frame.
The signal py distributions clearly show the cutoff at half of
the signal mass, while the background is smoothly falling
in this region. By boosting the leading jet into the CM
frame, its energy distribution peaks at exactly half of the
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FIG. 13 (color online).
background processes.

Number of b-tagged jets multiplied by the charge of the lepton, in 20 fb~! at the 8 TeV LHC, for signal and

resonance mass. This variable is therefore a powerful
discriminator, equivalent in importance to the reconstructed
resonance mass itself.

In the distribution of the second jet py, shown in
Fig. 14(a), there is no peak structure visible for the
signal anymore because this is the jet from the top-quark
decay. Nevertheless, the background and signals have
different distributions, with the signal extending out to
higher p;.

The energy of the second jet (also boosted into the CM
frame) is shown in Fig. 14(b). Here, the signal has a smooth
distribution rather than a peak structure, and it cuts off
at just below 300 GeV. This is a feature of the phase space
of the top-quark decay. The top quark has an energy of
375 GeV and decays into a W boson (which takes at least
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The (a) py and (b) energy in the CM frame of the leading jet in 20 fb~! at the 8 TeV LHC, for signal and
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FIG. 14 (color online).
background processes.

80 GeV) and a b quark. The backgrounds have no such
constraint and extend to much higher energies.

Figure 15 shows the E; and lepton p; distributions.
Signals and backgrounds are falling distributions in both
cases, but small differences can be seen for the different
signals. These differences are related to whether a top quark
with left-handed or right-handed helicity decays. For W/,
(i.e. SM-like couplings) and KKg production, the E;
distribution is broader than the lepton p; distribution, just
as in SM s-channel production. For W} and coloron
production, the lepton p; distribution is broader. Only
for color-triplet production are the distributions similar.

B. Event reconstruction

The basic kinematic distributions of objects in the event
already show distinguishing features, which will be brought
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FIG. 15 (color online).
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The (a) py and (b) energy in the CM frame of the second jet in 20 fb~! at the 8 TeV LHC, for signal and

out more in this section where the kinematic properties of
the reconstructed W boson, top quark and resonance
particle are explored.

The W boson is reconstructed from the lepton and the
missing transverse energy plus the true neutrino p,. Its pp
distribution shows a shape difference between signal and
background, as shown in Fig. 16. The signals all have a
distribution that is smooth and almost semicircular between
0 GeV and the kinematic cutoff at 375 GeV. The back-
grounds all have different distributions, with W + jets and
top backgrounds peaking at lower p;, while the diboson
background peaks at higher p;.

The top quark is reconstructed from the W boson and
the second jet. The py of the reconstructed top quark is
shown in Fig. 17(a). It is clearly a good variable for
separating signal from background, with a peak at half of
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The (a) E; and (b) lepton p; in 20 fb~! at the 8 TeV LHC, for signal and background processes.
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FIG. 16 (color online). The py of the reconstructed W boson in
20 fb~! at the 8 TeV LHC, for signal and background processes.

the resonance particle energy. This peak structure is even
more pronounced than that of the leading jet (which is
back-to-back with the top quark) from Fig. 13(a). The
requirement on the py of the leading jet is also responsible
for the jump at 150 GeV in Fig. 17(a).

The energy of the reconstructed top quark, boosted into
the CM reference frame, is shown in Fig. 17(b). This shows
a very narrow peak, similar to the energy distribution of the
leading jet. However, the neutrino p, enters twice in the
top-quark case: once in the top reconstruction and once in
the definition of the CM frame. Hence this distribution will
be broadened in experimental measurements.

The main variable that experiments have been using
so far is the reconstructed particle mass. As this mass
increases, all of the backgrounds decrease smoothly,
making this an ideal scenario for a narrow mass resonance
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FIG. 17 (color online).
signal and background processes.
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FIG. 18 (color online). The mass of the reconstructed resonance
particle in 20 fb~! at the 8 TeV LHC, for signal and background
processes.

search. However, in the low-mass region this advantage no
longer holds. Figure 18 shows that the background peaks
around 600 GeV. The location of this background peak will
depend on the selection cuts, but generally speaking, for
resonance masses between 400 GeV and 800 GeV or so, a
search for a narrow mass peak in data is disfavored. And
realistic detector resolutions will broaden out the signal
invariant mass peak even more. In this kinematic region,
a variable such as the leading-jet p; provides better
discrimination [cf. Fig. 13(a)].

C. Angular correlations

Angular correlations between final-state objects are
important in high-mass resonance searches because they
provide discrimination from the background that is
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The (a) py and (b) energy in the CM frame of the reconstructed top quark in 20 fb~! at the 8 TeV LHC, for
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approximately independent of the resonance mass. They
are also important in separating different signals from each
other as will be discussed in Sec. V C.

Figure 19(a) shows the A¢ between the leading two jets.
These jets are back-to-back for the signals and the W + jets
and top backgrounds. The diboson background by contrast
has two jets from a W- or Z-boson decay, which are
typically close together. The AR distribution between the
leading two jets (not shown) gives similar discrimination of
the diboson background.

The AR between the second jet and the lepton, shown in
Fig. 19(b), also separates the signal from the diboson
background, for which the lepton and both jets are back-to-
back. Since the second jet comes from the top-quark decay
in signal events, this distribution is also a measure of the
boost of the top quark. The W + jets background has a
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smoother distribution out to higher A¢. The top-pair back-
ground shows two peaks: one at low A¢ where the signal
peaks, and a second one near z from events where the second
jet is from the top quark not associated with the lepton.
Individually, the A¢ and Ap distributions between the
second jet and the lepton have only minor discrimination
power, but when combined into AR, the discrimination
power is quite high. As can be expected, the distribution
of A¢ between the second jet and the E; also shown in
Fig. 19(c), good separation between signal and background.
The A¢ and AR between the second jet and the W boson
(not shown) have similar distributions. The Az between the
second jet and the reconstructed W boson is shown in
Fig. 20(a). The shape of the signal distribution (rising, with a
peak below 1) is very different from the backgrounds, which
are smoother and have a long tail. This distinction in Az also
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FIG. 19 (color online).

The (a) A¢ between the leading two jets, (b) AR between the second jet and the lepton and (c) A¢ between the

second jet and the E, in 20 tb~! at the 8 TeV LHC, for signal and background processes.
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The (a) An of the second jet and the reconstructed W boson and (b) AR between the second jet and the

reconstructed top quark, in 20 fb~! at the 8 TeV LHC, for signal and background processes.
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depends on the neutrino p, reconstruction. Finally, the AR
between the second jet and the top quark, shown in
Fig. 20(b), has similar features of a narrow signal distribu-
tion, broader background distributions, and a peak for the
diboson around z.

The most direct access to the angular correlation of the
decay of the resonance particle is provided by the spin
correlation of the top quark, shown in Fig. 21(a). The spin
correlation is calculated in the helicity basis in single top
production [64] as the angle between the lepton, boosted
into the CM frame and then the top-quark rest frame, and
the top-quark moving direction in the CM frame. Each
signal has a unique distribution, and all of them differ from
the backgrounds. The features of the spin correlation can be
seen even better in two-b-tag events. Figure 21(b) illus-
trates the dominance of the W’ and color-triplet signals over
the backgrounds. Note that the correct reconstruction of the
neutrino pj is relevant here; otherwise the distinguishing
features are broadened.

The sphericity [Fig. 21(c)] and aplanarity [Fig. 21(d)]
are two additional angular correlation variables that
show separation between signals and backgrounds.
They are both calculated from the sphericity tensor
§% =S .pepP /57| pi2, where the sum goes over the
momentum components of the lepton and jets. The tensor
S% is diagonalized to obtain the three eigenvalues 4, >
/12 > /13. Then,

(i) sphericity = 1.5 % (4, + 43),

(i1) aplanarity = 1.5 * 4.
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The signals all have lower sphericity values, while the
backgrounds, in particular /7 have a higher sphericity. The
situation is similar for the aplanarity, though here the signal
and background shapes are more similar.

V. HIGH-MASS ANALYSIS

The high-mass analysis focuses on identifying the nature
of a hypothetical new resonance that might be observed at
the LHC at 14 TeV. We investigate kinematic distributions
that separate the different signals from each other. We
choose a resonance particle mass of 3000 GeV and a
collider energy of 14 TeV. The kinematic distributions
presented here will be similar at other multi-TeV resonance
masses and at other collider energies, for example 13 TeV.
Only the shape of distributions is studied here; all signals
are normalized to the same area. We focus on those
distributions that are the most discriminating between
different signals. Some additional separating variables
can be found in the low-mass analysis (cf. Sec. IV).

Figure 22(a) shows the product of the number of
b-tagged jets and lepton charge for the different signals.
Similar to the 8 TeV distributions shown in Fig. 12, the
final states are also unique at 14 TeV. In particular the color
triplet is rarely produced with decay to a negative lepton, as
expected from the quark-quark initial state. W’ production
is also asymmetric in lepton charge, but not as much as the
color triplet. The coloron and KK g are symmetric in lepton
charge and both mainly have one b-tagged jet. There are
some two-tag events from the tagging of a c-quark jet.
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FIG. 22 (color online). (a) Number of b-tagged jets multiplied by the charge of the lepton and (b) the percentage of selected events for
which the leading or second jet is b tagged, at the 14 TeV LHC. The different signal distributions are normalized to unit area.
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FIG. 23 (color online).
distributions are normalized to unit area.

Though the coloron and K K g distributions look identical
in Fig. 22(a), they differ in which of the jets is b tagged.
Figure 22(b) shows the fraction of selected events for which
each of the two jets is b tagged. Only events that have at
least one b-tagged jet enter this distribution, and hence
the percentage values are higher than the b-tag probability
for individual jets. For both coloron and KK g production,
the second jet is b tagged in most events. But in KKg
production, the leading jet is tagged more often than in
coloron production. These are events where the leading jet
is the b quark from the top-quark decay, which does not
happen in coloron events. These are events in the low-p,
region of Fig. 23(a).
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FIG. 24 (color online).
distributions are normalized to unit area.
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A. Object properties

The kinematic distributions of the basic reconstructed
objects can already distinguish the different signals from
each other. The p; and energy of the leading jet are shown
in Fig. 23. The W/, coloron and color-triplet signals all
show the expected py peak at half of the resonance mass.
The KK g distribution shows no such peak structure and is
instead broad up to 1500 GeV. The situation is similar for
the distribution of the energy of the leading jet, where the
coloron and color triplet have narrow distributions, the W’’s
have slightly broader distributions, and the KKg distribu-
tion is broader than the others. The distinctive KKg
distributions are due to the KKg coupling and width,
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The (a) py and (b) energy in the CM frame of the second jet, at the 14 TeV LHC. The different signal

054020-17



ELIZABETH DRUEKE et al.

14 TeV LHC
..... w
0.05 _ W‘f
Coloron
0.04 --= Color triplet

0.03

0.02

Fraction of Events

0.01

0O 200 400 600 800 1000 1200 1400 1600
P, (Reconstructed W) [GeV]

(@)

FIG. 25 (color online).
signal distributions are normalized to unit area.

which also leads to a broader distribution of the resonance
mass, see Sec. V B.

The py and energy distributions of the second jet are
shown in Fig. 24. Here, all five signals have distinct
distributions. Both the initial partons and the helicity of
the top quark have an impact. The largest difference is
between W% and W}, which have the same initial state but
different helicity top quarks. W has lower p; and peaks
at a lower energy than W/, for which the p; distribution
extends to higher momenta and the energy distribution
peaks at a higher energy. The energy of the second jet in the
CM frame, shown in Fig. 24(b), brings out the W} in
particular, with a rising distribution and a kinematic edge at
1200 GeV. This is the upper limit from energy conversation
and corresponds to the lower edge of the CM energy
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FIG. 26 (color online).
are normalized to unit area.
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distribution of the W boson shown in Fig. 25. The coloron,
KK g and color-triplet distributions are in between the two
W’ distributions. The KK g distribution in particular is not
as distinct as for the leading jet.

B. Event reconstruction

The W boson and top quark are reconstructed as
described in Sec. IIl. The p; and energy (in the CM
frame) of the reconstructed W boson are shown in Fig. 25.
For W' and the color triplet, the distributions show the
reverse pattern from the second jet, cf. Fig. 24. In particular,
the lower kinematic edge for W} and the color triplet
visible in Fig. 25(b) corresponds to the upper kinematic
edge for the same two signals in Fig. 24(b).
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The (a) py and (b) rapidity of the reconstructed top quark, at the 14 TeV LHC. The different signal distributions
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The reconstructed top mass is shown in Fig. 10(a) for
the different W’ signals. The distributions of the coloron
and KK g (not shown) are similar to W/, while the color-
triplet distribution (not shown) is similar to W}. The p7 of
the reconstructed top quark is shown in Fig. 26(a). It
separates KK g, which has a very broad distribution, from
the other signals, which show a Jacobian peak at the
resonance particle mass. The energy of the top quark,
boosted into the CM frame, is not as good at separating
signals from each other but better at separating all of them
from the background; see Fig. 17(b). The distribution of
the rapidity of the top quark is shown in Fig. 26(b). This
variable separates right-handed W’ production from the
other signals. While the distributions themselves depend
somewhat on the neutrino p,, setting it to zero only
enhances the visible difference between the different
signals.
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Spin Correlation

©

The (a) A¢ between the leading jet and the W boson, (b) helicity of the W boson and (c) top-quark spin

correlation in the helicity basis, at the 14 TeV LHC. The different signal distributions are normalized to unit area. (Color online.)
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The mass of the reconstructed resonance particle is
shown in Fig. 27. It is sharply peaked for all signals except
KK g because effects of limited detector resolution are not
included in this parton-level analysis. It is much wider for
KKg and extends to lower masses, and thus at least in
principle this is a potential variable to isolate KKg.

C. Angular correlations

The angular correlation variables discussed in Sec. IV C
also discriminate some signals from each other. Here we
focus on those that show the most discrimination at 14 TeV.
The distribution of the A¢ between the leading jet and the
reconstructed W boson is shown in Fig. 28(a) and shows a
clear distinction between W/, and KKg (broader distribu-
tion) on one side and WY, the coloron and the color triplet
on the other side. All distributions show that the W boson
and leading jet are back-to-back as is expected, but the
details are different due to spin correlations. This becomes
clear from the helicity distribution of the W boson, shown
in Fig. 28(b) and the spin correlation in the helicity basis,
shown in Fig. 28(c).

The coloron exhibits the same W helicity and spin
correlation as the right-handed W’, while the KKg has the
same distribution as the left-handed W’. The color triplet is
unique in these distributions. Note that as in the 8 TeV
analysis, the neutrino p, plays a very important role in the W
helicity and spin correlation calculations. If the neutrino p,
is set to zero, all differences between signals disappear.

VI. CONCLUSIONS

We have presented an overview of resonance production
in the single top plus jet final state at a hadron collider,
including a phenomenological analysis at the 8 TeV and
14 TeV LHC. So far, LHC searches have only considered
W’ production. We have demonstrated that the production
of W' with left-handed couplings and its decay to b
receives a significant boost in the cross section from the
production of off-shell top quarks. The searches can easily
be expanded to also look for colored resonances such as

PHYSICAL REVIEW D 91, 054020 (2015)

scalar color octets, Kaluza-Klein gluons and color-triplet
scalars. With the 8 TeV data set, the LHC is already
sensitive to several of these models over a wide range of
resonance masses and couplings. The background to the
single top plus jet signature is large, and we have presented
several variables that are able to isolate one or all of the
signals from the backgrounds. We have focused on the low-
resonance-mass region for the 8 TeV LHC, where the
background is largest and the isolation of the signal most
difficult. Care must be taken in separating the signals from
the background because the kinematic distributions are
different for the different signals. In particular the appli-
cation of multivariate analysis techniques will only be
optimal for one of the signals and will not be sensitive to
others. We have demonstrated for the example of the
14 TeV LHC that each of the signals has its own unique
signature in the detector. If an excess should be observed in
the single top plus jet final state in Run 2 at the LHC, then
the distributions presented here are able to identify the
nature of that new signal. The charge of the lepton as well
as the b-tag multiplicity in the event are two simple yet
powerful variables that distinguish signals from each other
and from the backgrounds.
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