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Abstract
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 (K Kg), and color triplet scalars —
will be considered. W-prime bosons are predicted in many Beyond-the-SM (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 tb 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 possibility 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], Eg 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.

Several different models of resonances in the single top plus jet final state have been pro-
posed, 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], in-
cluding at next-to-leading order (NLO) in QCD [14-16], quark excitations [17, 18], charged
Higgs [19, 20], as well as on searches in the tW final state [21]. Colored considered previously
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

MadGraph5 [24]. The detailed specifications for the generations can be found in Sec. IID.

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

Colored vector bosons from new strong dynamics, or K K¢’s in a dual 5D picture, have
been searched for mainly in the ¢t channel [25, 26]. In this paper, the single top channel
through the flavor violating K K'g — 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 [1]. The K K¢ has been studied by ATLAS [27] and CMS [28] in
the ¢t mode, and limits were estimated for 14 TeV running in the K K g — tc¢ mode during
the Snowmass 2013 conference [29].

The benchmark adopted here is the simple renormalizable model of an extended color
gauge sector introduced in [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)s color gauge group. The mixing between light and third
generation quarks is induced by the interactions of all three generation quarks with a set of
new heavy vector-like quarks. The model reproduces the CKM mixing and generates 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 — sv [30].

The model has the color gauge structure SU(3); x SU(3)2. The extended color symmetry
is broken down to SU(3)¢ by the (diagonal) expectation value, (®) oc u - Z, of a scalar field



®, which transforms as a (3,3) under SU(3); x SU(3)2. 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, A%, which is diagonalized by a field rotation determined by

cotw =L Js = g1Sinw = gacosw (1)
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where g, is the QCD strong coupling and g1, g» are the SU(3); and SU(3)s 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
gsu

G* = coswA! — sinwA? Mg = —— . (2)
w o nw
sin w cos w

In the NMFV model, the third generation quarks couple differently than the light quarks
under the extended color group. q; = (t1,b1), tr, and bg, as well as a new weak-doublet
of vector-like quarks, transform as (3,1) under SU(3); x SU(3)s while the light generation
quarks are charged under SU(3)y and transform as (1,3). The G* interactions with the
color currents associated with SU(3); and SU(3), are given by

gs (cotwJi' — tanwJy) Gy, . (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 quark-antiquark fusion (Fig. 1) determined by the G* coupling to
light quarks gstanw (Eq. (3)). Gluon-gluon fusion production is forbidden at tree level by
SU(3)c gauge invariance.

The G* decay widths are:

2 2 2
% Is 2 my my
T[G" — t] = 2 M. cot? wy [1 — 4t (142
: = 94 Mor cot™w Mé( * Mé*)’

2

L[G* — bb] = 218 Mg« cot? w, (4)
m

g2

L5 M tan® w .

67

rC* — jj) =



u C

FIG. 1: Example Feynman diagram for K K¢ (G*) production with decay to tc.

Additionally, the NMFV flavor structure of the model generates a G* — tc flavor violating

decay with rate

gs
487
where Vi, = 0.0415 is the CKM matrix element. [62]

D[G* — t16] = T[G* = ety ~ (Viy)® Mg (cotw + tanw)® (5)

A complete analysis of the limits on the G* coupling and mass from direct LHC searches
and from flavor observables has been performed in [30]. The LHC searches for di-jet res-
onances [33, 34] place the strongest limits from collider searches [63], excluding G* masses
in the range 1000-4300 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 2 0.2, and cannot be excluded by current LHC searches.

This analysis considers the G* contribution to single top production, pp — G* — tc, for
cotw = 2.6 /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.

[64]

2. The scalar color octet (coloron) Gy

The SU(3); x SU(3)y — SU(3)¢ breaking induced by the expectation value of the (3, 3)
scalar field ® generates color-octet and color-singlet scalars, whose phenomenology have
been discussed in [35]. This paper analyzes the contribution to single top production of the

color-octet scalar, which will be dubbed as the coloron.

bt



The most general renormalizable potential for ® is [36]:

k
V(®) = —miTr(®d") — p(det® + Hoe.) + g [Tr(<I><I>T)]2 + 5T1~(<1><1>T<1><1>T) , (7)
where
1 Uk i/j’k/
detd = e e Dy Dy (8)

and where, without loss of generality, one can choose p > 0. Assuming m2 > 0, ® acquires

a (positive) diagonal expectation value:

(@) =u T. (9)

The ¢ expansion around the vacuum gives:

% (¢r +idr) + (G +iGL) T* (10)

where ¢r and ¢; are singlets under SU(3)¢ Additionally, G&, a = 1,...,8, are the Nambu-

O =u+

Goldstone bosons associated 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
L GGG Gy + 9 GGG (11)

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

the cubic interaction

S GG Gy (12)

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

1

- ZngGdachzuG“”bG}if (13)

with
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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, Gy has two main decay modes: the decay into gluons (c. f. Sec. I 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
TGy — (entr + trer)] = (Vig)? —gn (1 - ﬂ) ,

5a2  p? [w? ?
PlGu = 991 = s, <_ - 1) ‘

(15)

We set u = p (the stability of the potential in (7) forbids p > u); and consider for simplicity
the set of (Mg, 1t) values in Fig. 2 that give a 50% Gy decay into tc and 50% into gg. Gy
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 Gy — te,
as shown in Fig. 3. We note that since Gy 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 Gy 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. I1 D,
these extra gluon processes contribute approximately 22% of the tree-level cross section at
the 8 TeV LHC and a resonance mass of 750 GeV, and approximately 29% of the tree-level
cross section at 14 TeV for a resonance mass of 3000 GeV.

< 450 GeV,

~

As discussed in [35], some limits on the (M, , ;1) parameter space, with Mg,
can be extracted from the CMS search for new physics in same-sign-dilepton channels [37]
and from the ATLAS [38] and CMS [39] searches for pair-produced dijet resonances. No

bounds are set on the G parameter space for M, above 450 GeV.
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FIG. 2: Contour plot of the Gy — tc branching ratio in the plane (Mg, ). This analysis uses
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FIG. 3: Feynman diagram for single coloron production with decay to tc.
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FIG. 4: Feynman diagrams for single coloron production with decay to tc in association with gluon

emission from the coloron.
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FIG. 5: Feynman diagrams for coloron pair production with decay to tcgg.
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 fractional electric
charge, based on the model introduced in Ref. [40]. 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, anti-
triplet and sextet representations, the colored particles could be color sextet or anti-triplet,
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 E6 grand unification models [11] and other kinds of diquark models.

d b

FIG. 6: Feynman diagram for production and decay of a color triplet ®.

The contributing quark-quark initial states are QQ, QU, QD, and UD, where Q,U, D
denote 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
(1)2(6@3737%)7 (DU2(6EB3717§)7 (16>
and the spin-1 vectors
_ 5 — 1

To produce the tb final state, the charge of the colored particle needs to be % The gauge

invariant Lagrangian can be written as [40]

Ldiquark = Kgb Kap Q—gaiaz‘ijBb + Aag (I)UD—gaUﬁb
+)\g5 Q—gai0'27quMUﬁb -+ )‘56 Q—galiUg’VMVgung + h.C., (18)

where &7 = %akq)f; with the SU(2), Pauli matrices oy and color factor K gb. The coupling

to QQ is given by K., and the coupling to U and D by A,s. Here a,b are quark color
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indices, and j the diquark color index with j = 1 — Np, where Np is the dimension of the
(Np = 3) antitriplet or (Np = 6) sextet representation. C' denotes charge conjugation, and
«, ( 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

Lop = K2y [KhsPulaqPrdgy
A5 Vi U aayu Prdas) + hic., (19)

where P, = li% are the chiral projection operators. Assuming that the flavor-changing

neutral coupling is small, the third-generation couplings are

Liop = K, 0, Prbg + K\ VI, Prbs + h.c. (20)

The decay width of the color triplet to tb is given by

2
T(® — th) = g—j;u — 22+ O(zy X 1) + O(a2) (21)

where z; = m;/me and x, = m;,/me and the color triplet coupling to tb is given by ge.

C. W

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]:

b= 2%‘/{@%(9}%(1 +9°) + g, (1= ")W"f; + He. (22)

where g = ggpr = €/ sin Oy is the SM weak coupling, VZ'] corresponds to the CKM matrix in
the case of W’ interactions with quarks and to the J; ; diagonal matrix for the W’ interactions

with leptons, although in principle, VZ/] could be different for left-handed and right-handed

11



FIG. 7: Feynman diagram of the W’ single top production.

couplings of W’ [41]. The right-handed and left-handed gauge couplings to fermions are
given by g}zg and g; g, respectively. Two coupling scenarios are considered without loss of

generality:

gr =1 glL =0 right-handed W, (23
gr=0 g,=1  left-handed W'.

The direct coupling of W’ to SM gauge bosons is neglected. Interference with the SM W bo-
son is considered for the case of left-handed couplings [42]. Moreover, it is demonstrated that
contributions from the production of off-shell top quarks is relevant especially for W’ bosons
with left-handed couplings; thus the process W’ — Wbb is 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;9)? (0.08 (grg)?) and the W’ — tb branching ratio is about 25%
(14, 43].

ATLAS and CMS have recently performed searches for W-prime’s in several decay chan-
nels, including lv [44, 45], hadronic decay [46, 47|, W Z [48, 49] and the tb mode [50-52].
The sensitivity at the 8 TeV LHC in the tb decay mode approaches 2000 GeV for a 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 my» = 800 GeV, while the ATLAS single top analys
in the hadronic channel starts at my» = 1500 GeV. Sensitivity at lower resonance masses is
also provided by the Tevatron searches [53, 54].

The sensitivity of future hadron colliders to W' — tb was also explored for Snow-

mass 2013 [29]. Sensitivity up to several TeV can be achieved.

12



D. Event generation

All samples are generated at leading order (LO) using MadGraph5 [24], including both
top and antitop production 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 [55], though off-shell top quarks
are allowed in the event generation as discussed below. The parton distribution function
(PDF) set CT10 is used [56], and the factorization and renormalization scales are set to the
resonance particle mass unless otherwise indicated.

K K g production uses the mixing parameter cotw = 2.6, see Sec. [T 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 considered since a mixed final state
can mimic single coloron production. It produces the relevant final state if one coloron
decays to t¢ or tc and the other to two gluons. All colorons have a branching ratio to tc of
50%. Color triplet production and decay occurs with coupling g = 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 generation. In principle, the coupling is constrained by D meson mixing for the

second generation of quarks [57]. However, this analysis is not sensitive to second generation

couplings.
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FIG. 8: Cross section as a function of resonance mass for K K g, color triplet, single coloron — tc

and coloron pair — tcgg production at a proton-proton collider at (a) 8 TeV and (b) 14 TeV.
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The cross sections for K K¢ 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 K Kg¢ initial
state is ¢@, 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 ww 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 K Kg 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 two, while the K K¢ and single coloron production cross sections
increase by about an order of magnitude, especially at higher masses. This is a result of
gluons and anti-quarks in the initial state for K K¢ 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. IT C for two W’ coupling
scenarios: purely left-handed couplings (W], with g7 = 1, g = 0) and purely right-handed
couplings (W5, with g7 = 0, g% = 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, 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 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 interaction, hence the production of high-mass off-shell top quarks is
suppressed in Wp, 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]

14



g 10 g i
o T EN 8 TeV LHC N 14 TeV LHC
C *'\‘ 10 = \
1g N - \
E . - N
3 \.V‘ 1 \\
10t >, : ™
2 N 101 N
10 3 w o E w e
E W BN F W R
[ - W Tl o W ~
102k SM + W' ‘~~;‘x - SM+W,_ ~
F SM + Wy T 102 SM + Wi N
o SM E SM
L I 11 1 | I 11 1 1 I 11 1 1 I 11 1 | I 111 | I 1 L I 11 1 | I 11 1 1 I 11 1 1 I 11 1 | I 111 | I 1
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Resonance Mass [GeV] Resonance Mass [GeV]

(a) (b)
FIG. 9: 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.

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.

The production of W] interferes with SM single top quark production in the s-channel,
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 Wb 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 MadGraph5 [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+jets events are generated as a I/ boson in association with exactly two objects
(W337), which can consist of light quarks, gluons, charm quarks or bottom quarks. Since
this analysis is at the parton level, no parton showering is incuded 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-pr jets in W +jets events.

The standard MadGraphb generator cuts are used for quarks and gluons (j) and leptons

15
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FIG. 10: 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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Quarks and gluons with Py > 20GeV, In;| <5,
Lepton with pr > 10GeV, | <25,
j-j separation of AR > 0.4,
j-lepton separation of AR > 04. (24)

Top pair production includes lepton+jets and dilepton decay modes (where lepton refers
to electron or muon). Single top production includes t-channel, Wt and s-channel with decay
to lepton-+jets. Diboson production includes WW and W Z, with one W boson decaying to
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 agree-
ment within a factor of two of those in the ATLAS W’ — tb search [50]. 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.
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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 two (together) from the default value, which is the resonance particle
mass. 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

& TeV LHC and II for the 14 TeV LHC.

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
Wk 1800 5.4 0.15
W 1900 5.5 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 scale uncertainties for W’ and color triplet double (from about 5% to about 10%)
when going from 8 TeV to 14 TeV, while the uncertainties for K K g and 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 pr 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
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TABLE II: 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
W, 8.9 9.9 0.09
W 12 10 | 0.0
KKg 0.09 23 0.21

Single coloron | 3.74x107° | 38 0.35

Coloron pair 6.5x107° 79 0.93

Color triplet 24 9.6 0.15

the double coloron production scale uncertainty at 14 TeV is only 37%. Coloron and K Kg
production will all benefit from a NLO computation of the cross section [58]. 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 top mass or «; or weak corrections) are also small.

III. 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 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 MadGraph 5. We select objects
and apply cuts to model the ATLAS and CMS selection [51, 52]. Jets are reconstructed from
quarks and gluons using a cone algorithm with a cone size of AR = 0.4. Jets are required

to have pr > 25 GeV and |n| < 2.5. Random sampling is used to assign b-tag information
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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 Fir is calculated by adding the neutrino four-vector to the four-vectors of any jets
with pr < 25 GeV or with |n| > 2.5.

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

2 or 3 jets,
Leading jet: p{}l > 150 GeV,
Second jet: pgﬁ > 60 GeV,

At least one b-tagged jet,
Exactly one lepton (electron or muon): P > 25GeV, |me| < 2.5,
Missing transverse energy: Fr > 25 GeV.
(25)

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% to 43%,
with a much smaller acceptance for coloron pair production due to its larger number of jets.
The acceptance goes up to around 50% to 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 z, y and z components of the lepton and the
x and y components of the Fr, using the parton-level longitudinal neutrino momentum
for simplicity. This neutrino pz is not available experimentally, where a W boson mass
constraint is commonly used. However, this choice does not have a big impact on our
analysis which is not critically dependent on 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

19



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

Resonance particle 8 TeV, 14 TeV,
750 GeV mass|3000 GeV mass
W, 0.40 0.72
Wi 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
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FIG. 11: Distribution of the pp of the b quark from the top quark decay vs the pp 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. (Color

online)
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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-pr. 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, c. f. 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 top
moving direction and thus get higher pr 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 mis-identification as will be discussed in Sec. V),
while the coloron is more similar to Wp,. 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.

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 [51].
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 don’t 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 backgrounds. Experiments have so far only probed for W’ production,
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and we will demonstrate that the kinematic properties of other signals can be very different
from W’. Multivariate analyses as employed by ATLAS [59] and CMS [52] 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. IID. 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) differentiates not just the different signals from each other (based
on initial state quarks or gluons), but 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.
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FIG. 12: Number of b-tagged jets multiplied by the charge of the lepton, in 20 fb~! at the 8 TeV

LHC, for signal and background processes. (Color online.)

It is clear that background dominates in the 1-tag region, while the W’ and color triplet
signals will dominate in the 2-tag region. Only K K¢ production mainly occupies the 1-tag

region, as expected since there is only one b-quark in K K g events. Color triplet production
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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 1-tag and

2-tag events combined, except as noted otherwise.

A. Object properties

We explore kinematic distributions in three categories: object properties, event kinemat-
ics and angular correlations. Here, we examine the basic kinematic distributions of jets,
lepton and Fr. The pr 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 pr 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 pr distributions clearly shows the cut-off 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 resonance mass. This variable is
therefore a powerful discriminator, equivalent in importance to the reconstructed resonance

mass itself.
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FIG. 13: The (a) pr and (b) energy in the CM frame of the leading jet in 20 fb~! at the 8 TeV

LHC, for signal and background processes. (Color online.)

In the distribution of the second jet pr, shown in Fig. 14(a), there is no peak structure
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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 pr.
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FIG. 14: The (a) pr and (b) energy in the CM frame of the second jet in 20 fb~! at the 8 TeV

LHC, for signal and background processes. (Color online.)

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

Fig. 15 shows the Fr and lepton pr 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 K K g production, the Fr distribution is broader
than the lepton pp distribution, just as in SM s-channel production. For Wy, and coloron
production, the lepton pr distribution is broader. Only for color triplet production are the

distributions similar.
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FIG. 15: The (a) #r and (b) lepton pr in 20 fb~! at the 8 TeV LHC, for signal and background

processes. (Color online.)
B. Event reconstruction

The basic kinematic distributions of objects in the event already show distinguishing
features, which will be brought 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 pz. Its pr distribution shows a shape difference between signal and back-
ground, as shown in Fig. 16. The signals all have a distribution that is smooth and almost
semi-circular between 0 GeV and the kinematic cutoff at 375 GeV. The backgrounds all
have different distributions, with W +jets and top backgrounds peaking at lower py, while
diboson peaks at higher pr.

The top quark is reconstructed from the W boson and the second jet. The pr of the recon-
structed 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 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 pr 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
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FIG. 16: The pr of the reconstructed W boson in 20 fb~! at the 8 TeV LHC, for signal and

background processes. (Color online.)

8 TeV LHC

4500

Events

4000
3500
3000
2500
2000
1500
1000,

500

i
5

o8
.m‘lr

e

PSS Tl MY o M TR T T Y

OO

100 200 300

|
I

P, (Reconstructed Top) [GeV]

(a)

Events

8 TeV LHC

F - W
16000 o R

r — Wy

r Coloron (x10000)
14000¢ —— KKg (x100)
12000E- -..=. Color triplet

F Diboson

[ i WH+jets
10000~ i Top pair

o ! Single top
8000 l
6000~ |
4000 I
2000~

N = [ ISR NPT BT B

0 200 400 600 800 1000 1200 1400

Energy (Reconstructed Top) in CM frame [GeV]

(b)

FIG. 17: The (a) pr and (b) energy in the CM frame of the reconstructed top quark in 20 fb=1 at

the 8 TeV LHC, for signal and background processes. (Color online.)

shown in Fig. 17(b). This shows a very narrow peak, similar to the energy distribution of

the leading jet. However, the neutrino py 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
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mass. As this mass increases, all of the backgrounds decrease smoothly, making this an ideal
scenario for a narrow mass resonance 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 a realistic detector resolutions will broaden out the signal invariant mass
peak even more. In this kinematic region, a variable such as the leading jet pr provides

better discrimination (c. f. Fig. 13(a)).
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FIG. 18: The mass of the reconstructed resonance particle in 20 fb~! at the 8 TeV LHC, for signal

and background processes. (Color online.)

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 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
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diboson background.
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FIG. 19: 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 Fr, in 20 fb~! at the 8 TeV LHC, for signal and

background processes. (Color online.)

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 smoother
distribution out to higher A¢. The top pair background shows two peaks, one at low A¢
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where the signal peaks, and a second one near 7 from events where the second jet is from the
top quark not associated with the lepton. Individually, the A¢ and An distributions between
second jet and 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 Fr also shows good separation between signal and background. The
A¢ and AR between the second jet and the W boson (not shown) have similar distributions.
The An 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 An also depends
on the neutrino pz reconstruction. Finally, the AR between the second jet and the top
quark, shown in Fig. 20(b), has similar features of a narrow signal distribution, broader

background distributions, and a peak for the diboson around 7.
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processes. (Color online.)
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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 [60] as the angle between the
lepton, boosted into 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. Fig. 21(b) illustrates the dominance of the W’ and color triplet signals
over the backgrounds. Note that the correct reconstruction of neutrino py is relevant here,
otherwise the distinguishing features are broadened.

The sphericity (Fig. 21(c)) and aplanarity (Fig. 21(d)) are two additional angular cor-
relation variables that show separation between signals and backgrounds. They are both
calculated from the sphericity tensor S = > pep?/ > |pi|?, where the sum goes over the
momentum components of the lepton and jets.l The tenlsor S8 is diagonalized to obtain the

three eigenvalues A\ > Ay > A3. Then,
e Sphericity = 1.5 % (Mg + A3),
e Aplanarity = 1.5 % A3.

The signals all have lower sphericity values, while the backgrounds, in particular ¢t 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 (c. f.

Sec. IV).
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FIG. 21: The spin correlation for (a) all selected events and (b) 2-b-tag events, as well as the (c)
sphericity and (d) aplanarity, in 20 fb=! at the 8 TeV LHC, for signal and background processes.

(Color online.)

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 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 K K¢ are symmetric in

lepton charge and both mainly have one b-tagged jet. There are some two-tag events from

31



14 TeV LHC 14 TeV LHC

o) o 100f
c F  gumemmenen = E
4 r g 90F-
o oer @ E
5t N S *F
s *F O 7of
b5 r o
S 0.4 60F
w C E
R K A PO - 50
0.3 40:_
02| 302—
AR 20
0.1 E
C el 10F
o S 1 1 1 1 ot 1 1
-2 -1 0 1 2 Leading Jet Second Jet
Number of b-tags x Lepton Charge
(a) (b)
W'y
- -W
Coloron
— KKg
---- Color triplet

FIG. 22: (a) Number of b-tagged jets multiplied by the charge of the lepton and (b) percentage of
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signal distributions are normalized to unit area. (Color online.)

the tagging of a ¢ quark jet.

Though the coloron and K Kg 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, hence the percentage values are higher than the b-tag probability for individual
jets. For both coloron and K K g production, the second jet is b-tagged in most events. But
in K K g 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 doesn’t

happen in coloron events. These are events in the low pr region of Fig. 23(a).
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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 pr and energy of the leading jet are shown in
Fig. 23. The W', coloron and color triplet signals all show the expected pr peak at half of
the resonance mass. The K Kg 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' have
slightly broader distributions, and the K K¢ distribution is broader than the others. The
distinct looking K K¢ distributions are due to the K K¢ coupling and width, which also

leads broader distribution of the resonance mass, c. f. Fig. 27.
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FIG. 23: The (a) pr and (b) energy (in the lab frame) of the leading jet, at the 14 TeV LHC. The

different signal distributions are normalized to unit area. (Color online.)

The pr 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 Wj, which have the same initial
state but different helicity top quarks. W, has lower pr and peaks at a lower energy than
W7, for which the pr 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.
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This is the upper limit from energy conversation and corresponds to the lower edge of the
CM energy distribution of the W boson shown in Fig. 25(b). The coloron, K K¢ and color
triplet distributions are in between the two W' distributions. The K Kg distribution in

particular is not as distinct as for the leading jet.
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FIG. 24: The (a) pr and (b) energy in the CM frame of the second jet, at the 14 TeV LHC. The

different signal distributions are normalized to unit area. (Color online.)

B. Event reconstruction

The W boson and top quark are reconstructed as described in Sec. III. The py and
energy (in the CM frame) of the reconstructed W boson are shown in Fig. 25. For W’ and
color triplet, the distributions show the reverse pattern from the second jet, c. f. Fig. 24. In
particular, the lower kinematic edge for W} and color triplet visible in Fig.25(b) corresponds
to the upper kinematic edge for the same two signals in Fig.24(b).

The reconstructed top mass is shown in Fig. 10(a) for the different W’ signals. The
distributions of coloron and K Kg (not shown) are similar to W}, while the color triplet
distribution (not shown) is similar to Wp,. The py of the reconstructed top quark is shown
in Fig. 26(a). It separates K K 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
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FIG. 25: The (a) pr and (b) energy in the CM frame of the reconstructed W boson, at the 14 TeV

LHC. The different signal distributions are normalized to unit area. (Color online.)

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 py, setting it to zero only enhances the visible difference between the different
signals.

The mass of the reconstructed resonance particle is shown in Fig. 27. It is sharply peaked
for all signals except K K g because effects of limited detector resolution are not included in
this parton-level analysis. It is much wider for K Kg and extends to lower masses, thus at

least in principle this is a potential variable to isolate K Kg.

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 K Kg (broader distribution) on
one side and W, coloron and 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
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different signal distributions are normalized to unit area. (Color online.)
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FIG. 27: The mass of the reconstructed resonance particle at the 14 TeV LHC. The different signal

distributions are normalized to unit area. (Color online.)

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 K K ¢g has the same distribution as the left-handed W’. The color triplet is unique
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FIG. 28: 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.)

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 neutrino py is set to

zero, all differences between signals disappear.
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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 tb receives a significant
boost in cross section from the production of off-shell top quarks. The searches can easily be
expanded to also look for colored resonances such as scalar color octests, Kaluza-Klein gluons
and color triplet scalars. Already with the 8 TeV dataset, the LHC is 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 application 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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G* FCNCs are induced by the mixing among left-handed quarks generated by the exchange
of heavy vector-like quarks. This mixing is controlled by the 3 x 3 matrices Uy, and Dy, in the
up- and down-quark sectors, respectively. In particular, the G* — tc flavor violating decay is
controlled by the (Ur)2s element. The CKM mixing matrix is given by Vogy = U;JDL. At
first order in the mixing parameters, (Ur )23 = Ve — (D1 )23. The non-diagonal elements of Dy,
are strongly constrained by the data on b — sv [30]. (Dp )23 is thus forced to be small and, as
a consequence, (Uf )og >~ V.

Weaker bounds come from the LHC searches in the ¢t final state [61].

The mass limits on G* from the contribution to Im[C] depend on the value of the as coupling
between the second-generation quarks and the new vector-like quarks. The CKM matrix is
correctly reproduced for ap = O(A\?), where \ is the Wolfenstein parameter. ap = \?/4 gives

a bound Mg+ = 500 GeV. Weaker bounds are allowed for as < A?/4.
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