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ABSTRACT: We present a comprehensive study on how to distinguish the properties of
heavy dijet resonances at hadron colliders. A variety of spins, chiral couplings, charges,
and QCD color representations are considered. Distinguishing the different color represen-
tations is particularly difficult at hadron colliders. To determine the QCD color structure,
we consider a third jet radiated in a resonant dijet event. We show that the relative rates
of three-jet versus two-jet processes are sensitive to the color representation of the res-
onance. We also show analytically that the antennae radiation pattern of soft radiation
depends on the color structure of dijet events and develops an observable that is sensi-
tive to the antennae patterns. Finally, we exploit a Convolutional Neural Network with
Machine Learning techniques to differentiate the radiation patterns from different colored
resonances and find encouraging results to discriminate them. We demonstrate our results
numerically at a 14 TeV LHC, and the methodology presented here should be applicable
to other future hadron colliders.
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1 Introduction

Searching for new heavy particle resonances is a driving motivation at the energy frontier.
Many extensions beyond the Standard Model (SM) predict the existence of new states in
a variety of charge and color representations. The classification of dijet resonances and
their underlying model correspondence, as well as the search strategy at the LHC have
been laid out [1]; the experimental searches are being actively carried out [2, 3]. Those
new states, if kinematically accessible, would lead to large production rates and quite
distinctive kinematic signatures in their decay. Once a new resonance is discovered at a
hadron collider, it will be ultimately important to scrutinize the underlying dynamics and
determine its properties, such as the mass, spin, parity, and gauge charges. The most
challenging of all is to determine a resonant particle’s color quantum number. The color
structure is extremely difficult to diagnose in a realistic experimental environment since
quarks and gluons hadronize into color singlet bound states due to QCD confinement. The
hadronization processes necessarily involve QCD soft physics, which renders the underlying
dynamics elusive. It would be desirable to develop some techniques for diagnosing the un-
derlying color structure for the signal events and to discriminate against QCD backgrounds
effectively.

Dijet resonances with different color structures have different color flows, leading to
distinctive radiation patterns. This radiation pattern has been used to propose observables
to distinguish color octet and singlet resonances [4]. For a color octet resonance, the initial
and final state quarks are color connected whereas for a color singlet, they are not. Hence,
in the scattering plane formed by the beam and two hard final state jets, an octet resonance
is expected to have more radiation than a singlet resonance. This observation was used in
previous proposals to detect the color of particles. In ref. [4], it was proposed to look at the
antennae behavior of gluon radiation to determine if a resonance decaying into a quark-
antiquark pair is a color singlet or octet. Reference [5] analyzed the radiation patterns inside
jets to separate singlet from octet color flows. Similar color flow ideas have been applied
to distinguishing color octet and singlet dijet events [4], top pair tagging [6], and searching
for double Higgs production [7]. Machine learning techniques and two-point correlators
have also been used to distinguish pair-produced color singlets and octets decaying into
quark-antiquark pairs [8]. Some experimental analyses make use of color flow to separate
different processes, such as tt measurements at Fermilab Tevatron [9] and ATLAS [10-12].

This paper provides a comprehensive guide to diagnose the properties of a singly
produced colored heavy resonance at high-energy hadron colliders. We move beyond the
typical color singlet versus octet classification and consider the various resonances classified
in ref. [1]. That is, different color representations such as triplets and sextets; various spins
such as scalars, fermions, vectors, and tensors; and resonances produced by and decaying
into all possible partons: quark-antiquark, quark-gluon, and gluon-gluon. We start by
presenting the standard methodology used to determine the spin and couplings of resonance
to quarks and gluons.

To understand the color structure of events, we study dijet resonance events with
an additional radiated gluon. We present an analytical understanding of the antennae



radiation pattern of soft gluons for the various resonances, extending the results of ref. [4].
As we show, a particularly powerful observable to distinguish different colored resonance
is to compare the 3-jet and 2-jet rates. This observable has been useful for testing SM
predictions for pure QCD, vector boson plus jet, and Higgs plus jet [13-16], and has been
generalized in ref. [17]. A similar approach has been proposed to use the ratio of the dijet
cross section to the total width of the resonance, if the width could be measured, as the
color discriminant variable [18-22].

From the analytical understanding of the antennae patterns, we develop a collider
observable sensitive to the resonance’s different color structures. As we show, this ob-
servable can in principle distinguish the different color representations, and its behavior
is largely independent of the spin of the resonance. Hence, it provides a robust test of
the color structure of the events. In the process of analyzing the large data sample at the
LHC or future colliders, “deep-learning” (or machine-learning, ML) techniques have been
well-developed and proved to be quite fruitful for exploring the rich physics and uncover-
ing the subtle features otherwise inaccessible. Recent successful examples include Lorentz
boosted boson tagging [23-25], top [26-28], bottom [29], and strange [30] quarks tagging,
and quark/gluon jet discrimination [31, 32]. We exploit the machine-learning techniques in
the hope of improving the analyses and distinguishing different colored resonances. We use
a convolutional neural network (CNN) as an example to demonstrate how ML techniques
can help.

The rest of the paper is organized as follows. In section 2, we review our classifications
of the different possible resonances, and lay out the standard techniques and ideas for
determining the spin and chiral coupling as well as the color radiation pattern. In section 3,
we perform a cut-based analysis to observe the LHC antennae radiation pattern. Section 4
analyzes the ability to distinguish different colored resonance by using Machine Learning
techniques at the LHC. We conclude in section 5. Although our numerical results are
shown for a 14 TeV LHC, the methodology presented here should be applicable to other
future hadron colliders.

2 Classification and characteristics of color resonances

2.1 Resonances and interactions

The dijet resonances are classified according to their electric and SU(3)¢ color charges. Here
we briefly review possible resonances according to these two conserved quantum numbers.
Table 1 summarizes the different colored resonances discussed in this section. We list
our notation for the different states along with the leading couplings to SM partons and
spin, color representation, and electric charge of each state. A more detailed discussion,
including examples of specific realizations of the various resonances in existing literature,
is given in ref. [1].

It is beneficial to consider the color-resonances according to their production mech-
anisms from the initial state partons. Quark-quark annihilation can produce color anti-
triplet or sextet scalars [33-40] and vectors [41-44], so-called “diquarks”. The possible
scalar diquark are denoted as En,, Un,, and Dy, with electric charges —4/3, 2/3, —1/3



Particle Names J | SUB)c | |Qe| | B Related models
(leading coupling)
E:(')MG) (uu) 0(1) 3,6 % % scalar /vector diquarks
D:())MG (ud) 0o(1) | 3,6 L1 2| scalar/vector diquarks; d
U3 6 (dd) 0(1) | 3,6 2 |2 scalar /vector diquarks; @
) (ug) %(%) 3,6 % % excited u; quixes; stringy
(dg) 53| 3.6 3 |3 excited d; quixes; stringy
58 (99) 0 85 0 |0 Tre, Nre
Ts (99) 2 8s 0 0 stringy
Vs (uu, dd) 1 0 0 | axigluon; g s, prc; coloron
Vg (ud) 1 L 10 pFc; coloron
Vi (uu) 1 0 |0 7'

Table 1. Summary for resonant particle names, their quantum numbers, and possible underlying
models [1].

respectively. The subscript Np = 3, 6 for the 3 and 6 color representations, respectively.
Vector diquarks of spin-1 are represented with an additional Lorentz index u. The inter-
action Lagrangian between quarks and diquarks is then

Logp = K2, [NT B uGPrugy + AT UR, dS,Prdgy + A2 DY, dS,Prta
E'\ 1) 7
+)\045’ E%LD Oéapyﬂp ugp + >\U TUZJVAJL:) daa’YHP dgp +/\a67— D%LD aa’YHP dﬁb} +h.c.,
(2.1)

where P, = %(1:&75) with 7 = R, L for the right- and left-chirality projection operators and
K Zb are SU(3)¢ Clebsch-Gordan (CG) coefficients with the quark color indices a,b = 1,2, 3,
and the diquark color index j =1, ..., Np. Explicit forms of the CG coefficients and sextet
representation matrices can be found in ref. [40].

Quarks and gluons annihilate into color triplet [45-60] or anti-sextet [61-63] fermions
with 1/2 or 3/2 spin. It is possible to produce a 15-plet, but the existence of such a
fermion would spoil asymptotic freedom [64]. The spin-1/2 (3/2) fermion states are denoted
by Dy, ,Ux, (D}, ND’ U;{,“ ) with electric charged —1/3 and 2/3, respectively. The lowest
order gauge invariant interaction between a gluon, quark, and heavy spin-1/2 fermion is
dimension-five:

Logr = % FAaB [U;D Ki, (A Pp + A% Pr)oagu + Dy, Ki, (NP P + AR PR)oasd
+ Dy Kty (93 + 2 978) %ML Pr + AR PR)d] + hic. (2:2)

where A = 1,...,8 is the adjoint color index, F4*" is the gluon field strength tensor, A
is the scale of new physics, z is a constant which does not contribute for on-shell spin-



3/2 particles, and K jé,D are 3 X Np CG coefficient matrices. Explicit forms of these CG
coefficients can be found in appendix A. A spin-3/2 fermion is described by the Rarita-
Schwinger spinor [65-68] and we give a review of the Lagrangian for spin-3/2 fields in
appendix B.

Gluon-gluon annihilation can result in many different representations. A complete list
of the possible resonances from gluon-gluon annihilation can be found in table 1 of ref. [1].
Two possible color-octet resonances that can result from gluon-gluon annihilation are of
particular interest: a scalar Sg [69-74], and a tensor Tg [46-49]. These interactions can be
described in a gauge invariant way by dimension five operators:

£998 _ gsdABC (XASS'S?F,E/FC’HV + %(Té‘l,quﬁFg v n fT8A})p FBMZ/F‘LLC;))’ (23)

where Agr are the new physics scales, and the relative coupling factor f is expected to

be order one. The symbol d4BC is fully symmetric and defined by the anti-commutation
relations ]
(T4, TP} = —648 4 ¢ABCTC, (2.4)
N¢

where T4 are the SU(3)¢ fundamental representation matrices. The subscript S on 8g in
table 1 indicates that this color octet representation is the symmetric combination of two
other octets, as shown in eq. (2.3).

Finally, quark-antiquark annihilation can produce color octet [45-49, 61, 75-81] or
singlet scalars and vectors with zero or unit charge. The neutral vector-octet is denoted
by Vs and the charged vector octet states Vsi. The interaction Lagrangian is then

Logv = Gs [VSA’“ aTy,(g¥ P + g% Pr)u + Vg™ dT~,(gP Pr, + g Pr)d

+ (VeH M A, (CLVE M Py + CRVERM PR)d + e )| (2:9)

where VLC: KM are the left- and right-handed Cabibbo-Kobayashi-Maskawa (CKM) matrices,
respectively. To avoid constraints from flavor physics, it is assumed that the charged
current interactions are proportional to the SM CKM matrices and that there is no tree-
level flavor changing neutral currents, i.e., ggjg and C7p, g are flavor-diagonal. To obtain the
interactions with the color singlet vector bosons replace the representation matrices 749,
with the Kronecker delta §%. It is also more natural to write the coupling in terms of the
weak coupling constant instead of the strong coupling constant. The neutral and charged
color singlet vectors will be denoted as Vi and Vli, respectively. The couplings between
the octet and singlet scalar and light quarks are constrained to be small by minimal flavor
violation [82]. Hence, we ignore their contributions as s-channel resonances.

All resonances listed in table 1 couple to SM partons and will contribute to dijet
signals at the LHC. If a dijet resonance is discovered it will be imperative to disentangle
the properties of the resonant particle, such as mass, spin, and color representation. In
the following subsections, we investigate what information can be gleaned from a dijet
resonance. We illustrate the methods to measure the spin, interactions, and color structure
of a resonance, and comment on their limitations.
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Figure 1. Normalized rapidity distributions of different initial states at 3 TeV partonic center-of-
momentum energy at the 14 TeV LHC.

2.2 Initial state

The species of initial state partons that produce the resonance may be probed by the rapid-
ity distribution of the di-jet system. Defining the partonic center-of-momentum (c.m.) sys-

tem rapidity as

1 T

Yem = iln ;27 (26)

where z1 2 are the parton momentum fractions of the initial state. The distribution of the
c.m. system rapidity reflects the imbalance between the momenta of the two incoming
partons, governed by their parton distribution functions (PDFs). Gluons and sea quarks
typically carry lower momentum fractions than valence quarks. Hence, the qg, qq initial
states with a valence quark tend to have a broader rapidity distribution, and may indeed
have a peak at a non-zero value of y. In contrast, gg and gq initial states have a more
concentrated distribution in rapidity, with the peak typically near zero, as x1 ~ x2. We
show some features of the rapidity distributions in figure 1 for gg, dg, ug, uu, ud, and uu
initial states. Here and henceforth, for the sake of illustration, we choose a hard scattering
partonic c.m. energy v/5 = M = 3TeV at the 14TeV LHC, where M is the resonance
mass. As can be seen, the gg rapidity is the most highly peaked due to the symmetric
gg initial state. While, ug, with an asymmetric initial state, has the broadest rapidity
distribution and is peaked at the highest rapidity. Those qualitative features may provide
circumstantial information for the initial partonic states.

2.3 Spin

The spin of an s-channel resonance determines the angular correlations between the initial
and final states. Hence, by analyzing the angular distributions of two-to-two processes near
the invariant mass peak, the spin of the resonances can be determined. The two-to-two
process is not sensitive to the color representation of a resonance. Hence, the relevant
classification of resonances for angular distributions is according to spin: scalar, spin-1/2



fermion, vector, spin-3/2 fermion, and tensor. Details for the matrix element calculation
and rates for each resonance see appendix C. We are only interested in the distributions, so
we factor out the total partonic cross-section of a spin-J resonance 6 5(8), which is governed
by its coupling strength.

There are four examples of scalar resonances listed in section 2.1: three scalar diquarks
and an octet scalar. There are no spin correlations between the initial and final states in
dijet events because of the scalar nature. Hence, there is no angular dependence in the
partonic cross-section as it must be isotropic, and the differential cross-section dég/d cos 6
is just a flat distribution in the partonic c.m. frame, where 6 is the polar angle between
the initial state and final state quarks (gluons).

We explore two examples of spin-1/2 and 3/2 resonances: the color sextet and an-
titriplet fermions, from a quark-gluon annihilation. Allowing for both left- and right-
handed couplings in eq. (2.2) would result in large corrections to the fermionic magnetic
moments [83]. Hence, we will assume that the couplings are either purely left- or right-
handed. The spin correlations for ¢qg — ¢* — qg with spin-1/2 resonance are illustrated in
figure 2 for (left) left-handed and (right) right-handed couplings. For both types of cou-
plings, the spin of the initial and final state quarks are in the same direction and, hence,
the final state quark will preferentially move in the direction of the initial state quark.
Therefore, in the partonic c.m. frame, the angular distribution for a spin-1/2 resonance is

doip 1

dcosf §A1/2(§ = M?) (1 +

Y3
|\i L

2 —Nirl? A fLl? = [ApgI?
2+ [XirI2 IAfLI? + (A RI?

cos 9) , (2.7)

where the subscripts ¢, j indicated initial and final state couplings, respectively. We note
that for any chiral coupling A;, # Ag, there will be a forward-backward asymmetry linearly
proportional to cos 6.

Directly analogous to the discussion for the spin-1/2 color sextet and antitriplet fer-
mions, we also consider the spin-3/2 resonances. The partonic angular distribution for an

on-shell resonance is given as

INiLl? = [(Nirl* [Ar.Ll* = [Ar.rl?

dos3;p 1 2 2
5 §= M*)|14+3cos* 0+
(8= 2°) DY EENPAE I VHEERVE

dcosf - 503/2

cos 6 (3 + cos? 0) .

(2.8)
Again, for a chiral coupling A;, # Ag, there will be a forward-backward asymmetry scaled
to 3 cosf +cos 6. A spin-3/2 resonance leads to higher powers in cos # due to the multiple
partial-wave contributions. To measure the above angular distributions, the directions of
the initial state and final state quarks must be determined. On average, valence quarks
have a higher momentum fraction of the proton than sea quarks or gluons. Previous
studies [84] have utilized this momentum imbalance to identify the reconstructed partonic
system direction with the initial state valence quark direction, as already discussed in the
previous section. However, even if we are able to statistically determine the momentum
direction of a valance quark, it is still a real challenge to identify the correlated momentum
direction of the final state quark, i.e. distinguish the quark and gluon jets. There has
been much previous work on measuring the differences between quark and gluon jets at
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Figure 2. Spin correlations for color sextet and anti-triplet spin-1/2 fermion resonance production
assuming pure (left) left-handed and (right) right-handed couplings. Single-arrowed lines represent
momentum in the c.m. frame and double-arrowed lines represent spin. The subscript ¢ (f) indicates
initial (final) state particles. Longer double arrows indicate spin-1 particles, shorter for spin-1/2.

LHC [32, 85-88]. These techniques are subtle and need experimental verification at the
LHC. If we treat gluon and quark jets as indistinguishable, the jet angular distribution
is symmetrized and the spin-1/2 angular distribution has no difference from the scalar
angular distribution.

In section 2.1 four vector resonances with different color representations were intro-
duced: color singlet, triplet, anti-sextet, and octet. For the color triplet and anti-sextet
diquark vector production the dijet process is gq¢ — gq while for the color singlet and octet
vectors the process is ¢¢ — gg. In general, the angular distribution of those spin-1 states is

dé 3
7 —-6ﬂ®<b+m§0+2

(2.9)

ﬁL—ﬁRﬁL_ﬁﬂ
= cosf |,
dcosf 8

Gip+9iR 95t IR

where 0 is the angle between the initial state and final state quarks, g¢; ., g; r are initial
state chiral couplings, and gy r,gs r are final state chiral couplings. In general, chiral
couplings A\r, # Ar lead to a forward-backward asymmetry that is linearly proportional
to cosf. In the diquark vector cases, either final state quark can be spin correlated with
either initial state quark. Hence, the left- and right-chiral couplings are equal and the
angular distribution is completely symmetrized at the partonic level. The characteristic
distribution for a spin-1 vector state remains and it leads to the well-known non-chiral
symmetric form
do
dcosf

= 261(§)(1 + cos? 6). (2.10)

IJL=9R
For the color-octet and singlet vectors, their spin correlations and chiral couplings are not
necessarily equal. Figure 3 illustrates the spin correlations for (left) pure left-handed and
(right) right-handed couplings. If the chiral couplings are purely right-handed or purely
left-handed the spin of the initial state quark (antiquark) is correlated with the final state
quark (antiquark), and the final state quark preferentially moves in the direction of initial
state quarks. In the case of both left- and right-handed chiral couplings, the helicity of
the initial state and final state quarks (antiquarks) are not necessarily the same. Hence,
in principle, the shape of the angular distribution contains information about the relative
strengths of the chiral couplings, similar to that in eq. (2.9). Unfortunately, it is very
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Figure 3. Spin correlations for color singlet and octet vector resonance production assuming pure
(left) left-handed and (right) right-handed couplings. Single-arrowed lines represent momentum in
the c.m. frame and double-arrowed lines represent spin. The subscript ¢ (f) indicates initial (final)
state particles.
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Figure 4. Representative spin correlations for color tensor octet production. single-arrowed lines
represent momentum in the c.m. frame and double-arrowed lines represent spin. The subscript 4
(f) indicates initial (final) state particles.

difficult to distinguish a quark jet from an anti-quark jet [89-92]. In the indistinguishable
limit, the observed angular distribution will be of the symmetric form as in eq. (2.10).

Finally, we consider a tensor octet. Figure 4 depicts some representative spin corre-
lations for initial state gluons with (left) the same helicity and (right) opposite helicities.
The final and initial states are individually symmetric under the exchange of gluons. The
angular distribution is then of the symmetric form

déa

dcos b

2 2
4 8 8
4 4 2
~ (14 cosf)” + (1 —cos ) +9<2+J\4%> (1—]\4%> (14+4f)%, (2.11)
where Mrp is the mass of the octet tensor, f is the relative coupling factor defined in
eq. (2.3). For an on-shell tensor § — M2, the angular distribution reduces to
déo 5

_ 2z 2 4
Teosl — 3202(3) (1 + 6 cos” 6 + cos 0) . (2.12)

In figure 5 we present the angular distributions for scalars, spin-1/2 (3/2) fermions,
vectors, and tensors. Not distinguishing the final state jets from ¢, ¢, and g, all the
distributions of spin-1/2 (3/2) fermions and scalar/vector would be symmetric. We still
see the shape difference for a vector and spin-3/2 resonance. The angular distribution of
the tensor resonance is most forward due to the higher power dependence of cosf. We
reiterate that for chiral couplings A\;, # AR, there will be forward-backward asymmetries
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Figure 5. Symmetrized di-jet angular distributions for different resonant signals in the partonic
center-of-momentum frame. The invariant mass of the partonic system is v/ = M, where M is the
resonance mass.

for spin-1/2, spin-3/2, and spin-1 resonances, which, if observable, would provide crucial
information for their underlying couplings.

2.4 Color representation

It will ultimately be essential to probe the color quantum number for a resonance after
discovery. Radiation patterns of gluons can be instrumental in identifying the color repre-
sentation of the resonant particle. Representative examples of the leading color flow for the
resonances outlined in section 2.1 are shown in figure 6 for (a) antitriplet vectors and scalar,
(b) sextet vectors and scalars, (c) triplet fermions, (d) antisextet fermions, (e) octet scalars
and tensors, (f) singlet vectors, and (g) octet vectors. The solid arrowed lines along the
particle lines represent the flow of fundamental color charge. As can be seen, for different
spins and color representations, different initial and final state partons are color connected
and the color flow of a given resonance depends on the resonance’s color representation
and the representations of the SM partons it couples to.

In the large N¢ limit, only gluons radiated off color-connected lines will interfere.
Hence, the radiation pattern of gluons can be instrumental in detecting the color repre-
sentation of the resonant particle. For example, consider a singlet versus octet resonance.
In the octet case, the initial state partons are color connected to the final state partons.
In contrast, the initial state and final state partons are separately color-connected in the
singlet case. Hence, in the plane defined by the two hard final state jets containing the
colliding beams, an octet resonance is expected to have more radiation between the beams
and the jets than a singlet resonance, i.e., where the phase space of gluons radiated off
the initial and final states overlap. This observation has been used in previous proposals



Figure 6. The leading color flow diagrams for (a) 3®3 — 3, (b) 3®3 — 6, (c) 3®8 — 3, (d)
328 6,888, (f)3®3 —1,and (g) 3®3 — 8. The solid, colored arrowed lines along
the particle lines represent the flow of fundamental color charge. Z’ denotes a color singlet vector.
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to identify the color of particles. Ref. [5] analyzed the radiation patterns inside jets to
separate singlet from octet color flows. Similar color flow ideas have been applied to dis-
tinguishing color octet and singlet dijet events [4] and top pair tagging [6] and many other
new physics searches [7, 93-95]. This is also the basic idea of the rapidity gap [96].

In this section, we study the radiation patterns and cross-sections of a single gluon
radiated off the hard di-jets. We provide analytical results of the gluon radiation pattern,
so-called “hadronic antennae” patterns, for the different colored resonances, as previously
studied analytically in ref. [4].

2.4.1 Antennae patterns

First, we present analytical results for dijet events with an additional radiated gluon. As
the discussion of color flows made apparent, the interference of the gluon radiated off of
different external legs is sensitive to the color representation of the s-channel resonance.
Hence, we work in the soft limit where the interference of different diagrams is dominant.
Under the soft approximation, the matrix element Ms_,3 of a 2 — 2 process plus a soft
gluon radiated off of an external colored particle is related to the matrix element without
radiated gluon, Mo_,s, by

7qM2_>2, (2.13)

where ¢ is the gluon polarization vector, [ is the gluon momentum, ¢ is the momentum of
the parton radiating the gluon, and g is the strong coupling constant. This factorized form
is valid for any soft gluon radiation with a transverse momentum lp < gp ~ M /2. For
massless partons, the square of the matrix element in eq. (2.13) with the gluon spin summed
is zero. Also, for a process mediated by a heavy resonance, width effects regularize any
soft divergence. As a result, in the soft limit, interference terms between gluons radiated
off of external legs are dominant for massless external partons. This interference pattern
is precisely the effect needed to detect the color flow for the different resonances.

Motivated by this observation, we calculate the matrix elements of our various reso-
nances in the soft gluon limit and only consider radiation off of the initial and final state
partons. These calculations have been performed before for vector color-singlet resonances
and the process ¢¢ — g — ¢'q’ in the large N¢ limit [4]. For the following matrix elements,
we adopt the notation My ,r_,, for the 2 to n process through the resonance R. Also, we
generically label initial state momenta as p; 2 and final state momenta as k1 2. We depict
the representative Feynman diagrams with their momentum assignments in figure 7.

First, we present the antennae patterns of a vector resonance for the color-singlet, V7,
and color-octet, Vg,

[Maovi sl

Moy o2 ™ 9x(lprpa] + [Fake)) (2.14)
2
m o 9?{ (1 — ]\%) ([p1k1] + [p2k2]) + ]\% ([p1ks] + [p2k1))
_J\% ([p1p2] + [k1k2]) }, (2.15)
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Figure 7. Representative Feynman diagram of a 2 — 3 process with soft gluon radiation in the
final state quark.

where py (k1) is the momentum of the initial (final) state quark and py (k2) the initial (final)
state antiquark. The square brackets indicate “antennas”, which specify the interference
between radiations from different primary partons, defined by
mmzﬁﬁ%, (2.16)
where [ is the radiated gluon momentum. As predicted by the color flow diagrams in
figures 6(f) and (g), the most significant interferences are between the initial state and
final state partons separately for the singlet and the initial state quark (antiquark) and
final state quark (antiquark) for the octet. The color connections and antennae patterns
for a singlet (octet) scalar coupling to quarks are the same as those for a singlet (octet)
vector.
One can explicitly evaluate the hadronic antennae in a fixed frame. Working in the
partonic c.m.-frame, for p; + pa — k1 + ko + [ in the soft gluon approximation I < Er,

we have
p1 = Ep(coshn,0,0,coshn), p2 = Ep(coshn, 0,0, — coshn) (2.17)
k1 = Ep(coshn,sin ¢, cos ¢, sinh ), ko = Ep(coshn, —sin ¢, — cos ¢, —sinhn) (2.18)
I = lp(coshng, sin ¢g, cos ¢g, sinhng). (2.19)

Using these momenta, we find the hadronic antennae

ol = 2 ikl = coshy
P1pal = 12’ P 13, cosh? 1, cosh? n — (cos(¢ — ¢,) + sinh 7 sinh 7,)2
4 cosh?n + cosh?n, — 1 — cos(¢ — sinh n sinh

12. cosh? n, cosh? ) — (cos(¢ — ¢,) + sinhysinh )2’

where, again, [p1pa], [k1 k2], and [pk] = 32, ;_; o[pi kj] are associated with interference of
gluons radiated from initial state partons, final state partons, and between initial and final
state partons.
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Next, the antennae patterns for scalar diquarks are

‘M2—>QND—>3|2

o< g2{ okl + ook + o1k + o) 72672 (pupel + k) . (2:21)

where the upper sign is for the sextet case, and the lower is for the triplet, and Cp is

|M2~>QND~>2|2

the quadratic Casimir operator for the sextet or triplet representation. For the sextet,
Cp = 10/3 and for the triplet Cp = Crp = 4/3. Using the values of Cp, one can find the
sextet case
‘MQ%Q6‘>3|2
‘MQ%Q6‘>2|2
and for the triplet

x g2 {[pllﬁ] + [p2ka] + [p1ka] + [p2k1] — % ([p1p2] + [k1k2)) }7 (2.22)

2
[M3-ysl” o gz{h?llﬂ] + [p2ko] + [p1ko] + [p2ki] + 2 ([prp2] + [k1k2]) } (2:23)
Moyl
Note that the interference between initial (final) state quarks is suppressed by 2/5 relative
to the initial and final state interference for the sextet. In contrast, for the triplet, there
is no such suppression. Since a sextet is the symmetric combination of two triplets and an
antitriplet the antisymmetric combination, there is destructive and constructive interfer-
ence between the two possible color flow for triplet and sextet diquarks, respectively. This
effect is shown in figures 6a and 6b. Hence, for the triplet, the interference between the
initial and final state quarks is suppressed relative to the sextet case. As can be seen in
eq. (2.23), the destructive interference in the triplet case causes all possible interferences
to make roughly equal contributions, even though, in the large N limit, the interference
between the two initial (final) state quarks is subdominant. Whereas, for the sextet case,
the interference between color-connected partons remains dominant, as shown in eq. (2.22).

For the triplet and sextet fermions:

|M2~>Q*~>3’2 8 1 1
m x g?{[plkl] + 5 (P2p1] + [k2ki]) — 5 ([p2ka] + [kop]) + 81[pgk2]}, (2.24)
Maogzl®

Moo 2l? x g?{[pllﬁ] + é ([p2ki] + [kap1]) + % ([p2p1] + [kok1]) + ;[pzkﬂ}, (2.25)

where p; (k1) is the momentum of the initial (final) state gluon and po (k2) is the momentum
of the initial (final) state quark. As can be seen in figure 6¢, for the triplet fermion
the initial and final state gluons, the initial state gluon and quark, and the final state
gluon and quark are color connected. Hence, the interferences between these pairs are the
dominant contribution to the antennae behavior. The sextet fermion is much more difficult
to interpret, although interference between initial and final state gluons is the dominant
contribution.
Finally, we have the scalar octet coupling to two gluons:

o g2 lppa) + ko] + 5 (] + [pak) + [pakl + paa]) |, (2:26)

Since all gluons are color connected and the matrix elements are symmetric under exchanges

|M2—)Sg—>3’2
|M2—)Sg—)2 ’2

k1 <> ko and p; <> po, all possible interferences are significant. The antennae pattern for
the tensor octet is the same since the color flow is identical.
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Initial | Color | Spin | Type | R3/9
0 | Dy | 041

B | 041

S0 [or [ oao

Ut | 0.39

Es | 0.29

3@3 0 | Ds | 0.29
Us | 0.28

0 B | 0.29

1 | D¢ | o028

Ul | 027

) o Joe
@83 2 o [oso
0 | Ss | 069

88 | 8s Ts | 0.70
i Ve | 0.27
N R

Table 2. Ratios of 2 — 3 resonant production cross-section over 2 — 2 processes at parton level
with pJ. > 200 GeV, |n;| < 3.0, and AR;; > 0.4 at the 14 TeV LHC. The mass of all color resonances
is set to be 3 TeV and the width is set to be 30 GeV.

2.4.2 Cross-section ratios

An important quantity in understanding QCD dynamics is the scaling of cross-sections
with additional jets. The scaling is broadly defined as

02—n
Ryt = ontl (2.27)

02—n

where o9_,,, is the hadronic cross-section of an underlying process with n observed hadronic
jets. Naively, the ratio goes like ~ ay, but it depends on the color structure of a specific
process and the jet selection procedure. This property has been studied at hadron colliders
for the Drell-Yan processes W+jets and Z+jets [13, 14], pure QCD jet production [14],
direct photon+jets [15], and Higgs production [16].

The ratio of the three-jet cross-section to that of a di-jet resonance depends on many
factors, such as the di-jet system invariant mass, the di-jet initial state composition, and,
especially to our interest, the color representation of the s-channel resonance. We have
presented the analytical expressions for their matrix elements in the previous section 2.4.1.
Table 2 shows the cross-section ratios R3/,. MadGraph5_aMC@NLO [97] was used to calculate
these rates using model files generated via FeynRules [98]. As can be clearly seen, Rj3 /2 18
strongly dependent on the color of the initial state partons as well as the color charge of the
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intermediate resonance. For instance, when comparing the Rj/; between different initial
states, such as 3® 3, 3 ® 8, 8 ® 8, 3 ® 3, a general trend is gluonic initial states provides
stronger radiation and thus larger R3/,. Within the same set of initial states, we can see that
R3/5 can distinguish the color representation of the resonance. For example, for 3 ® 3 the
color sextet resonance generically has a smaller R3/ than the anti-triplet resonance. This
comes from the sizable change from constructive interference for the triplet to destructive
interference for the sextet between radiation from the initial parton and final dijet pairs.
The effect can be understood using the soft-emission approximation, e.g., in eq. (2.21),
eq. (2.22), and eq. (2.23). It is striking that particles with different spins but the same
color flow have similar ratios, while particles with the same spin but different color flows
can have very different values of Rj/,.

3 Cut-based analysis for the antenna pattern

Extracting the underlying color structure is a challenging task when it comes to collider
signals. We now present our analysis with the “interference spectrum”. Instead of looking
into the total energy distribution of an event after hadronization, we focus on just one
additional radiated jet to probe the color. As can be seen in the analytical results of
section 2.4.1, the radiation pattern of a gluon depends on the underlying colored resonance.
Specifically, the relative strengths of terms related to the interference of gluons radiated
off the two initial state partons [pips], the two final state partons [kikz], and initial and
final state partons [p;k;] differ among the various color representations. Hence, if these
relative strengths can be measured, then information on the color representation of the
new resonance can be obtained. With this intuition, we now develop a cut-based strategy
to measure these effects. The next section will use a machine learning-based strategy to
disentangle the color representations.

Figure 8 shows contours as a dimensionless probability density (with arbitrary normal-
ization) of radiations in the n — ¢ plane of the hadronic antennae between (a) final state
partons, [%[ky ks], and (b) initial and final state partons, (2[p k], with the ubiquitous factor
of 2 factored. To make the illustration more transparent rather than the uncharacteristic
spread in the n-¢ plane, we boosted the dijet and radiation system in the transverse plane,
so that the two leading jets are not back-to-back. We do not show the pure initial state
radiation interference pattern [%[p; ps], since it is trivial and just a constant. The brighter
regions indicate the larger numerical values of the antennae patterns, eq. (2.16), which rep-
resents a higher probability for the radiation to take place. Both figures share highlighted
areas near the final state jets since the radiation tends to be collinear with its parent jet.
It is this region that shall not be considered in our cut-based analysis due to the low signal
(from interference) to the background (from colinear emission) ratio.

The difference in the radiation for different antennae patterns is very pronounced in
figure 8. Namely, gluons tend to be radiated between the final state jets for I%[k; ko] for
the color singlet and between the final state jets and the beam direction for (2[p k] for the
color-octet. These are the distinct regions that distinguish the different patterns. Many
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Figure 8. Interference pattern between different jets/partons. (a) Interference between two final
state jets; (b) interference between final state jets and initial state partons.

works have focused on the region between the two interfering jets both theoretically [4—6]
and experimentally [9].

From the discussion above, our observables should be sensitive to the interference
regions, but insensitive to radiation collinear with the final state jets. A generic antennae
pattern can be rewritten as

papps) = — 2 P8 (1 ! ) (3.1)

pa-l—pg-l\pg-l pa-l

The two terms in the parentheses represent the regions where the radiated gluon is collinear
with one of the parent partons. When the radiated gluon has the same angular separation
with both parent partons, the denominator in the pre-factor (p4 -1 — pp - 1) is zero. Hence,
this denominator is the characteristic feature of the interference. It is intuitive to choose

the fractional factor
PA - PB

pa-l—pp-l

to define the “valley” region where interference is maximized since this fraction is large

(3.2)

when the radiated gluon is between the two parent partons. This fraction scales as the
energy scale of the dijets to the radiated gluon. Hence, to place a cut on eq. (3.2), we
use the transverse momentum of the radiation I and the sum of transverse momentum
magnitudes of all final state jets, hp:

DA - PB hr

I
— 20— = A—pp-l < — pas-pB. )
lpa-1—pp-1| = I [pa pp -1l < hr PA - PB (3.3)

This condition is invariant under boosts along the beam direction and is robust at hadron
colliders.

~16 —



Figure 9. The valley regions of eq. (3.3) that characterize interference effect for (a) interference
between two final state jets, and (b) interference between one pair of final state jets and initial state
partons.

The region satisfying eq. (3.3) is illustrated in figure 9, with the same kinematic con-
figuration as figure 8. In this figure, we set the event weight outside the valley region
to be zero. It is clear that this region contains most of the interfering radiation and ex-
cludes the common collinear regions shared by all interference patterns that share the same
jet/parton.

To test our observables beyond the idealized setup, a reliable event simulation is
needed. FeynRules [98] was used to implement the interactions of the colored resonances
in MadGraph5 [97] via UFO model files [99]. MadGraphb is then used to simulate three jet
events at a 14 TeV LHC. Here we simulate all resonances with a mass of 3 TeV. We require
all three jets to be hard. This requirement can be relaxed to allow for a soft 3rd jet or a
fat jet analysis, and our ML-based analysis in the next section shows the complimentary
analysis results. These hard jet requirements ensure events pass the LHC triggers and also
avoid the subtlety of multiple soft emissions whose analysis is complicated by pile-up and
underlying events. To isolate the interference region, one jet is allowed to be softer than
the other two. Hence, the following minimum cuts are applied [100]

P> 500 GeV, pP7® > 200 GeV, and, || <3 (3.4)

where pr is transverse momentum and 7 is rapidity.! The jets, j; are labeled numerically in
the order of decreasing transverse momenta, with j; being the hardest. Due to the parent
jets being of high energy, their radiation js can also take high energy. Since we expect the
base event to be two jets with equal pp that then radiate a jet, we also require that pr of

'We work at the partonic level for the kinematics and ignore the detector effects.
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the second hardest jet is near the pp of the hardest jet
P > 0.8ph. (3.5)
Finally, to resolve three jets, a minimum separation is required for all jet combinations

ARjj > 0.4 (3.6)

where AR;; = \/(A¢jj)2 + (Anj;)? is the angular separation of two jets in the azimuthal
angle, ¢, and rapidity plane. This hard isolation cut affects our ability to extract the
hadronic antennae pattern, and we shall see how machine learning can improve it in the
next section.

We now determine how each of the six possible interference patterns is populated for
different colored resonance as the partonic level. For every 2 — 3 event, the jet with
the smallest pp is considered as the radiation with momentum [. For a more realistic
calculation at hadron colliders, unlike the previous section, the momenta pi, p2, k1, and
ko are ordered according to their momentum. From the total reconstructed momentum
and invariant mass of the three final state jets, the momentum of the initial state partons
can be reconstructed. The parton that carries a larger fraction x of proton momentum
is labeled p{, and the smaller one is ps. This step sets up our positive z-direction to be
the same as the direction of the partonic center-of-mass reference frame with respect to
the lab frame. Meanwhile, the jet with the largest transverse momentum is treated as
k1, and the second largest transverse momentum is k3. Without the above steps, there
would be no difference between the interference patterns [p1ki], [p1k2], [p2ki1] and [po, k2]
unless techniques to distinguish jets originating from quarks, anti-quarks, or gluons are
employed. This is not so important for resonances that come from identical initial states
like Ss(gg), Ts(gg), and some diquarks from uu and dd initial states. When we encounter
those resonances from different initial states like Véo’i(ch) and Q;%” )(qg) these steps of
defining k1, ko, p1, and po will statistically differ the four would-be identical interference
patterns and thus shed light on the color structures.

“valley” condition of eq. (3.3), pa and pp are a combination of the

To calculate the
two hardest final jets and initial state partons. For each event, we then calculate all six
possible combinations of the valley condition. The third jet (which is interpreted as the
radiation with momentum [) can be counted as one radiation in each valley condition it
satisfies. By this means, we have an “interference spectrum” of six different modes for
every resonant signal. They should have various strengths for different color structures.

Figure 10 shows the results of the interference spectrum through the procedure de-
scribed above. The horizontal axis is the six interference patterns. The vertical axis is
then the relative difference for each pattern, defined by the number of events for a given
resonance divided by the average number of events across all resonances and then sub-
tracted by unity. Identical color structures but different spins are labeled with the same
color with solid or dashed lines. In the order of the resonance classification in table 1, the
red dots and diamonds are for color-triplet scalars and vectors, respectively; the blue for
color sextet scalars and vectors; green for symmetric color octet scalars and tensors; black
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Figure 10. Hadronic antenna “Interference Spectrum” of different underlying colored resonances.
The horizontal axis is the six different interference sources in a trijet (dijet plus a radiated jet)
resonance event. The vertical axis is the normalized counting of radiation that comes from the
interference. Different underlying SU(3) color representations are shown in different colors. The
overall shape difference between different underlying color representations shows that we are able
to extract the color interference pattern using our cut-based method. A more detailed discussion
can be found in the text.

for color triplet fermions; and orange for octet vectors. Two critical features make this
figure 10 very intriguing. First, the relative strength of the six patterns is very different
for each color structure, providing the possibility of discriminating the color information.
Such patterns are crucial to break the degeneracy of the cross section ratios as shown in
table 2. Second, the same color structures have almost overlapping or parallel event counts.
In other words, we find an observable that is color structure-sensitive but insensitive to the
initial parton, boost, or spin of the resonance. This is a surprisingly nice result, given that
so many factors affect these distributions.

This spectrum is obtained around 100,000 generated events, and there are over 9,000
counts for each pattern. The statistical uncertainty associated with our counting would
be around 1% of the value represented by the points, which is larger than the dots’ size
in figure 10. We also tested the statistics by randomly generating another set of events
and found our results robust. There are some resonances not presented in this figure.
The diquarks from other initial states (uu, dd) all have the same behavior as diquarks
from wud initial states. The situation is similar for vector octets. Essential features of
dijets, including the color information carried by the interference pattern, can be more
effectively captured using modern machine-learning techniques. We explore aspects of
machine learning in the next section.
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4 Diagnostic studies with deep learning

While the interference patterns can already provide us with distinctive features for different
color resonances, the ML techniques have the potential to make optimal use of all the infor-
mation available. Various ML techniques have already been proven useful in collider physics
(for recent reviews see refs. [101-104]). We use a convolutional neural network (CNN) [105]
to demonstrate the capability of ML in distinguishing different color resonances.

4.1 General features of the signal processes

As in previous sections, we make use of the topology of a resonance R decaying to two
hard jets plus an additional radiated jet off the initial, final, or resonant states:

pp — R(j) + remnants — jjj + remnants, (4.1)

where (j) in the intermediate step indicates the possibility of initial state radiation. In this
section, we study the vector color singlet V;(uu), vector color octet Vg(uu), diquark vector
color sextet Ef (uu), and digluon scalar octet Sg(gg) as the representative resonances. The
events simulated via MadGraph5_aMC@NLO [106] with 3 jets in the final states at the 14 TeV
LHC. The model files were generated with FeynRules [98]. We set the masses of the
resonances to be M = 3 TeV and the widths to be narrow such that the apparent width in
the experimental signature is dominated by detector resolution not the resonance’s intrinsic
width. For simplicity, we adopt the non-chiral couplings for the resonances in the rest of the
presentations. The generator-level cuts on the transverse momentum and pseudo-rapidity
are set to be

P > 600 GeV, p2 >500 GeV, p >100GeV, and |n;|<3, (4.2)

where, as in the previous section, the jets are ordered according to their transverse mo-
mentum. Pythia 8.1 [107, 108] is used for parton showering and hadronization. The jets
are clustered by using the anti-k7 algorithm [109] with R = 0.4. The generated events are
passed into Delphes 3.4.1[110] for fast detector simulation.

A jet is a collimated spray of particles, resulting from the parton showering and
hadronization of high-energy quarks and gluons. Each jet can be defined as a calorimeter
energy deposition in the 2D angular plane ¢-n. Pixelating jets in the ¢-n plane can form jet
images with the intensity of pixels being observables such as transverse momentum, energy,
particle multiplicity, etc. These calorimeter images can then be used in a CNN. To max-
imally utilize all radiation information, in addition to the three hard jets generated with
MadGraph5_aMC@ONLO, we include all the jets satisfying pjf > 100GeV and |n;| < 3 in the
jet images. Some of these jets may be generated via parton showering and hadronization.

4.2 Data pre-processing

The initial jet image is defined in the ¢-n plane. In this study, we use four input channels
as the intensity of the pixels:

1. transverse momenta of positively charged particles,
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Figure 11. The difference of stacked jet images in the generalized coordinate system X-Y plane
for V1 — Vg (left) and V; — Sg (right).

2. transverse momenta of negatively charged particles,
3. transverse momenta of neutral particles, and

4. charged-particle multiplicity.

The CNN is trained simultaneously on all four input channels.

To maximize the CNN learning performance, the images are pre-processed for faster
training. First, the images are rotated and reflected to change the jet image axes from ¢-n
to a generalized dimensionless coordinate system X-Y | while keeping AR invariant. In this
way, the geometry of the two jets identified as originating from the resonance are the same
for each event and the jet images are sensitive to additional radiation. In this case, we
use the dominance of collinear radiation to identify the most distant of the three hardest
jets as one of the jets originating from the resonant decay. The hardest of the remaining
two jets is identified as the second jet “originating” from the resonance decay. The final
jet is identified as radiation. Additionally, we remove information that may superficially
separate the resonances such as overall rates, absolute pixel intensity, resonant mass, etc.
Considering the three hardest jets, the pre-processing steps applied to the jet images are:

1. Shift the most distant jet? of the first three leading jets to the origin of the coordinate
system.

2. Rotate the jet with higher transverse momentum of the remaining two jets to the
positive X-axis.

3. Flip the third jet in the first quadrant.
4. Digitize the jet image with 64 x 64 pixels in the range X € (—=1,9) and Y € (-1, 7).

5. Normalize the pixel intensities such that >_;; I;j = 1 across the image, where ¢ and j
index over all pixels. The intensity I;; of each pixel is the magnitude of transverse
momentum or charged particle multiplicity depending on the input channel.

2We identify the closest jet pair and define the remaining jet as the most distant one.
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Figure 12. The structure of CNN model.

6. Subtract the mean p;; of the normalized images (the average intensity of pixel (i, j)
across all the data set) from each image, transforming each pixel intensity as I;; —

Lij — i

7. Divide each pixel value by the standard deviation o;; of that pixel value in the
normalized dataset, I;; — I;j/0;;.

After the first three steps, we fixed the two jets identified as originating from the resonance
decay at the origin and along the X-axis, as well as the relative position of the soft radiation.
The last three steps follow ref. [32]. In figure 11 we present the results of the pre-processing.
To obtain this figure, we stack 80,000 pre-processed images using the first three input
channels, i.e., the transverse momentum input channels. The resonances considered are the
color singlet vector V7, the color octet vector Vg, and the color octet scalar Sg. Figure 11a
shows the results with the color octet vector pre-processed images subtracted from the
color singlet vector pre-processed images. The positive intensity pixels (red) have larger V3
intensity, while negative intensity pixels (blue) have larger Vg intensity. This shows that,
indeed, the radiation from V; occurs mostly near the X-axis, while radiation from the Vg
resonance occurs far away from the two jets identified as originating from the resonance.

The results are even more striking in figure 11b, where we subtract the pre-processed
color octet scalar Sg images from the color singlet vector Vi. There is a strong positive
intensity peak along the X-axis, while the negative intensity is more uniform. This clearly
reflects that the radiation from the color singlet preferentially occurs between the final state
jets, while the color octet does not have a preferential radiation pattern in the pre-processed
images, and gluon jets have more radiation than quark jets.

4.3 CNN architecture and training

We use the pre-processed data as inputs. The deep convolutional network architecture used
in this study consisted of three iterations of a convolutional layer with a ReLU activation
and a max-pooling layer. Two dense hidden layers consisted of 64 units following the
three convolutional layers. An output layer of two units with softmax activation is fully
connected to the final dense hidden layer. To avoid overfitting, the dropout rate was taken
to be 0.25, 0.25, 0.5 after the three convolutional layers, respectively, such that the CNN
model only picks up the general features rather than the random fluctuations in the training
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Figure 13. The ROC curves of the CNN model with 4 input channels for various resonances Ry
versus Rs.

samples. Fach convolutional layer consisted of 32 filters, with filter sizes of 3. The max-
pooling layers performed a 2 x 2 down-sampling with a stride length of 1 to extract the
most prominent features from the previous layer. We use zero padding in the convolution
layer to keep the convolutional outputs from reducing in size. The structure of our CNN
model is shown in figure 12. We explored several CNN models with different architectures
and filter sizes, and ultimately selected the best-performing model for our analysis.

The CNN was trained using the Adam algorithm with categorical cross-entropy as the
loss function. The training used a batch size of 128 over 15 epochs. The data consisted of
120,000 jet images, partitioned into 100,000 training images and 20,000 test images. An
additional 10% of the training images were used as validation data during the training.

4.4 CNN results

To show the CNN performance using all four input channels in distinguishing two different
signals, we plot the results in figure 13 for the receiver operating characteristic (ROC). The
ROC curve shows the rejection rate of resonance Ry as a function of the acceptance effi-
ciency of resonance Ry, i.e., the power of the CNN to discriminate between two resonances
R; and Rs. The area under the ROC curves (AUC) is shown in table 3. A larger AUC
indicates that the CNN is more effective in distinguishing between the two resonances.
This is because a curve with a larger AUC demonstrates a greater ability to reject Ro
resonances relative to the R; acceptance rates. As another measure of the CNN ability to
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CNN

Vi (uu) vs. Vg (uu) | 0.61
Vi (ua) vs. Ef (uu) | 0.73
Vi (uu) vs. Sg (gg) | 0.90
Vs (ua) vs. Ef (uu) | 0.70
Vg (uu) vs. Sg (gg) | 0.92
E¥ (uu) vs. Sg (99) | 0.93

Table 3. AUC with CNN implementations.

Ry efficiency (%)

Ry : Vi (uu) | Ry: Vg (uut) | Ry : EY (uu) | Ro: Ss (g9
at 50% R; acceptance (ut) (ut) 6 (uu) (99)

Ry Vi (ui) 50% 35% 20% 4.4%
Ry : Vi (uit) 35% 50% 23% 3.1%
Ry : B! (uu) 20% 23% 50% 2.8%
Ri : Ss (99) 2.8% 1.8% 1.4% 50%

Table 4. R, acceptance efficiencies at 50% R; acceptance with CNN implementations.

distinguish resonances, in table 4 we show the acceptance efficiencies® of various resonances
Ry when the acceptance efficiencies of another resonance Ry is set to 50%. For a fixed 50%
efficiency for R;, the smaller the acceptance for Ry the better the CNN can distinguish
between the two resonances. If the acceptance efficiencies of both resonances are 50% they
are indistinguishable.

Among all the models we consider, the digluon scalar octet Sg can be most easily
distinguished from the others. The AUC for any R; versus Ss is 90% or greater. Also
when the efficiency of Sg is 50% the acceptance efficiencies of other resonances are percent
level and vice versa. This observation emphasizes the critical role played by the nature of
the jet, whether it is composed of quarks or gluons. The easiest to distinguish resonances
are Sg and EY, in which the spin, QED charge, color structure, and initial and final states
are different. The efficiency of Ef (uu) can reach as low as 1.4% at the 50% Ss acceptance.
Although, Sg and Vg are nearly as easy to distinguish as Sg and Ef. In the case of Sg
versus Vg, the QED charges are the same but the spin, color structure, and initial and
final states are different. This indicates that in the instance of distinguishing Sg and other
resonances, factors other than the charge of the resonance are the dominating factors.

The V; acceptance efficiency at 50% E§ acceptance is significantly lower than that
at 50% Vg acceptance. The AUC for V; versus Vg is significantly lower than Vi versus

3Here the acceptance efficiency is 100% minus the rejection rate.
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Ef, as well. Similarly, the Vg efficiency at 50% E§ acceptance is significantly lower than
the V3 efficiency at 50% V7 acceptance. In all these cases, the spin is the same and the
initial and final states consist of quarks and/or antiquarks. The differences are the color
structure and for V;/Vs versus Ef the QED charge. This is a hint that the QED charge
information of the final state jets is important in distinguishing these resonances. The most
challenging case for CNN is to distinguish V; from Vg, where they are only differed by their
color structure. Because the resonances are quite heavy, the two leading jets in the final
state are almost back-to-back, so that the color interference is rather small. However, this
issue can be potentially mitigated in the hadron collider with larger center-of-mass energy,
where the produced heavy resonance can be significantly boosted.

5 Summary and conclusions

If a new resonance is discovered at a hadron collider such as the LHC, it would be ultimately
important to learn the underlying dynamics by determining its quantum numbers, such
as the spin, couplings, and gauge charges. In this paper, we studied the characteristics of
heavy resonances with a variety of spins, QED charges, and charges under the QCD color.
We discussed the rapidity distribution of the dijet system to infer the information of the
resonance coupling via the initial state partons. We presented the analytical expressions
of the polar angle distributions in the resonance rest frame for the chiral couplings of
resonances with a spin-0, 1/2, 1, 3/2, and 2, and showed that the spin of resonance can
be determined by measuring the angular distribution of its decay products. Resonances
with different color structures have different color flows, leading to distinctive radiation
patterns. We showed that the ratio of the base two-to-two dijet resonance production
and that with an additional radiation is quite powerful in distinguishing the color flow
of different resonances. Additionally, we presented analytical expressions for the hadronic
antennae patterns of various dijet resonances with an additional soft gluon radiation, clearly
showing the distinctions in these patterns. We carried out a parton level cut-based analysis
to exploit the antenna radiation patterns in figure 10 for a variety of color resonance states.
Those differences in the radiation patterns of different colored resonances can be used in
the deep-learning techniques to distinguish them from each other.

We then exploit the machine-learning techniques to improve the signal identification
and to distinguish different colored resonances, by adopting a Conventional Neural Network
(CNN). In the CNN model, the inputs are jet images and we exploit four input channels:
charged particle multiplicity and the energy depositions of positively charged, negatively
charged, and neutral particles. We study the heavy color resonance which is the most
challenging scenario, as the decaying two leading jets are almost back-to-back and the
color interference is small. We generate a 3-jet final state at the parton level with the
minimum transverse momentum to be 600, 500, and 100 GeV, respectively. The softest
parton can be an ISR or FSR. To fully make use of the radiation pattern from different
color connections, we include all the jets after showering and hadronization via Pythia for
CNN training. Our main results are shown in figure 13 and table 4, summarized as follows:
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e We find excellent performance in distinguishing Sg versus other resonances. In the
CNN model, V; (V3) efficiency at 50% Ss acceptance is 2.84 (1.77)%, which implies
a very low misidentification between the states. The performance in Ss against Ef
is even better than against Vs. When the Ef efficiency is at 50%, the Ss acceptance
is 1.40%. These small improvements probably come from the difference in charge
distribution and color structure.

o Distinguishing Ef from V; and V3 seems to be promising, as shown with 20% and
23% mis-identification acceptance, respectively.

e The most challenging channel is V; versus Vg, in which the only difference is the color
quantum number. When the V; identification efficiency is at 50%, the Vg acceptance
is only 34.9% for the CNN model. It is interesting to note that distinguishing V}
versus Ej is better than V; versus Vg. This is because we separate the positive and
negative charges in the CNN model, the difference in the charge distribution plays a
significant role in this channel.

Our study shows that machine learning techniques can play an essential role in identifying
different heavy color resonances at the LHC by exploiting the color information from the
additional QCD radiation. While in this work we use binary classification to demonstrate
the capability of machine learning techniques, a multiclass classification would be very
useful to unravel the color structure once such resonances are discovered.

Overall, we systematically studied the feasibility to determine the properties and quan-
tum numbers of a heavy resonance if observed at a hadron collider. We found encouraging
results including exploring the color structure of the events. Although we demonstrated
our results numerically at the LHC, the methodology presented here should be applicable
to other future hadron colliders.
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A Excited quark Clebsch-Gordan coefficients

Here we give the Clebsch-Gordan (CG) coefficients for the excited quark interactions in
eq. (2.2). For the triplet excited quark, the CG coefficients are proportional to the funda-

— 96 —



mental representation matrix:
K& =214 (A1)

For the color sextet excited quark the CG coefficients are

00v2 007 v/2 000
000 000 00 —2
Kg:i 00 —v/2 ngi 00@/5 Kg:i 000 (A2)
V6| o100 |’ V6|l 0—i0 |’ V6 | 100 |’
000 000 000
—100 —i00 010
0—+20 0—1i20 000
100 00 0—10
Ki— 1 [ 000 KD - 1 ooq KO- 1| v200
V6| 00—1 V6 00: V6 | 000
0v20 0—iv/20 —v/200
000 000 001
000 000
0—1i0 000
K= 1 [4v200 K8 L | 000
V6 | 000 |’ 67 2| -100
iv/200 000
00— 010

In deriving these CG coefficients, we have used sextet representation matrices of ref. [40]
The bar notation is defined as Ky, 4 = (K jé,D)T. Then obey the orthonormality
relationship

Tr Ky a KN, = 05 (A.3)

B Spin-3/2 Lagrangian

Here we summarize results on the spin-3/2 Lagrangian as can be found in refs. [51, 56—
60, 65—68, 111, 112]. Start with a general form for the free field spin 3/2 Lagrangian

L =, A", (B.1)

In order to project out the two Dirac fermions (Lorentz representations of (1/2,0) and
(0,1/2)) that live in 9*, the on-shell spinors must obey the equalities [66, 67]

'7”7/% = 3“% =0. (B.2)

Additionally, the spinors should obey the Dirac equation

(p - M) Wy, = 0. (B.3)
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The equations of motion will be
A*ap, = 0. (B.4)
The conditions in egs. (B.2) and (B.3) are invariant under the transformation
Pt = " = (g + Kyy) (B.5)

Hence, we demand the Lagrangian to be invariant under this transformation as well. It
can then be found that the most general bilinear is [66-68, 112]

B
A = (p= M) g" + A" + ") + S+ O M Ay, (B.6)
where B=3A4%2+2A+4+1,C =3A?+3A+1, and A has the transformation
A-2k
A— A= : B.
- 14+4k (B.7)

This transformation does not introduce any additional Lorentz structure to egs. (B.1)
and (B.6). The constant A is unphysical and the Rarita-Schwinger Lagrangian [65] is a
special case with A = —1.

The most general propagator is

—q T

= T (B:8)
where [57]
I =TI + (97— M) [6?\242,3?7“7” - ;TZW“V” + P 3(1]\2210“7”] . (B.9)
the propagator for the Rarita-Schwinger spin-3/2 field is
H/;{’é - (17) + M) {g”” _ ﬁpupu _ %’Y“’YV _ BLM (p””y” _ p“’y”)} ’ (B.lO)

and the constants are
1+ A A
Q= — = .
1+2A4° 1+2A

The propagator in eq. (B.9) reverts to the propagator for the Rarita-Schwinger field when

(B.11)

the particle is on-shell p? = M?2.

The general propagator can be derived using the usual Green’s function method, or
using the transformations in egs. (B.5) and (B.7). Using the transformation of v, we can
find the general propagator in terms of the Rarita-Schwinger propagator:

I = (g"p + w7"7*) Rs po (97" + K777") (B.12)
Using eq. (B.7) with A = —1 for the Rarita-Schwinger case, we can solve for the necessary
k to make this transformation:
1144
=———\ B.13
T T2 (B-13)

From this eq. (B.9) can be derived.
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The most general form for the lowest order operator that couples a spin-3/2 particle,
spin-1/2 particle, and gauge fields has the form [51, 56-60]

_ 1+
VY (9" + ZV’W”)V“T% Ky Fy,, (B.14)

where K are Clebsch-Gordan coefficients, 1 is a spin-1/2 field, F, is a gauge boson
field strength tensor, and z is a constant. For on-shell spin-3/2 resonant amplitudes, the
dependence on z will vanish. If we require that the effective interaction be invariant under
the transformation in eq. (B.5), the parameter z must have a transformation:

(B.15)

Another approach is to demand that no additional parameters in the effective interac-
tion have transformations. In this case, the interaction becomes [111, 112]:

- 1 1+
G (9 + |30 +a2) 45 2) i) e 2R R, (B.16)

where Z is an arbitrary constant that does not transform under eq. (B.5) and A is the same
constant as appears in eq. (B.6). When the spin-3/2 particle is on-shell, the parameters z, Z
cannot contribute due to the equalities in eq. (B.2). Also, using the form of the interaction
in eq. (B.16), matrix elements will be independent of the parameter A. We show this
explicitly for the resonance production by calculating the relevant helicity amplitudes in
appendix C.2.2.

Finally, we note that the combination [68] of

1
UH = gh ==y, (B.17)

is invariant under the transformation in eq. (B.5):
o s P, (B.18)

The number of spacetime dimensions is d, which we set to d = 4 in the following. This can
be used as the building block to generate the interactions of the spin-3/2 field. With this
language the effective interaction invariant under eq. (B.5) would be

1+ Y5 — 1 1+ Y5
TK%/)FZ?Q = 1/1“ (9“” - 47“711) o 5

This form was proposed by Peccei [113], and is equivalent to eq. (B.14) with the choice

@V'ya

K“F%.,. (B.19)

z = —1/4. Note that unlike eq. (B.14), no parameters in this formulation will change with
the field transformation of t,. Also, unlike eq. (B.16), eq. (B.19) is independent of the
unphysical parameter A. However, it has been argued that this choice is too restrictive for
off-shell spin-3/2 particles [112].

We can also attempt to reformulate the kinetic term in terms of the invariant combi-
nation W* in eq. (B.17). Note that even for an off-shell field we have v#W¥, = 0. Hence,
the most general Lagrangian is [68]

7 v 1 v v 3 v 1 v
Lo =T,(p—M)U* =1, [(% - M) 9" = 5 O )+ T+ MY
(B.20)
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This corresponds to choosing A = —1/2. This has the nice transformation property A =
—1/2 - A" = —1/2. However, A = —1/2 is not allowed since the propagator in eq. (B.9)
would be infinite [66, 68].

C Dijet helicity amplitudes

Helicity amplitudes are shown explicitly to illustrate the possible angular distributions for
2 — 2 processes. In generality we will label the resonances as R with mass Mz and
width I'g. For a given initial state and resonance spin, this notation will encompass all
possible color and electromagnetic charges of the resonances. Throughout, we assume the
initial state particles are massless but allow for massive final state particles. We present
the helicity amplitudes in terms of Wigner d-functions de1 j»(0) and use the conventions of
ref. [114]. All helicity amplitudes are evaluated in the partonic center of momentum frame.

Finally, we only report non-zero helicity amplitudes, i.e. any missing amplitudes are zero.

C.1 Initial color states 3 ® 3

In this section, we consider qiq} — R — QiQj, where 4,7, k,[ are the quark color indices.
Let mg be the mass of @ and m¢ be the mass of Q'. The energies of @ an Q' in the
partonic center of momentum frame are:
2 2 2 2 2 2
PO ek P O e Bk} ©1)
2/5 2v/5

respectively. The § factors, the speeds of the final state particles in the partonic c.m. frame,
are then g = |pf|/Eq and g = |py|/Eq, where py is the three momentum of one of
the final state quarks.

Finally, we only consider the dominant s-channel resonant diagrams. The helicities of
the amplitudes are in the order of M;(q;, ¢, Qk, Q))-

C.1.1 Spin-0 resonance

The non-zero helicity amplitudes are

1 \/32 — (sz — mé,)Q

MS(+,+7+’+) = _5 (1+6qq/) (1+5QQI)K KA s M2 +ZFRMR (C 2)
NG [+ )1+ B NG - \/(1 ~Bo)(1 -~ Fo NG|
2 \2
B 1 il \/82 - mQ/)
Ms(_a_7_7_) - _5 (1+5qq’) (1+5QQ K K M2 +ZF’RMR (C 3)
N [+ Bo) U+ B 1= o)1 — B G|
1 /3 = (my —mig)?
M(+,+,—,—) = 9 (1 +5qq’) (1 + 5QQ’) K KA 3 M2 +iTr Mg (C.4)

)\’R,IR
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\/§2 — (m2Q — mé,)2
1 ' K K
( +5QQ)( +5QQ) A 3 M2 +ZF'RMR

N [+ Bo) (1 + BN = /1= )1 = g N

(C.5)

l\.')\r—t

C.1.2 Spin-1 resonance

The non-zero helicity amplitudes for vector diquarks are

2_ 2 )2
k‘l\/s mQ/)

- = / K K
M8(+, .+ (1+(5qq)(1+5QQ A A—n[%—f—’LF'Rn[R

x Aot \/1+,BQ )(1+Bg) Ao +\/1 BQ)(1—Bo ) Aoy }d L(0)

\/§2—(mg2 —mZQ,)2
A—M%ﬂ-l I'rMp

(C.6)

Ms(_7+7_7+) - (1+5qq’> (1+5QQ )K KA (07)

G [V 1+B) 1+ NG (1= Bo) (L= | b, 1 (6)

\/32—(m2Q—m2Q,)2

Ms(“',—,—,"'):_(l"'éqq’) (1+5QQl)K KA g M%—FlFRMR (C8)
x)\Z’,L {\/(1+,6’Q)(1+,8Q/ QU +\/ 1-Bg)(1— ﬁQ’) QQ' }dl _1(0)
m —m2,)?
M (=, 4,4, —) = — (1+84¢) (1+0q¢) K Kkl\/ - (C.9)

475 M%+ZFRMR
X Aot W(1+5Q)(1+5Q, Ao /(1= ) (1- ,BQ/)/\SQL,]dlLl(Q)

There are also amplitudes that vanish when both final state quarks are massless:

2 \2
1 kl\/ —mgy)
o ) = , Nl
Ms(‘h y Ty ) \/§(1+6 )(1+5QQ K K M2 —|—ZPRMR (C O)
NG | Bl (U= B NG+ (1= o)1+ B | dhofe)
1 /8 — (mgy —my)?
A [ B (T4 BN + ¢ + o)1~ B dLo(6)
1 kl mQ méy)?
< [Va e+ ﬁQ’))‘SQL’ + %(1 +80) (1~ BN | dio(6)
A 2 2 \2
1 a8 — (md —md)
_ - )= / / £ 1
Ms( 7+7 ’ ) ﬁ(1+5qq)(1+6QQ)K2]KA §_M72g+7/PRMR (C 3)
O [V B = o + 1= B+ B) G | dLi(0)

where 6 is the angle between ¢ and @) in the resonance rest frame.
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C.2 Initial color states 3 X 8

In this section, we consider ¢;¢g* — R — ngB , where i,j are the quark color indices
and A, B are the gluon color indices. For generality, the final state quark is allowed to
be massive with mass mg. Then, the energies of the final state quark and gluon in the

partonic center of momentum frame are, respectively,

54+ m? §—m?2

Q Q
E = s and E = 014
< 2\/§ g 2\/§ ( )

The S factor is then § = (8 —mg)/(8 +m3).

The helicities of the amplitudes are in the order of M/(g;, g, Qj, g®). In the following
0 is the angle between the initial state quark ¢ and final state quark (). Additionally, initial
state couplings are denoted with a subscript ¢ and final state couplings with f.

C.2.1 Spin-1/2 resonance

We calculate the dominant s-channel resonant contributions. The non-zero helicity ampli-

tudes are

g% §(§ —m%)

= 8(KpK*)’,55

x 41/2
)‘Z?R)‘}?R d—/1/2,—1/2(9) (C.15)

AR dU2 L 0(0). (C.16)

2 N 2
— g 5(8 —mg)
My(—,—,—,—) = 8(KpK4y 55 N /2,12

TA25 - M2 +iTrMg
g% Mpv/3(8 —m)
TA23— M2 +iTrMg

g2 MpV3E(5—md)
ds R Q
_ = 8(KpK*4) .25

Ms(—,—,+,+) (K )2A2§_M72z+iFRMR

Ms(+a +, =, _) = S(FBKA)]

MRARL Yl 0(0)  (C.17)

x 71/2
AT Rd s 1 p(0)  (C18)

C.2.2 Spin-3/2 resonance

For the spin-3/2 calculation, we use the general propagator in eqs. (B.8) and (B.9) and
the parameterization of the effective interaction in eqs. (2.2) and (B.14). The helicity
amplitudes for s-channel sextet/triplet spin-3/2 fermion that survive when the resonance
is on-shell and the final state quark is massless are

Mhmtom) = 53 (RprA) — QRQ”}?QMR FaA s s(6)  (C19)
Ms(=+,—,+) = i% (FBKA)j e ;4(2:_71%2 MRAZ'?L)‘?E d3—/32/2,—3/2(0) (C.20)
M(+,— = +) = i% (FBKA)j igjléfﬁfffi}:%;)‘f}z)‘?z dyja _sp(0)  (C21)
My(=+,+,—) = 19{292 (Kprt)’ z‘gMz\ffiF:%;R/\&)\ﬁ} 02 55(0) (C22)
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There are also a set of helicity amplitudes for s-channel spin-3/2 particles that vanish
when the resonance is on-shell:

102 (= oayi B—MR)(E—md) 3 <1+4z) 12
s s Ty T =5 (KK AN . )\ A d 0
M(+,+,+,+) 3A2< B > §—MZ+ilTgr Mg M3 \1+2A —1/2,— 1/2()
(C.23)
163 (o oayi B—MR)(5-—md) s <1+4z) 12
s\TH T T T ) T 5 h e KpK N )\ )\ Td 0
M ( ) 3A2( B ) S—MR‘HPRMRM% 142A f.L 1/21/2( )
(C.24)
M+, 4, — _):_Eﬁ(FBKA)J‘ (3-MR)(3-mj) V3 (1+4z>2
R 342 S=MZ+iTr Mg Mg \1+24
1142Am
R R+ _ - - T4ATHQ 'R* 1/2
N ( FLT 9T 4z My )d1/2,1/2(9> (C.25)

M(=—+ +):_3ﬁ(FBKA)j (8-Mp)(3-mg) V3 (1+4z>2
s s T T ’LA*M.]%/+ZFRMR MR 1124

11+2AmQ 'R* 1/2

Finally, for the s-channel there are also amplitudes that vanish when the final state
quark is massless:

Ms(+,—,+,+)=\}§7é(KBKA)] ”zQ]\];RHFR;Q} NRARG Y ,(0)  (C.27)
Ms(—,+,—,—)=\}§7é(KBKA)J mQ]\%RfZ_Fm]@) NENFR A2, ,(6)  (C28)
Ms(+,—7—,—)—\1[7é(KBKA)] mQ‘[S;FZ% NENFR D2 ,(0)  (C29)
M) = S (i), O g i, ) (0

For completeness, and to investigate dependence on the unphysical parameter A, for
spin-3/2 we also provide the t-channel amplitudes:

1g% /— j t—M2) 5 /1+4
Mt(+7_7+7_):§gi<KAKB)] E mQ)( R) i ( i Z) )\ )\fRd3/2 (9)

A? "I-ME+iTr Mg M3 \1+2A 3/2:3/2
(C.31)
163 (— 5\ B-mp)(E-Mg) 3 (1+4z> 3/2
) =2 B (R AR
M=+ =)= g5 (Rak?) o 3+ 1T Mg MG \T424) AN EEy2m02(0)
(C.32)
2 i MpyE(3—md)
_9s BY/ R Q 3/2
My, == 4) =35 (EaK”) AT+ bom NENFL 32 5(6) (C.33)
2 MrV/3(5—m2)
M=) = 35 (Kak”) i N NRR Y 5 5(6) (C.34)

f—M2Z+iT'r Mg
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2 al(a_1n2
9% [— j 5(8—mg) 1/
My, +,+4) = 35 (KaK”) T F‘;M MR AR d 2, 5(0) (C.35)
2 a(a_ 12
%% (g e\ 36-mg) 12
M= == =) =35 (KakP) i M% T AL 30(0) (C.36)
My(+,+,—,—) _igg< ) (8—m)(i— MR)\P(1+4z>2
n 3v/3 A2 M2 +ilg Mg Mg \1+24
11+2Am
R [ \Rx mg R* 3/2
X A (AfL T )dl/wﬂ(e) (C.37)
My(rop )= 2 @<— KB)j'(S_mQ)(t_M%) Vs <1+4z>2
noh 3v/3 A2 M2 +iTg Mg Mg \1+24
1142Am
R \Rx Q \Rx\ ;3/2
A (Ava_z 114z Mg ! L) d1y2,3/2(0), (C.38)

where { = —(5 — mQQ)(l +cosf)/2. As with the s-chanel diagrams, the ¢-channel diagrams
also have a set of amplitudes that go to zero if the final state quark is massless:

2g57
—) = VF(KK

x A\ (A}?;

B)j (A§—M¢%)(£_M72z) mg (1+4z)2
t— M2 +iTrMg Mg \1+2A

My(+,+,+

21+42z My Z1/2,3/2(0) (C.39)

2 g8 (% KB)j (8- MQ)(t —M%)mQ <1+4z)2
3v/3 A2 "t~ MZ +ilrMp Mg \14+2A

« 11+2Am % 3/2
X )\Z?L ()\?R 2 1 +4Z Mi ?L) d1§27—3/2(0> (040)

1 g% /— i moMp(5§—m
7973<KA B)]_A Q R( Q)
\/§A2 _M722+ZF’RM
e Mo (3
(K KB) QMr (3 — ))\ AR 2
— M3 +iTrMzg 3/2,1/2
1 — i (8 —mp)(t— M 5 /14+42\2
M= ——) = 55 (R KB)ZE Q) R)mQ;/g< Hiz)
3v3A — M% +iTpMr M3E \1+2A
3/2
X ALRAT d3?21/2() (C.43)
(5 )(AM%)mQ\/E(1+4z>2
fAQ "ML +iTpMr M} \1+2A4
3/2
X)‘ >‘ d/3/2—1/2(9) (C.44)
There are a few things to note about these amplitudes. First, if we go into the regime

where the resonance is on-shell (§ = M%), all dependence on the parameter z in the effective
interaction disappears. Even if we go into the unphysical regime ¢ = M%, the dependence

Mt(_v ) +)

Mt(+7 ) +7 +) = )\Z RA,R* d3/2 1/2(0) (041)

3/2,—

Mt(_7 +7 _a _)

f 5 ) (C42)

Mi(=,+,+,4) = 95 (Rak )

on z disappears.

Now consider the off-shell regime. There seems to be a problem that the amplitudes
appear to depend on the unphysical parameter A from the propagator. However, what is
demanded is that the physical amplitudes are invariant underneath the transformation in
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eq. (B.5). As shown above, this results in the transformations of the parameters z and A
as given in egs. (B.7) and (B.15). Using these transformations, it can be shown that

1+4z 14+47

= ) A4
1+42A 1424 (C.45)

That is, all the amplitudes are invariant under the transformation in eq. (B.5). However,
the particular value of z becomes scheme-dependent.

On the other hand, we can consider the effective interaction formulation in eq. (B.16).
This formulation is explicitly invariant under the transformations in egs. (B.5) and (B.7).
The two formulations can be identified by

1
z:§(1+4Z)—|—Z. (C.46)
Then we find
1+4z
=14+47. 4
1124 7 (C.47)

That is, using the interaction in eq. (B.16), all dependence on the unphysical parameter A
disappears from all of the amplitudes.

Finally, we could use the formulation of the effective interaction in eq. (B.19). As
stated in the discussion of that equation, this is equivalent to the choice z = —1/4. With
this choice, all dependence of the amplitudes on the unphysical parameter A vanishes.
However, man of the off-shell helicity amplitues would vanish as well.

C.3 Initial color states 8 X 8

Now we consider the scattering ¢g%¢® — R — ¢%g¢”, where A, B,C, D label the gluon
color indices. All initial and final state particles are massless in this case. Hence, in the
partonic center of momentum, the individual particle energies are \/§/ 2. The helicities

ABCD).

of the amplitudes are in the order Mg(g9*,9”,9%, g We only provide the dominant

s-channel resonance amplitudes.
C.3.1 Spin-0 resonance
The non-zero amplitudes are

§2

92 /$2
M(+,+,+, +) = 4755 qABEOPE

C.48
AZ §— M2Z +il'grMg ( )
Q?q"ﬂ% ABE ;CDE 8
Ly 49"sy d C.49
Mi(=, = =) AZ §— MZ +iTrMg (€49
g%’fg ABE ;CDE 8
9?9"% ABE ;CDE 8
o _ 4 98K5 d C.51
Ms( ) 7+’+) A% §—1\4%+’LFRMR ( )

— 35 —



C.3.2 Spin-2 resonance

The non-zero helicity amplitudes that survive when the resonance is on-shell are

a2

2.2
9SKT ;ABE ;CDE S 2
— —) = =5=d d ds 5(0 C.52
Ms(—,+,—,+) = 98KT yaBE DB & 25 _5(0) (C.53)
o AZ §— M3 +ilgMg 72 '
Mot == 4) = B55T gaprgepe ¢ d3_,(0) (C.54)
s A2 §— M +iTrMg >72 '
Ma(er ) = S55T gapi e ¢ d? 5 5(6) (C.55)
oy A2 §— M3 +iTrMg —*? ‘
There are four amplitudes that vanish when the resonance is on-shell:
1 93K7 apE cDE 2 (8 +2Mg)(5 — M) &
— =) = ==5=d d 1+4 C.56
Mol 4= 7) 6 A2 (1+4f) §— M3 +iTrMr Mz (C.36)
1 93K7 apE cDE 2 (8+2Mg)(5 — M3) &
- = =_-=2_2d d 144 C.57
Ms(= =+ 4) 6 A2 (L+47) §— ME +iTrMgr Mp (C.57)
1 g% K2 o (3+2M2)(3— M3) 82
M(4, +, 4, +) = 25 LgABEGOPE (1 4 4 R R C.58
st ) =577 WA 02 +itpate g (58
1 93K7 apE cDE 2 (8+2Mg)(5 — MR) &
Ms(—,—, —,—) = ==25-d d 144 — - C.59
ol =5 AZ, A+4) §— ME +iTrMgr Mj (C59)

Note that when the resonance is on-shell § = M% all dependence on f vanishes, as expected.

C.4 [Initial color states 3 ® 3

We consider the scattering ¢;q, — R — QZQ% through color octet and singlet scalars,
where j, k,l,n label the quark color indices. The helicities of the amplitudes are in the
order M;(q;, g, Qi Q). The amplitudes for the color octets are given. The color singlet
amplitudes can be found with the replacement Tl? — 045

In all amplitudes @ is the angle between the initial state quark ¢ and final state quark
(). The subscript 7 on the couplings indicates the initial state and f the final state.

C.4.1 Neutral spin-1 resonance

For the neutral vector, we allow the final state particles to be massive but have equal
masses mg. For the color octet, the non-zero helicity amplitudes that survive for massless

final state particles are:

A

S
— M3 +iTrMg

1 4m? 1 4m?
XQZ?RIQQ}?R(l_‘_ 1- §Q)+293‘?L(1_ 1- §Q di 1(6)

M;(+, =+, =) = 268 T Tin (C.60)
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A

S

Ms(=,+,—,+) —QgSTkJTlnA T ME T iTrlin (C.61)
x g, %93& (1+ 1- 4?Q)+;gﬁ (1 1—4?6)] -, (0)
Mt == ) = <2 T T e (C62)
o | LR, (1+ 1—4’;’%)@9%(1— 1—4”;5?)] 40
My(= 4, =) = 23 T T 5 (C.63)

M2 +ZFRMR

1 = Amg\ 1 0

The amplitudes that vanish for massless final state quarks are

W~
3

R
X 9;.L

mQV's 1
M= +,4) = V2B T - T Tl 0% (972 + ) dio(0)  (C64)
Ml ) = VARTAT —MVE (9FL +9Fr) dLio(0)  (C.65)
s y T T S tkj lnA M2+ZF M i, L f,L R 1,0

mQV/'s R (R R\
M(+,—,—,—) = fgSTk]ﬂnA M2+1FRMRQ”R (gf,L+9f,R) dyo(0) (C.66)

mQV' R R\l
Ms(_a+7+a+) \[gSTk]TYln 3 MQ 1+ iTr Mg gzL(.gf,L"_gf,R) d—l,O(G) (067)

C.4.2 Charged spin-1 resonance

For the charged spin 1-resonance we allow the final state particles to have different masses.
Their energies are then
8+ mg —my §+mg —mg

Q
Fg=——FFF—F—"—, and Eg = —F——=. C.68
Q 2\/; Q 2\/§ ( )

The 3 factors (speed in the partonic center of momenutm frame) are g = |py|/Eg and
Bo = |psl/Eq/, where py is the three momentum of one of the final state quarks. We
provide amplitudes for when the quarks are up-type and the anti-quarks down-type.

The non-zero helicity amplitudes are then that survive in the zero quark mass limit are

2 2 2 \2
2 A A\/s _(mQ_mQ’) R [yOKM
Ms(+7_7+7_) :gSTkj,Tln 3 MQ T iTRr Mg C qu (C69)
< (14 Bo) L+ B ) CRAVERY ™ + (1= Bo) (1~ 5o CRIVESY " ) 10
52 — (m2 — m2,)?
Q Q
M(—,+,—,+) = 2T T v R vEEM (C.70)
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< (V+ B+ B CRiVESY  + (1= o) (L= ) CTAVESY™) di1(6)

R yOKM (C.72)

Ms(_a+v+a _) = _g?‘S’TI;;T‘lﬁ 5 —

< (O Bo) 1+ B CRRVESS ™ + /(1= Bo)(1 = B ) CRAVERY ™) db1,(6)

There are also amplitudes that vanish when both final state quarks are massless (g =

B =1):

A A\/S2 m —miy)? R 1 CKM
Ms(+, =+, +) = —ﬁgSTk] L Vs vy CrRVE sl (C.73)

< (VU+ )1 = B CRRVESY + /1= o)1+ 5o CRVESY™) dhol6)
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2 2
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2 2
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< (V4 Bo) (L= B ) CRAVERY ™ + (1= Ba) 1+ 5o CRIVESY ) dLs(®)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] T. Han, I. Lewis and Z. Liu, Colored Resonant Signals at the LHC: Largest Rate and
Simplest Topology, JHEP 12 (2010) 085 [arXiv:1010.4309] [INSPIRE].

[2] CMS collaboration, Search for high mass dijet resonances with a new background prediction
method in proton-proton collisions at \/s = 13 TeV, JHEP 05 (2020) 033
[arXiv:1911.03947] [INSPIRE].

[3] CMS collaboration, Search for dijet resonances using events with three jets in proton-proton
collisions at s=13TeV, Phys. Lett. B 805 (2020) 135448 [arXiv:1911.03761] INSPIRE].

— 38 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP12(2010)085
https://arxiv.org/abs/1010.4309
https://inspirehep.net/literature/873674
https://doi.org/10.1007/JHEP05(2020)033
https://arxiv.org/abs/1911.03947
https://inspirehep.net/literature/1764471
https://doi.org/10.1016/j.physletb.2020.135448
https://arxiv.org/abs/1911.03761
https://inspirehep.net/literature/1764796

[4]

[10]

[11]

[13]

[14]

[15]

[16]

J.R. Ellis, V.A. Khoze and W.J. Stirling, Hadronic antenna patterns to distinguish
production mechanisms for large E(T ) jets, Z. Phys. C' 75 (1997) 287 [hep-ph/9608486]
[INSPIRE].

J. Gallicchio and M.D. Schwartz, Seeing in Color: Jet Superstructure, Phys. Rev. Lett. 105
(2010) 022001 [arXiv:1001.5027] [INSPIRE].

A. Hook, M. Jankowiak and J.G. Wacker, Jet Dipolarity: Top Tagging with Color Flow,
JHEP 04 (2012) 007 [arXiv:1102.1012] [INSPIRE].

J.H. Kim et al., Portraying Double Higgs at the Large Hadron Collider, JHEP 09 (2019)
047 [arXiv:1904.08549] [INSPIRE].

A. Chakraborty, S.H. Lim and M.M. Nojiri, Interpretable deep learning for two-prong jet
classification with jet spectra, JHEP 07 (2019) 135 [arXiv:1904.02092] [INSPIRE].

DO collaboration, Measurement of Color Flow in tt Events from pp Collisions at
Vs =1.96 TeV, Phys. Rev. D 83 (2011) 092002 [arXiv:1101.0648] [INSPIRE].

ATLAS collaboration, Measurement of colour flow with the jet pull angle in tt events using
the ATLAS detector at /s =8 TeV, Phys. Lett. B 750 (2015) 475 [arXiv:1506.05629]
[INSPIRE].

ATLAS collaboration, Measurement of colour flow using jet-pull observables in tt events
with the ATLAS experiment at \/s = 13 TeV, Eur. Phys. J. C 78 (2018) 847
[arXiv:1805.02935] [INSPIRE].

ATLAS collaboration, Measurement of jet substructure in boosted tt events with the ATLAS
detector using 140 fb=1 of 13 TeV pp collisions, ATLAS-CONF-2023-027 (2023) [NSPIRE].

S.D. Ellis, R. Kleiss and W.J. Stirling, W’s, Z’s and Jets, Phys. Lett. B 154 (1985) 435
[INSPIRE].

C. Englert, T. Plehn, P. Schichtel and S. Schumann, Jets plus Missing Energy with an
Autofocus, Phys. Rev. D 83 (2011) 095009 [arXiv:1102.4615] InSPIRE].

C. Englert, T. Plehn, P. Schichtel and S. Schumann, Establishing Jet Scaling Patterns with
a Photon, JHEP 02 (2012) 030 [arXiv:1108.5473] [InSPIRE].

E. Gerwick, T. Plehn and S. Schumann, Understanding Jet Scaling and Jet Vetos in Higgs
Searches, Phys. Rev. Lett. 108 (2012) 032003 [arXiv:1108.3335] [INSPIRE].

A. Chakraborty et al., Monojet Signatures from Heavy Colored Particles: Future Collider
Sensitivities and Theoretical Uncertainties, Fur. Phys. J. C 78 (2018) 679
[arXiv:1805.05346] [INSPIRE].

A. Atre, R.S. Chivukula, P. Ittisamai and E.H. Simmons, Distinguishing Color-Octet and
Color-Singlet Resonances at the Large Hadron Collider, Phys. Rev. D 88 (2013) 055021
[arXiv:1306.4715] [INSPIRE].

R. Sekhar Chivukula, P. Ittisamai and E.H. Simmons, Distinguishing flavor nonuniversal
colorons from Z’ bosons at the LHC, Phys. Rev. D 91 (2015) 055021 [arXiv:1406.2003]
[INSPIRE].

R. Sekhar Chivukula, E.H. Simmons and N. Vignaroli, Distinguishing dijet resonances at
the LHC, Phys. Rev. D 91 (2015) 055019 [arXiv:1412.3094] [INSPIRE].

R.S. Chivukula, P. Ittisamai, K. Mohan and E.H. Simmons, Color discriminant variable and
scalar diquarks at the LHC, Phys. Rev. D 92 (2015) 075020 [arXiv:1507.06676] [INSPIRE].

-39 —


https://doi.org/10.1007/s002880050472
https://arxiv.org/abs/hep-ph/9608486
https://inspirehep.net/literature/422756
https://doi.org/10.1103/PhysRevLett.105.022001
https://doi.org/10.1103/PhysRevLett.105.022001
https://arxiv.org/abs/1001.5027
https://inspirehep.net/literature/844004
https://doi.org/10.1007/JHEP04(2012)007
https://arxiv.org/abs/1102.1012
https://inspirehep.net/literature/888828
https://doi.org/10.1007/JHEP09(2019)047
https://doi.org/10.1007/JHEP09(2019)047
https://arxiv.org/abs/1904.08549
https://inspirehep.net/literature/1730399
https://doi.org/10.1007/JHEP07(2019)135
https://arxiv.org/abs/1904.02092
https://inspirehep.net/literature/1727968
https://doi.org/10.1103/PhysRevD.83.092002
https://arxiv.org/abs/1101.0648
https://inspirehep.net/literature/883129
https://doi.org/10.1016/j.physletb.2015.09.051
https://arxiv.org/abs/1506.05629
https://inspirehep.net/literature/1376945
https://doi.org/10.1140/epjc/s10052-018-6290-2
https://arxiv.org/abs/1805.02935
https://inspirehep.net/literature/1672147
https://inspirehep.net/literature/2667899
https://doi.org/10.1016/0370-2693(85)90425-3
https://inspirehep.net/literature/212931
https://doi.org/10.1103/PhysRevD.83.095009
https://arxiv.org/abs/1102.4615
https://inspirehep.net/literature/890558
https://doi.org/10.1007/JHEP02(2012)030
https://arxiv.org/abs/1108.5473
https://inspirehep.net/literature/925550
https://doi.org/10.1103/PhysRevLett.108.032003
https://arxiv.org/abs/1108.3335
https://inspirehep.net/literature/924237
https://doi.org/10.1140/epjc/s10052-018-6149-6
https://arxiv.org/abs/1805.05346
https://inspirehep.net/literature/1673173
https://doi.org/10.1103/PhysRevD.88.055021
https://arxiv.org/abs/1306.4715
https://inspirehep.net/literature/1239354
https://doi.org/10.1103/PhysRevD.91.055021
https://arxiv.org/abs/1406.2003
https://inspirehep.net/literature/1299675
https://doi.org/10.1103/PhysRevD.91.055019
https://arxiv.org/abs/1412.3094
https://inspirehep.net/literature/1333399
https://doi.org/10.1103/PhysRevD.92.075020
https://arxiv.org/abs/1507.06676
https://inspirehep.net/literature/1384785

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[37]

[38]

[39]

[40]

R.S. Chivukula, K.A. Mohan, D. Sengupta and E.H. Simmons, Characterizing boosted dijet
resonances with energy correlation functions, JHEP 03 (2018) 133 [arXiv:1710.04661]
[INSPIRE].

L. de Oliveira et al., Jet-images — deep learning edition, JHEP 07 (2016) 069
[arXiv:1511.05190] [NSPIRE].

Y .-C.J. Chen, C.-W. Chiang, G. Cottin and D. Shih, Boosted W and Z tagging with jet
charge and deep learning, Phys. Rev. D 101 (2020) 053001 [arXiv:1908.08256] [INSPIRE].

X. Ju and B. Nachman, Supervised Jet Clustering with Graph Neural Networks for Lorentz
Boosted Bosons, Phys. Rev. D 102 (2020) 075014 [arXiv:2008.06064| INSPIRE].

L.G. Almeida et al., Playing Tag with ANN: Boosted Top Identification with Pattern
Recognition, JHEP 07 (2015) 086 [arXiv:1501.05968] [INSPIRE].

F.A. Dreyer and H. Qu, Jet tagging in the Lund plane with graph networks, JHEP 03
(2021) 052 [arXiv:2012.08526] INSPIRE].

S. Gong et al., An efficient Lorentz equivariant graph neural network for jet tagging, JHEP
07 (2022) 030 [arXiv:2201.08187] [INSPIRE].

ATLAS collaboration, Performance of b-Jet Identification in the ATLAS Experiment, 2016
JINST 11 P04008 [arXiv:1512.01094] [INSPIRE].

Y. Nakai, D. Shih and S. Thomas, Strange Jet Tagging, arXiv:2003.09517 [INSPIRE].

J. Cogan, M. Kagan, E. Strauss and A. Schwarztman, Jet-Images: Computer Vision
Inspired Techniques for Jet Tagging, JHEP 02 (2015) 118 [arXiv:1407.5675] [INSPIRE].

P.T. Komiske, E.M. Metodiev and M.D. Schwartz, Deep learning in color: towards
automated quark/gluon jet discrimination, JHEP 01 (2017) 110 [arXiv:1612.01551]
[INSPIRE].

J.C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys. Rev. D 10 (1974) 275
[INSPIRE].

R.N. Mohapatra and R.E. Marshak, Local B-L Symmetry of Electroweak Interactions,
Magjorana Neutrinos and Neutron Oscillations, Phys. Rev. Lett. 44 (1980) 1316 [Erratum
ibid. 44 (1980) 1643] [(NSPIRE].

J.A.L. Hewett and T.G. Rizzo, Low-Energy Phenomenology of Superstring Inspired E(6)
Models, Phys. Rept. 183 (1989) 193 [iNSPIRE].

Z. Chacko and R.N. Mohapatra, Supersymmetric SU(2)-L © SU(2)-R x SU(4)-c and
observable neutron - anti-neutron oscillation, Phys. Rev. D 59 (1999) 055004
[hep-ph/9802388] [INSPIRE].

S. Atag, O. Cakir and S. Sultansoy, Resonance production of diquarks at the CERN LHC,
Phys. Rev. D 59 (1999) 015008 [NSPIRE].

R. Barbier et al., R-parity violating supersymmetry, Phys. Rept. 420 (2005) 1
[hep-ph/0406039] [INSPIRE].

K.S. Babu, R.N. Mohapatra and S. Nasri, Unified TeV Scale Picture of Baryogenesis and
Dark Matter, Phys. Rev. Lett. 98 (2007) 161301 [hep-ph/0612357] INSPIRE].

T. Han, I. Lewis and T. McElmurry, QCD Corrections to Scalar Digquark Production at
Hadron Colliders, JHEP 01 (2010) 123 [arXiv:0909.2666] [INSPIRE].

40 —


https://doi.org/10.1007/JHEP03(2018)133
https://arxiv.org/abs/1710.04661
https://inspirehep.net/literature/1630642
https://doi.org/10.1007/JHEP07(2016)069
https://arxiv.org/abs/1511.05190
https://inspirehep.net/literature/1405106
https://doi.org/10.1103/PhysRevD.101.053001
https://arxiv.org/abs/1908.08256
https://inspirehep.net/literature/1750617
https://doi.org/10.1103/PhysRevD.102.075014
https://arxiv.org/abs/2008.06064
https://inspirehep.net/literature/1811770
https://doi.org/10.1007/JHEP07(2015)086
https://arxiv.org/abs/1501.05968
https://inspirehep.net/literature/1341037
https://doi.org/10.1007/JHEP03(2021)052
https://doi.org/10.1007/JHEP03(2021)052
https://arxiv.org/abs/2012.08526
https://inspirehep.net/literature/1836842
https://doi.org/10.1007/JHEP07(2022)030
https://doi.org/10.1007/JHEP07(2022)030
https://arxiv.org/abs/2201.08187
https://inspirehep.net/literature/2014148
https://doi.org/10.1088/1748-0221/11/04/P04008
https://doi.org/10.1088/1748-0221/11/04/P04008
https://arxiv.org/abs/1512.01094
https://inspirehep.net/literature/1407952
https://arxiv.org/abs/2003.09517
https://inspirehep.net/literature/1787454
https://doi.org/10.1007/JHEP02(2015)118
https://arxiv.org/abs/1407.5675
https://inspirehep.net/literature/1307242
https://doi.org/10.1007/JHEP01(2017)110
https://arxiv.org/abs/1612.01551
https://inspirehep.net/literature/1501944
https://doi.org/10.1103/PhysRevD.10.275
https://inspirehep.net/literature/89207
https://doi.org/10.1103/PhysRevLett.44.1316
https://inspirehep.net/literature/152192
https://doi.org/10.1016/0370-1573(89)90071-9
https://inspirehep.net/literature/268529
https://doi.org/10.1103/PhysRevD.59.055004
https://arxiv.org/abs/hep-ph/9802388
https://inspirehep.net/literature/467447
https://doi.org/10.1103/PhysRevD.59.015008
https://inspirehep.net/literature/481170
https://doi.org/10.1016/j.physrep.2005.08.006
https://arxiv.org/abs/hep-ph/0406039
https://inspirehep.net/literature/651654
https://doi.org/10.1103/PhysRevLett.98.161301
https://arxiv.org/abs/hep-ph/0612357
https://inspirehep.net/literature/735729
https://doi.org/10.1007/JHEP01(2010)123
https://arxiv.org/abs/0909.2666
https://inspirehep.net/literature/831292

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

E. Arik, O. Cakir, S.A. Cetin and S. Sultansoy, A Search for vector diquarks at the CERN
LHC, JHEP 09 (2002) 024 [hep-ph/0109011] [NSPIRE].

O. Cakir and M. Sahin, Resonant production of diquarks at high energy pp, ep and eTe™
colliders, Phys. Rev. D 72 (2005) 115011 [hep-ph/0508205] [INSPIRE].

E.L. Berger et al., Color Sextet Scalars in Early LHC Experiments, Phys. Rev. Lett. 105
(2010) 181802 [arXiv:1005.2622] [INSPIRE].

H. Zhang et al., Color Sextet Vector Bosons and Same-Sign Top Quark Pairs at the LHC,
Phys. Lett. B 696 (2011) 68 [arXiv:1009.5379] [INSPIRE].

S. Cullen, M. Perelstein and M.E. Peskin, TeV strings and collider probes of large extra
dimensions, Phys. Rev. D 62 (2000) 055012 [hep-ph/0001166] [INSPIRE].

P. Burikham, T. Figy and T. Han, TeV-scale string resonances at hadron colliders, Phys.
Rev. D 71 (2005) 016005 [Erratum ibid. 71 (2005) 019905] [hep-ph/0411094] [INSPIRE].

L.A. Anchordoqui, H. Goldberg and T.R. Taylor, Decay widths of lowest massive Regge
excitations of open strings, Phys. Lett. B 668 (2008) 373 [arXiv:0806.3420] INSPIRE].

L.A. Anchordoqui et al., Dijet signals for low mass strings at the LHC, Phys. Rev. Lett.
101 (2008) 241803 [arXiv:0808.0497] [INSPIRE].

Z. Dong, T. Han, M.-X. Huang and G. Shiu, Top Quarks as a Window to String
Resonances, JHEP 09 (2010) 048 [arXiv:1004.5441] [INSPIRE].

J.H. Kim and .M. Lewis, Loop Induced Single Top Partner Production and Decay at the
LHC, JHEP 05 (2018) 095 [arXiv:1803.06351] [INSPIRE].

H. Alhazmi, J.H. Kim, K. Kong and .M. Lewis, Shedding Light on Top Partner at the
LHC, JHEP 01 (2019) 139 [arXiv:1808.03649] [INSPIRE].

J.C. Criado and M. Perez-Victoria, Vector-like quarks with non-renormalizable interactions,
JHEP 01 (2020) 057 [arXiv:1908.08964] [INSPIRE].

A. Belyaev et al., Vectorlike top quark production via a chromomagnetic moment at the
LHC, Phys. Rev. D 104 (2021) 095024 [arXiv:2107.12402] [INSPIRE].

B. Hassanain, J. March-Russell and J.G. Rosa, On the possibility of light string resonances
at the LHC and Tevatron from Randall-Sundrum throats, JHEP 07 (2009) 077
[arXiv:0904.4108] [INSPIRE].

B. Moussallam and V. Soni, Production of Heavy Spin 3/2 Fermions in Colliders, Phys.
Rev. D 39 (1989) 1883 [INSPIRE].

W.J. Stirling and E. Vryonidou, Effect of spin-3/2 top quark excitation on tt production at
the LHC, JHEP 01 (2012) 055 [arXiv:1110.1565] [INSPIRE].

D.A. Dicus, D. Karabacak, S. Nandi and S.K. Rai, Search for spin-3/2 quarks at the Large
Hadron Collider, Phys. Rev. D 87 (2013) 015023 [arXiv:1208.5811] [INSPIRE].

N.D. Christensen et al., Simulating spin—% particles at colliders, Eur. Phys. J. C' 73 (2013)
2580 [arXiv:1308.1668] [INSPIRE].

K. Hagiwara, K. Mawatari and Y. Takaesu, HELAS and MadGraph with spin-3/2 particles,
Eur. Phys. J. C 71 (2011) 1529 [arXiv:1010.4255] [INSPIRE].

C.J.C. Burges and H.J. Schnitzer, Virtual Effects of Fxcited Quarks as Probes of a Possible
New Hadronic Mass Scale, Nucl. Phys. B 228 (1983) 464 [INSPIRE].

_41 -


https://doi.org/10.1088/1126-6708/2002/09/024
https://arxiv.org/abs/hep-ph/0109011
https://inspirehep.net/literature/562291
https://doi.org/10.1103/PhysRevD.72.115011
https://arxiv.org/abs/hep-ph/0508205
https://inspirehep.net/literature/690283
https://doi.org/10.1103/PhysRevLett.105.181802
https://doi.org/10.1103/PhysRevLett.105.181802
https://arxiv.org/abs/1005.2622
https://inspirehep.net/literature/855596
https://doi.org/10.1016/j.physletb.2010.12.005
https://arxiv.org/abs/1009.5379
https://inspirehep.net/literature/871152
https://doi.org/10.1103/PhysRevD.62.055012
https://arxiv.org/abs/hep-ph/0001166
https://inspirehep.net/literature/523066
https://doi.org/10.1103/PhysRevD.71.019905
https://doi.org/10.1103/PhysRevD.71.019905
https://arxiv.org/abs/hep-ph/0411094
https://inspirehep.net/literature/663727
https://doi.org/10.1016/j.physletb.2008.09.003
https://arxiv.org/abs/0806.3420
https://inspirehep.net/literature/788828
https://doi.org/10.1103/PhysRevLett.101.241803
https://doi.org/10.1103/PhysRevLett.101.241803
https://arxiv.org/abs/0808.0497
https://inspirehep.net/literature/792299
https://doi.org/10.1007/JHEP09(2010)048
https://arxiv.org/abs/1004.5441
https://inspirehep.net/literature/853641
https://doi.org/10.1007/JHEP05(2018)095
https://arxiv.org/abs/1803.06351
https://inspirehep.net/literature/1663362
https://doi.org/10.1007/JHEP01(2019)139
https://arxiv.org/abs/1808.03649
https://inspirehep.net/literature/1686746
https://doi.org/10.1007/JHEP01(2020)057
https://arxiv.org/abs/1908.08964
https://inspirehep.net/literature/1750885
https://doi.org/10.1103/PhysRevD.104.095024
https://arxiv.org/abs/2107.12402
https://inspirehep.net/literature/1893566
https://doi.org/10.1088/1126-6708/2009/07/077
https://arxiv.org/abs/0904.4108
https://inspirehep.net/literature/818817
https://doi.org/10.1103/PhysRevD.39.1883
https://doi.org/10.1103/PhysRevD.39.1883
https://inspirehep.net/literature/282400
https://doi.org/10.1007/JHEP01(2012)055
https://arxiv.org/abs/1110.1565
https://inspirehep.net/literature/930988
https://doi.org/10.1103/PhysRevD.87.015023
https://arxiv.org/abs/1208.5811
https://inspirehep.net/literature/1182525
https://doi.org/10.1140/epjc/s10052-013-2580-x
https://doi.org/10.1140/epjc/s10052-013-2580-x
https://arxiv.org/abs/1308.1668
https://inspirehep.net/literature/1247064
https://doi.org/10.1140/epjc/s10052-010-1529-6
https://arxiv.org/abs/1010.4255
https://inspirehep.net/literature/873476
https://doi.org/10.1016/0550-3213(83)90555-2
https://inspirehep.net/literature/13365

[61] P.H. Frampton and S.L. Glashow, Chiral Color: An Alternative to the Standard Model,
Phys. Lett. B 190 (1987) 157 [INSPIRE].

[62] S.P. Martin, A Tumbling top quark condensate model, Phys. Rev. D 46 (1992) 2197
[hep-ph/9204204] [INSPIRE].

[63] A. Celikel, M. Kantar and S. Sultansoy, A Search for sextet quarks and leptogluons at the
LHC, Phys. Lett. B 443 (1998) 359 [INSPIRE].

[64] R.S. Chivukula, M. Golden and E.H. Simmons, Siz jet signals of highly colored fermions,
Phys. Lett. B 257 (1991) 403 [inSPIRE].

[65] W. Rarita and J. Schwinger, On a theory of particles with half integral spin, Phys. Rev. 60
(1941) 61 [INSPIRE].

[66] P.A. Moldauer and K.M. Case, Properties of Half-Integral Spin Dirac-Fierz-Pauli Particles,
Phys. Rev. 102 (1956) 279 [INSPIRE].

7] C. Fronsdal, On the theory of higher spin fields, Nuovo Cimento 9 (1958) 416.
8] H. Haberzettl, Propagation of a massive spin 3/2 particle, nucl-th/9812043 [INSPIRE].

9] E. Eichten, I. Hinchliffe, K.D. Lane and C. Quigg, Signatures for Technicolor, Phys. Rev. D
34 (1986) 1547 [INSPIRE].

[70] C.T. Hill and E.H. Simmons, Strong Dynamics and Electroweak Symmetry Breaking, Phys.
Rept. 381 (2003) 235 [hep-ph/0203079] [INSPIRE].

[71] M.I. Gresham and M.B. Wise, Color octet scalar production at the LHC, Phys. Rev. D 76
(2007) 075003 [arXiv:0706.0909] [INSPIRE].

[72] S.Y. Choi et al., Color-Octet Scalars of N=2 Supersymmetry at the LHC, Phys. Lett. B 672
(2009) 246 [arXiv:0812.3586] [INSPIRE].

[73] T. Plehn and T.M.P. Tait, Seeking Sgluons, J. Phys. G 36 (2009) 075001
[arXiv:0810.3919] [NSPIRE].

[74] A. Idilbi, C. Kim and T. Mehen, Factorization and resummation for single color-octet scalar
production at the LHC, Phys. Rev. D 79 (2009) 114016 [arXiv:0903.3668] [INSPIRE].

[75] J. Bagger, C. Schmidt and S. King, Axigluon Production in Hadronic Collisions, Phys. Rev.
D 37 (1988) 1188 [INSPIRE].

[76] C.T. Hill, Topcolor: Top quark condensation in a gauge extension of the standard model,
Phys. Lett. B 266 (1991) 419 [nSPIRE].

[77] C.T. Hill and S.J. Parke, Top production: Sensitivity to new physics, Phys. Rev. D 49
(1994) 4454 [hep-ph/9312324] [INSPIRE].

[78] R.S. Chivukula, A.G. Cohen and E.H. Simmons, New strong interactions at the Tevatron?,
Phys. Lett. B 380 (1996) 92 [hep-ph/9603311] [INSPIRE].

[79] K. Agashe et al., LHC Signals from Warped Exztra Dimensions, Phys. Rev. D 77 (2008)
015003 [hep-ph/0612015] [INSPIRE].

[80] B. Lillie, J. Shu and T.M.P. Tait, Kaluza-Klein Gluons as a Diagnostic of Warped Models,
Phys. Rev. D 76 (2007) 115016 [arXiv:0706.3960] INSPIRE].

[81] B. Lillie, L. Randall and L.-T. Wang, The Bulk RS KK-gluon at the LHC, JHEP 09 (2007)
074 [hep-ph/0701166] [iNSPIRE].

_ 492 —


https://doi.org/10.1016/0370-2693(87)90859-8
https://inspirehep.net/literature/244910
https://doi.org/10.1103/PhysRevD.46.2197
https://arxiv.org/abs/hep-ph/9204204
https://inspirehep.net/literature/333378
https://doi.org/10.1016/S0370-2693(98)01299-4
https://inspirehep.net/literature/482947
https://doi.org/10.1016/0370-2693(91)91915-I
https://inspirehep.net/literature/301683
https://doi.org/10.1103/PhysRev.60.61
https://doi.org/10.1103/PhysRev.60.61
https://inspirehep.net/literature/852
https://doi.org/10.1103/PhysRev.102.279
https://inspirehep.net/literature/45639
https://arxiv.org/abs/nucl-th/9812043
https://inspirehep.net/literature/481036
https://doi.org/10.1103/PhysRevD.34.1547
https://doi.org/10.1103/PhysRevD.34.1547
https://inspirehep.net/literature/17761
https://doi.org/10.1016/S0370-1573(03)00140-6
https://doi.org/10.1016/S0370-1573(03)00140-6
https://arxiv.org/abs/hep-ph/0203079
https://inspirehep.net/literature/584189
https://doi.org/10.1103/PhysRevD.76.075003
https://doi.org/10.1103/PhysRevD.76.075003
https://arxiv.org/abs/0706.0909
https://inspirehep.net/literature/752493
https://doi.org/10.1016/j.physletb.2009.01.040
https://doi.org/10.1016/j.physletb.2009.01.040
https://arxiv.org/abs/0812.3586
https://inspirehep.net/literature/805699
https://doi.org/10.1088/0954-3899/36/7/075001
https://arxiv.org/abs/0810.3919
https://inspirehep.net/literature/800271
https://doi.org/10.1103/PhysRevD.79.114016
https://arxiv.org/abs/0903.3668
https://inspirehep.net/literature/815970
https://doi.org/10.1103/PhysRevD.37.1188
https://doi.org/10.1103/PhysRevD.37.1188
https://inspirehep.net/literature/250292
https://doi.org/10.1016/0370-2693(91)91061-Y
https://inspirehep.net/literature/315903
https://doi.org/10.1103/PhysRevD.49.4454
https://doi.org/10.1103/PhysRevD.49.4454
https://arxiv.org/abs/hep-ph/9312324
https://inspirehep.net/literature/361276
https://doi.org/10.1016/0370-2693(96)00464-9
https://arxiv.org/abs/hep-ph/9603311
https://inspirehep.net/literature/416778
https://doi.org/10.1103/PhysRevD.77.015003
https://doi.org/10.1103/PhysRevD.77.015003
https://arxiv.org/abs/hep-ph/0612015
https://inspirehep.net/literature/733349
https://doi.org/10.1103/PhysRevD.76.115016
https://arxiv.org/abs/0706.3960
https://inspirehep.net/literature/754092
https://doi.org/10.1088/1126-6708/2007/09/074
https://doi.org/10.1088/1126-6708/2007/09/074
https://arxiv.org/abs/hep-ph/0701166
https://inspirehep.net/literature/742851

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

A.V. Manohar and M.B. Wise, Flavor changing neutral currents, an extended scalar sector,
and the Higgs production rate at the CERN LHC, Phys. Rev. D 74 (2006) 035009
[hep-ph/0606172] [INSPIRE].

S.J. Brodsky and S.D. Drell, The Anomalous Magnetic Moment and Limits on Fermion
Substructure, Phys. Rev. D 22 (1980) 2236 [INSPIRE].

P. Langacker, R.W. Robinett and J.L.. Rosner, New Heavy Gauge Bosons in p p and p
anti-p Collisions, Phys. Rev. D 30 (1984) 1470 [INSPIRE].

J. Gallicchio and M.D. Schwartz, Quark and Gluon Tagging at the LHC, Phys. Rev. Lett.
107 (2011) 172001 [arXiv:1106.3076] [INSPIRE].

P.T. Komiske, E.M. Metodiev and J. Thaler, Energy Flow Networks: Deep Sets for Particle
Jets, JHEP 01 (2019) 121 [arXiv:1810.05165] [INSPIRE].

G. Kasieczka, N. Kiefer, T. Plehn and J.M. Thompson, Quark-Gluon Tagging: Machine
Learning vs Detector, SciPost Phys. 6 (2019) 069 [arXiv:1812.09223] [INSPIRE].

A.J. Larkoski and E.M. Metodiev, A Theory of Quark vs. Gluon Discrimination, JHEP 10
(2019) 014 [arXiv:1906.01639] [INSPIRE].

R.D. Field and R.P. Feynman, A Parametrization of the Properties of Quark Jets, Nucl.
Phys. B 136 (1978) 1 [INSPIRE].

D. Krohn, M.D. Schwartz, T. Lin and W.J. Waalewijn, Jet Charge at the LHC, Phys. Rev.
Lett. 110 (2013) 212001 [arXiv:1209.2421] [ixSPIRE].

W.J. Waalewijn, Calculating the Charge of a Jet, Phys. Rev. D 86 (2012) 094030
[arXiv:1209.3019] [INSPIRE].

K. Fraser and M.D. Schwartz, Jet Charge and Machine Learning, JHEP 10 (2018) 093
[arXiv:1803.08066] [INSPIRE].

J.H. Kim, K. Kong, K.T. Matchev and M. Park, Probing the Triple Higgs Self-Interaction
at the Large Hadron Collider, Phys. Rev. Lett. 122 (2019) 091801 [arXiv:1807.11498]
[INSPIRE].

J. Filipek et al., Identifying the Quantum Properties of Hadronic Resonances using Machine
Learning, arXiv:2105.04582 [iNSPIRE].

S. Kumar, R. Rahaman and R.K. Singh, Measuring Electroweak Quantum Numbers of
Color Sextet Resonances at the LHC, arXiv:2302.11355 [INSPIRE].

I. Sung, Probing the Gauge Content of Heavy Resonances with Soft Radiation, Phys. Rev. D
80 (2009) 094020 [arXiv:0908.3688] [iNSPIRE].

J. Alwall et al., MadGraph 5: Going Beyond, JHEP 06 (2011) 128 [arXiv:1106.0522]
[INSPIRE].

N.D. Christensen and C. Duhr, FeynRules — Feynman rules made easy, Comput. Phys.
Commun. 180 (2009) 1614 [arXiv:0806.4194] INSPIRE].

C. Degrande et al., UFO — The Universal FeynRules Output, Comput. Phys. Commun.
183 (2012) 1201 [arXiv:1108.2040] [INSPIRE].

ATLAS collaboration, Search for New Physics in Dijet Mass and Angular Distributions in
pp Collisions at \/s =T TeV Measured with the ATLAS Detector, New J. Phys. 13 (2011)
053044 [arXiv:1103.3864] INSPIRE].

43 —


https://doi.org/10.1103/PhysRevD.74.035009
https://arxiv.org/abs/hep-ph/0606172
https://inspirehep.net/literature/719462
https://doi.org/10.1103/PhysRevD.22.2236
https://inspirehep.net/literature/153879
https://doi.org/10.1103/PhysRevD.30.1470
https://inspirehep.net/literature/199956
https://doi.org/10.1103/PhysRevLett.107.172001
https://doi.org/10.1103/PhysRevLett.107.172001
https://arxiv.org/abs/1106.3076
https://inspirehep.net/literature/913922
https://doi.org/10.1007/JHEP01(2019)121
https://arxiv.org/abs/1810.05165
https://inspirehep.net/literature/1698236
https://doi.org/10.21468/SciPostPhys.6.6.069
https://arxiv.org/abs/1812.09223
https://inspirehep.net/literature/1711155
https://doi.org/10.1007/JHEP10(2019)014
https://doi.org/10.1007/JHEP10(2019)014
https://arxiv.org/abs/1906.01639
https://inspirehep.net/literature/1738517
https://doi.org/10.1016/0550-3213(78)90015-9
https://doi.org/10.1016/0550-3213(78)90015-9
https://inspirehep.net/literature/5957
https://doi.org/10.1103/PhysRevLett.110.212001
https://doi.org/10.1103/PhysRevLett.110.212001
https://arxiv.org/abs/1209.2421
https://inspirehep.net/literature/1185266
https://doi.org/10.1103/PhysRevD.86.094030
https://arxiv.org/abs/1209.3019
https://inspirehep.net/literature/1185579
https://doi.org/10.1007/JHEP10(2018)093
https://arxiv.org/abs/1803.08066
https://inspirehep.net/literature/1663579
https://doi.org/10.1103/PhysRevLett.122.091801
https://arxiv.org/abs/1807.11498
https://inspirehep.net/literature/1684503
https://arxiv.org/abs/2105.04582
https://inspirehep.net/literature/1862802
https://arxiv.org/abs/2302.11355
https://inspirehep.net/literature/2635471
https://doi.org/10.1103/PhysRevD.80.094020
https://doi.org/10.1103/PhysRevD.80.094020
https://arxiv.org/abs/0908.3688
https://inspirehep.net/literature/829494
https://doi.org/10.1007/JHEP06(2011)128
https://arxiv.org/abs/1106.0522
https://inspirehep.net/literature/912611
https://doi.org/10.1016/j.cpc.2009.02.018
https://doi.org/10.1016/j.cpc.2009.02.018
https://arxiv.org/abs/0806.4194
https://inspirehep.net/literature/789154
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1016/j.cpc.2012.01.022
https://arxiv.org/abs/1108.2040
https://inspirehep.net/literature/922834
https://doi.org/10.1088/1367-2630/13/5/053044
https://doi.org/10.1088/1367-2630/13/5/053044
https://arxiv.org/abs/1103.3864
https://inspirehep.net/literature/893264

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

M.D. Schwartz, Modern Machine Learning and Particle Physics, Harvard Data Science
Review 3 (2021) arXiv:2103.12226 [INSPIRE].

M. Feickert and B. Nachman, A Living Review of Machine Learning for Particle Physics,
arXiv:2102.02770 [INSPIRE].

T. Plehn, A. Butter, B. Dillon and C. Krause, Modern Machine Learning for LHC
Physicists, arXiv:2211.01421 INSPIRE].

P. Shanahan et al., Snowmass 2021 Computational Frontier CompF08 Topical Group
Report: Machine Learning, arXiv:2209.07559 [INSPIRE].

Y. Lecun, L. Bottou, Y. Bengio and P. Haffner, Gradient-based learning applied to
document recognition, Proceedings of the IEEE 86 (1998) 2278.

J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07
(2014) 079 [arXiv:1405.0301] [INSPIRE].

T. Sjostrand, S. Mrenna and P.Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05
(2006) 026 [hep-ph/0603175] [INSPIRE].

T. Sjostrand, S. Mrenna and P.Z. Skands, A Brief Introduction to PYTHIA 8.1, Comput.
Phys. Commun. 178 (2008) 852 [arXiv:0710.3820] [INSPIRE].

M. Cacciari, G.P. Salam and G. Soyez, The anti-k; jet clustering algorithm, JHEP 04
(2008) 063 [arXiv:0802.1189] [INSPIRE].

DELPHES 3 collaboration, DELPHES 3, A modular framework for fast simulation of a
generic collider experiment, JHEP 02 (2014) 057 [arXiv:1307.6346] [INSPIRE].

M. Benmerrouche, R.M. Davidson and N.C. Mukhopadhyay, Problems of Describing Spin
3/2 Baryon Resonances in the Effective Lagrangian Theory, Phys. Rev. C' 39 (1989) 2339
[INSPIRE].

L.M. Nath, B. Etemadi and J.D. Kimel, Uniqueness of the interaction involving spin 3/2
particles, Phys. Rev. D 3 (1971) 2153 [INSPIRE].

R.D. Peccei, Chiral lagrangian calculation of pion-nucleon scattering lengths, Phys. Rewv.
176 (1968) 1812 [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2022 (2022)
083C01 [1NSPIRE].

— 44 —


https://doi.org/10.1162/99608f92.beeb1183
https://doi.org/10.1162/99608f92.beeb1183
https://arxiv.org/abs/2103.12226
https://inspirehep.net/literature/1853035
https://arxiv.org/abs/2102.02770
https://inspirehep.net/literature/1844751
https://arxiv.org/abs/2211.01421
https://inspirehep.net/literature/2175955
https://arxiv.org/abs/2209.07559
https://inspirehep.net/literature/2152919
https://doi.org/10.1109/5.726791
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/literature/1293923
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://arxiv.org/abs/hep-ph/0603175
https://inspirehep.net/literature/712925
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://arxiv.org/abs/0710.3820
https://inspirehep.net/literature/764903
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
https://inspirehep.net/literature/779080
https://doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
https://inspirehep.net/literature/1244313
https://doi.org/10.1103/PhysRevC.39.2339
https://inspirehep.net/literature/285326
https://doi.org/10.1103/PhysRevD.3.2153
https://inspirehep.net/literature/69596
https://doi.org/10.1103/PhysRev.176.1812
https://doi.org/10.1103/PhysRev.176.1812
https://inspirehep.net/literature/55715
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://inspirehep.net/literature/2106994

	Introduction
	Classification and characteristics of color resonances
	Resonances and interactions
	Initial state
	Spin
	Color representation
	Antennae patterns
	Cross-section ratios


	Cut-based analysis for the antenna pattern
	Diagnostic studies with deep learning
	General features of the signal processes
	Data pre-processing
	CNN architecture and training
	CNN results

	Summary and conclusions
	Excited quark Clebsch-Gordan coefficients
	Spin-3/2 Lagrangian
	Dijet helicity amplitudes
	Initial color states 3 otimes 3
	Spin-0 resonance
	Spin-1 resonance

	Initial color states 3 otimes 8
	Spin-1/2 resonance
	Spin-3/2 resonance

	Initial color states 8 otimes 8
	Spin-0 resonance
	Spin-2 resonance

	Initial color states 3 otimes bar(3)
	Neutral spin-1 resonance
	Charged spin-1 resonance



