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We study the prospect of measuring the electroweak quantum numbers of beyond the Standard Model
color sextet particles that decay into same-sign top-quark pairs. Among these particles, the color sextet
scalars give rise to top quarks with the same chirality, while the top quarks coming from the color sextet
vector would have opposite chirality. This difference gets encoded in the angular distributions of the bottom
quarks and leptons originating from the decays of the top quarks. We utilize this feature and the energy
distributions of the final-state jets and leptons to distinguish among the three possible color sextet
resonances, taking into account various SM background processes at the 13 TeV LHC.
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I. INTRODUCTION

A variety of beyond the Standard Model (BSM) scenar-
ios, especially those addressing the Higgs hierarchy prob-
lem, e.g., supersymmetry or composite Higgs, predict new
physics around the TeV scale (see Ref. [1] for reviews). The
search for such BSM states has been actively going on at
the LHC and will continue through its high-luminosity
(HL-LHC) phase, in conjunction with other indirect probes.

Given the absence of new physics at the LHC so far, we
can ask a bottom-up and purely group theoretic question
as follows. Noting that the Standard Model (SM) is based
on the gauge group SU(3), x SU(2), x U(1)y, we can ask
which possible BSM scalar or vector particles can have
direct, tree-level couplings to SM fermions. A priori, there
are a number of such BSM states [2,3]. However, a subset
of them would couple to both leptons and quarks so as to
mediate proton decay at tree level, unless that is forbidden
by some other global symmetry, and therefore are ruled
out [4] for TeV-scale masses. Among the remaining states,
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those coupling to two top quarks are particularly interesting
from an experimental perspective. As we will discuss in the
following, two such scalar and one such vector resonance
have the SM quantum numbers,

@, ~(6,1,4/3),

D, ~(6,3.1/3), @ ~(6,2.5/6).

(1)

At the LHC, these states can be produced via their couplings
to the first-generation quarks, and subsequently, they can
decay into a like-sign top-quark pair. The top quarks can then
decay into a pair of b jets, a pair of like-sign leptons, and
neutrinos when the intermediate W bosons decay leptoni-
cally. The phenomenology and ultraviolet origin of such
color sextet diquarks have been discussed extensively in the
literature; see, e.g., Refs. [2—-16].

The question we would like to ask in the present work is
the following: suppose a discovery of a color sextet particle
is made at the (HL-)LHC. Then, purely based on the
laboratory-frame observables, can we extract the quantum
numbers of the discovered sextet state and distinguish
among the three possible sets of quantum numbers of a
generic color sextet particle, as mentioned in Eq. (1)?

To answer this, we first note that the fermionic couplings
of interest are inherently chiral in nature. Therefore, the top
quarks coming from the sextet decay would carry definite
polarization, and this plays a crucial role in extracting the
quantum numbers of the sextet states [12,14]. For example,
the rest-frame angular distributions of leptons and b jets are

Published by the American Physical Society
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different depending on the polarization of the parent top
quarks, as we describe explicitly below. However, since
in such processes the top quarks decay leptonically, there
is missing energy in the form of neutrinos in the final
state, and reconstructing the rest frame of a top quark is
not immediate. While it is possible to use the My,
observable [17,18] to address this issue [19,20], it is still
useful to construct observables that do not rely on any such
rest frame reconstruction. To this end, we construct some
new laboratory-frame observables that can be used to
investigate and isolate the quantum numbers of the various
sextet states.

Some laboratory-frame observables for processes
involving missing energy have been discussed in the
literature. One example is the visible energy fraction of the
leptons [21,22]

E

=—. 2
E +E (2)

i
Here, E; and E, are, respectively, the energies of the
lepton and the associated b quark originating from the
decay of the same top quark. This observable is sensitive to
the polarization of the top quark. However, in the signal of
our interest, we have two b jets and two leptons, and the
effectiveness of z; inherently depends on correctly pairing
a b quark with the associated lepton. This motivates us
to look for additional laboratory-frame observables which
are independent of such pairing. We will show that such
observables can be constructed based on the azimuthal
distribution of final-state visible particles.

The rest of this work is organized as follows. In Sec. II,
we describe the couplings of the sextet states to the SM
fermions and the existing experimental constraints on
such states. In Sec. III, we construct the laboratory-frame
observables of interest and explain how top-quark polari-
zation and spin correlation plays an important role in this
context through a parton-level analysis at the 13 TeV LHC.
In Sec. IV, we present our results to distinguish among the
color sextet states through a detector-level simulation,
taking into account possible SM backgrounds. We con-
clude in Sec. V.

II. MODEL

In this work, we focus on color sextet BSM resonances
that couple to two top quarks. Given the quantum numbers
of the SM quark doublet g; = (j*) ~ (3.2, +1/6) and the
right-handed up-type quark up ~ (3,1, +2/3), the quantum
numbers of the BSM scalar and vector resonances are
fixed as in (1). We first consider the two scalars, @,
and ®;. We can write the Yukawa coupling of ®; as
(see, e.g., Ref. [10])

/llkfqu)laﬁRi”%j +H.C., (3)

where the superscript ¢ denotes charge conjugation oper-
ation. The matrices I_(l-“j are determined by the Clebsch-
Gordon coefficients for the sextet representation of SU(3).
In both Eqs. (3) and (4) below, the indices a and i, j
correspond to color indices, and they run over 1---6 and
1---3, respectively.

The Yukawa coupling of @5 is given in an analogous
manner, except that it couples to the symmetric combina-
tion of two copies of g;. The coupling to u; is given by

/131_(%(133,112111'142]- + H.c. (4)

Here, we have focused on the part of the isospin triplet field
that couples only to the up-type quarks since that can decay
into a pair of top quarks, which is the signal of our interest.
In both (3) and (4), we have suppressed the generation
indices on the Yukawa couplings, 4; and ;.

Finally, the coupling of the vector resonance is
described by

WK gy ui; +He. (5)

Here, we have focused on the up-quark coupling for the
same reason as above. We will be agnostic about how @
gets its mass.

For a general Yukawa coupling, there would be large
flavor-changing neutral current processes mediated by the
above sextet states. To avoid the stringent experimental
constraints from those, we assume that the matrices 4, 4,,
and A5 are flavor diagonal.

With this assumption, the next stringent constraints on 4,
come from the measurements of D° — D° mixing [23],

|Re(j'1.cc/ﬁ,uu> |

2
my

<xx72x1071/GeV2,  (6)

where x = Am, /T, is a D°— D° mixing parameter.
Assuming CP conservation and taking x ~ 4 x 1073 [24],
we get Re(4; .04} ,,) <3 x 1077 for my =1 TeV. In the
following, we will assume a hierarchy between 4, .. and
Mo With |2 .| << |41, 80 as to satisfy the above bound.
The dominant constraints on 4, and A3 also come from
D° — D° mixing [12], which can again be suppressed by
taking the couplings to second-generation quarks to be
small as we mentioned above.

We note that ®; and @5 decay to a pair of right-handed
and left-handed top quarks, respectively. This implies that
we would be able to distinguish between the quantum
numbers of these two sextet scalars using the polarization
properties of the top quarks. In particular, in its rest frame, a
right-handed top quark would decay into leptons whose
average distribution would peak in the same direction as the
top-quark spin, while the associated b-quark distribution
would be peaked in the opposite direction. Thus, after
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boosting to the laboratory frame, the angle between the two
leptons, each coming from the two daughter top quarks from
@, decay, will be peaked around A¢ = 7, while the angle
between the two b quarks will be more broadly distributed
around A¢ = z. The situation with @3 is exactly the
opposite of this. While the vector BSM resonance @ decays
into a same-sign top pair as well, the top quarks would
have opposite chirality. These features can then be used to
distinguish among @, <I)’2‘, and @5, as we will see below.
We will refer to these particles as “singlet,” “doublet,” and
“triplet,” respectively, based on their SU(2), quantum
numbers. For numerical simulations, we choose the bench-
mark: my =1 TeV, 4,, = 4, = 0.003 for all three sextet
particles. We note that there is an upper bound of 1.2 pb on
the 7 production cross section given by CMS coming from
the same-sign dilepton, missing energy, and jets search [25].
However, the ¢ production cross sections in our models are
much smaller compared to the CMS limit. For example,
o, ~ 0.02 pb for the singlet case in our chosen benchmark,
which is only 1% of the CMS limit.

III. OBSERVABLE

The polarization of a top quark is preserved in its decay
products, and this plays an important role in our analysis.
The double angular distribution of daughter fermions from
the two top quarks can be expressed as [26]

1 Lo : (1+ cosf; + cos
- _ 1 " .
o(dcos,)(dcosb,) 4n 1Py 1 T ap;, )

+aja,ppycos ) cosb), (7)

in terms of the polarization of two top quarks (p,,, p,,) and
their spin correlation (pp,,). Here, 6; are the decay angles
of the daughter fermions at their respective top quark’s
rest frame. The quantity «; is called the analyzing power,
which depends on the daughter fermion. For example,

for a lepton, @; = 1, whereas for a b quark, a;, = —0.4 [27].
0.12 ————
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FIG. 1.
further discussions.

The polarization p, is positive (negative) for the right
(left-)polarized top quark. The above formula in Eq. (7) is
valid only in the rest frame of the top quark, which requires
a complete reconstruction of the missing neutrinos [28-31].
The polarization of the top quark can also be obtained from
the distribution of the ratio of energies of the daughter b
quark (Ej,) and the top quark (E,), E,/E,. This again
requires a complete reconstruction of the top-quark
momenta and hence that of the neutrinos.

The visible energy fractions (z;), as defined in Eq. (2),
are correlated with the polarization of the top quarks and
can let us distinguish between left and right chiral top
quarks, without completely reconstructing their momenta.
However, this requires a correct pairing of the two b quarks
with the corresponding leptons. This can be achieved using
the fact that in the laboratory frame a sibling lepton and a b
quark have a smaller AR than the AR between a cousin

lepton and a b quark. Here, AR = \/A¢? + An?, where ¢
is the azimuthal angle and # is the pseudorapidity of a

particle. We label the two leptons as /; and [,, ordered
according to their transverse momenta (pr), i.e., with
pr(ly) > pr(ly). The two b quarks can pair with the
leptons in two ways. If the correct pairs are such that
[y and b, come from one top quark, while /, and b,
come from another top quark, then we expect to have
AR(ly,by) + AR(ly,by) < AR(ly,b,) + AR(l,,by). This
criterion is satisfied for more than 96% of times for the
chosen mass of 1 TeV. For a heavier scalar, the top quarks
will be more boosted, which will lead their decay products
to collimate further, and this increases the efficiency of
pairing the lepton and the b quark correctly.

We study the distributions for the energy fraction
variables z; and z, defined in Eq. (2), pairing the leptons
and b quarks as described above using parton-level events
at /s = 13 TeV to see how these variables can separate
the three signals, namely, singlet, doublet, and triplet. The
normalized distributions for z; and z, are shown in Fig. 1.
Both z; and z, peak on the lower side for triplet (red lines)

0.12 — — 7
— Triplet ]
0.10 — Singlet 4
| Doublet |
' 0.08 g
=
= |
13/ 0.06 i
E -
= 0.04 |- ]
0.02 ]
0.00 L el
0. 0.6 0.8 1.0

Normalized distributions for the visible energy fractions z; and z, for the signals with parton-level events. See the text for
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FIG. 2. Normalized distributions for the two-dimensional correlations between A¢ (1, ;) vs A¢(by, by) (left column), Ag(by, Puiss)
VS A@(Dy, Piss) (middle column), and A¢ (I}, piss) VS Ad(ly, Piss) (right column) for the signals with parton-level events. The red
points represent maximum density, and light blue represents the minimum density for the number of events.

as the produced top quarks are left handed in this case. This
means the final-state leptons are less boosted as we go from
the top rest frame to the laboratory frame, and thus z;’s peak
at smaller values. For the singlet (blue lines), the variables
z; sharply drop near 0.2, having more fractional events with
z; > 0.5, compared to the tripet. For the doublet (green
lines), however, the variables peak below z; = 0.5, but the
asymmetry with respect to z; = 0.5 is smaller than the
triplet since the doublet decay gives rise to both left-handed
as well as right-handed top quarks. With realistic detector
effects, the strengths of these variables might diminish, but
the qualitative result would remain the same, as we will see
below. We define net asymmetries for the visible energy
fractions (z;) as

with N(x > ¢) being the number of events with x > ¢ and
N being the total number of events. We only consider
the #¢ production process containing the 2£* final state and
do not include the charge conjugation process because
0;31/04 ~0.03 owing to the small parton distribution
functions (PDFs) at the LHC.

Similar to the polarization parameters, one can construct
variables to capture the spin correlation between the two
top quarks using the laboratory frame angular separation
between the final-state particles in the transverse plane.
We study two-dimensional (2D) correlations between
A¢(llvl2) Vs Ad)(blva)’ A¢(b17pmiss) Vs A¢(b2’ pmiss)7
and A@(ly, pmiss) VS A@P(Lr, pmiss)- The normalized 2D
correlations are shown in Fig. 2 with parton-level events.
The correlations are not symmetric with respect to the
diagonal axes, and they are different for different signals. In
the first column in Fig. 2, the distributions are more peaked
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in A¢(ly, l,) compared to A¢(b,, b,) for the singlet, while
the opposite is true for the triplet. For the doublet, however,
the distributions are less peaked and more symmetric
around the A¢p(ly,l,) = A¢(by,b,) line. This can be
explained in the following way. As the two top quarks
are produced from a heavy resonance, A¢(l,l,) and
A@(by, b,) are expected to peak around z in the laboratory
frame due to relativistic focusing. But due to the positive
polarization of top quarks from the singlet, the leptons
(b quarks) are emitted primarily in the same (opposite)
direction as the top-quark spin in the top rest frame.
As a result, after boosting to the laboratory frame, the
peak of A¢p(ly,1,) becomes sharper, while the peak of
A¢(by, b,y) becomes broader. For the triplet with negatively
polarized top quarks, the opposite happens, i.e., the peak of
A¢p(by, by) becomes sharper, while the peak of A¢(l;,1,)
becomes broader. Finally for the doublet, with a mix of
positively and negatively polarized top quarks, the peaks of
A¢p(ly,1,) and A¢p(by, b,) have similar broadening.

The Ap(1/b, pmiss) peak near zero and z, as shown in
the second and third columns of Fig. 2. The distribution of
Ap(1/b, pmiss) can be explained in a way similarly to that
of A¢(ly/by,1,/b,), after noting that o is distributed the
same way as b quarks around the top-quark spin in the
top rest frame. The peak of A¢@(l, ppis) is sharper than
that of A¢@(b, pniss) for the singlet, and the opposite is
truefor the triplet. For the doublet, A¢(l, pniss) and
A@(b, ppiss) behave roughly in the same way. Given this,
we propose the following variables based on these 2D
correlations,

xp = Ad(ly, 1)/ — Ap(by, by) /7,
Xy = APy, Priss)/ 7+ Ap(Ly, Priss) /7
Xpp = AP (D1, Priss) /T + AP (ba, Priss) /7 )

to extract the spin correlation of the two top quarks. The
asymmetries for the correlations are defined as

N(xy > 0) = N(x, < 0)

_ , 10
A N (10)
A”:N(|xu—1| <Cu)N—N(|xzz—1| >Cll)’ (11)

tot
Abb:N(lxbb_l| < cpp) = N(|xpp — 1 >Cbb). (12)

pr(l) > 10 GeV,
AR(b,b) > 0.5,

|I1h| < 25, |l71| < 2.5.

pr(b) > 20 GeV,
AR(b,1) > 0.4,

TABLE I. Values of asymmetries for the signals with parton-
level events. For all the signals, we choose 4= 0.003 and
my =1 TeV.

A, A, A A App
Singlet 0.31 0.31 0.33 0.58 0.05
Triplet —0.36 -0.36 —0.31 0.0 0.28
Doublet —0.03 —0.03 —0.10 0.07 0.11

Note that these A¢ variables are independent of pairing the
leptons and the b quarks; the pairing is required only for
the variables z;.

To maximize the asymmetries defined in Egs. (8), (10),
(12), and (11), we choose ¢, = ¢,, ~0.38 and ¢}, = ¢ =
0.14 by observing the parton-level distributions in Figs. 1
and 2. The values of the asymmetries at parton level are
listed in Table I for the three signals. It is clear that with the
magnitudes and signs of the asymmetries one can easily
identify and separate the signals. However, we need to
extract these asymmetries with realistic detector effects,
including possible backgrounds. Therefore, in the next
section, we analyze the signals with detector-level events in
the presence of SM backgrounds.

IV. RESULTS

In this section, we discuss how to distinguish the three
types of signals in the presence of background events, with
a simplified detector-level simulation. The backgrounds
that can mimic our signal topology of two positively
charged leptons (2/7), two b jets, and missing energy
are [25,32-34] tiW™, fiZ, tth, iWTW~, WrW*jj, ZZjj,
ZZW*, and WTW~Z. In addition, the f7 + jets process,
which has a large cross section, can fake our signal if the
lepton charges get misidentified [35-37]. We generate the
signal (singlet, doublet, and triplet) and background events
in MADGRAPH5_AMC@NLOV2.7.3 [38] at leading order in
QCD, without cuts on the final-state particles, and with a
dynamic choice of factorization scale given by >, M7 /2,
where M7 is the transverse mass of the ith final-state
particle. We use NN23LO1 [39] for the PDFs. Background
events are generated in MADGRAPH5 with the final states
that can give rise to 2/72b + Ey at the detector level.
Events are then passed to PYTHIAS.2 [40] for showering and
hadronization, followed by fast detector simulation in
DELPHES3.4.2 [41]. Events are selected at detector level
with at least two b-tagged jets, two positively charged
leptons (2/7), and missing transverse energy with the
following selection-level cuts:

FEr > 10 GeV,
AR(1,1) > 0.4,
(13)
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FIG. 3.
selection cuts as in Eq. (13).

With the selected background (BKG) and signal events, we
study the one-dimensional and two-dimensional normal-
ized distributions for the variables (z; and A¢ correlation,
respectively) that we introduced in the previous section.
These are shown in Figs. 3 (z;) and 4 (A¢). The qualitative
features of the distributions at the detector level remain the
same as the parton-level distributions studied in the
previous section. The z; distributions make clear distinc-
tions between the singlet and triplet peaking in the right
and left, respectively. Distributions are roughly symmetric
around z; = 0.5 for the doublet. For the BKG, the z;
distribution is symmetric around z; = 0.5 as well, while the
Z, distribution is asymmetric. In the case of all three signal
benchmarks, the distributions for the z; and z, are identical,
owing to the similar kinematics. However, this not true for
the background because the paired lepton and b quark do
not necessarily originate from a top quark. Additionally, z,
peaks at lower values, owing to the p7 ordering of leptons.
In the 2D A¢ distributions, the background events are
distributed quite differently than the signals. Therefore, it is
possible to distinguish the signals based on these distri-
butions, even with the detector-level events. However, the
total cross section for the background is larger than that for
the signal, and therefore we now discuss some kinematic
cuts that are needed to reduce backgrounds and increase the
signal sensitivity.

We study various kinematic distributions, such as the
transverse momenta (p7) of the final-state particles, total
hadronic energy (Hr), and visible mass (m IV b, b,)- We find

that visible mass, the normalized distribution shown in
Fig. 5, can be used to suppress the background and enhance
the significance of all three signals. In particular, a cut on
the visible mass of

ml]+12+b],,2 > 430 GeV (14)
maximizes the signal significance. The signal and back-

ground processes are summarized in Table II, showing their
cross sections at the generation level and the expected

0.12 A —— Triplet
] — Singlet
— 0.10 ~ Doublet
(5] 4
N — BKG
E 0.08 A
b 4
S 0.06 -
2 4
— 0.04 4
0.02 1 -
0.00 +—V———T———T——T ]

0.0 0.2 0.4 0.6 0.8 1.0
Z2

Normalized distributions for the visible energy fractions z; and z, for the signals and background at DELPHES level with

number of events for an integrated luminosity of £ =
300 fb~! after the visible mass cut. The total number of
background events is expected to be 208 in the 2[T2bF
final state. The signal significance expected for the three
signals is given in Table III for integrated luminosities of
L = 150 fb~! (currently available), 300 fb~! (next phase of
LHC), and 3000 fb~! (high-luminosity phase). We calcu-
late the signal significance [42] using

S:\/z{(wb)log(u%)—s], (15)

where s and b stand for the total number of signal and
background events surviving after cuts. For the chosen
coupling of 4 =0.003 and my = 1 TeV, the significance
for the triple and doublet signals are higher than the singlet
signal. A luminosity of about 1300 fb~! is required for
discovery of singlet, whereas the doublet and triplet can be
discovered with about 790 and 930 fb~! of luminosity,
respectively with 5o significance.

Having discussed the discovery potential for the signals,
we now turn to our primary goal of this analysis, which is
to distinguish among the three signals with the help of
the observables discussed in Sec. III. To this end, we first
calculate the asymmetries for all the variables and summa-
rize them in Table IV for all three signals and backgrounds
separately, as well as signals in the presence of backgrounds.
The numbers in the first three rows show that all three signals
can be identified by looking at the value and the sign of the
five asymmetries. However, these asymmetries are affected
by the background events, as shown in the last three rows.
We calculate the differences between any two signals in the
presence of backgrounds using all five asymmetries, given in
Table 1V, in terms of the y* function

=)

i

A;(Signall + BKG) — A;(Signal2 + BKG)|?
5A;(BKG) '

(16)
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FIG. 4. Normalized distributions for the two-dimensional correlations between A¢(I;,1,) vs. Ag(by, by) (left-column), Ag (b1, puiss)
vS. A@(Dy, Piss) (middle-column), and A@ (1}, priss) VS- AP (L, Pmiss) (right-column) for the signals and background at DELPHES level
with selection cuts in Eq. (13). The color description is the same as in Fig. 2.

e
Here, 6.A;(BKG) = %

tainty due to the SM backgrounds with 6(BKG) being the
total background cross section. Signal_j (j = 1,2) denote
any two among the singlet, doublet, and triplet signals. We
estimate the luminosity required for 26, 30, and 5¢ C.L.
separability among the signals using the above y? functions
and quote them in Table V. The singlet and the triplet are
quite different since the former (latter) decays only into
right-chiral (left-chiral) top quarks; a luminosity of about

is the statistical uncer-

628 fb~! is required to achieve separability at 56 C.L.,
although neither of them can be discovered for that
luminosity with the expected number of events (see
Table III). On the other hand, we require about 2842
and 2061 fb~! of luminosity for 5S¢ separation between the
singlet versus doublet and doublet versus triplet, respec-
tively, as the two top quarks have both chiralities originat-
ing from the doublet. Thus, to make distinctions between
the signals involving the doublet, we need higher lumi-
nosity than what is required to discover them.
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TABLE II.

The signal and the background cross sections and the expected number of events for an integrated luminosity of £ =

300 fb~! with selection cuts in Eq. (13) as well as the visible mass cut in Eq. (14). The contents in the parentheses of the first column
correspond to the final states contributing to the 2/*2b final state. For all signals, we choose 4 = 0.003 and mj = 1 TeV.

Process (generated up to)

Cross section (fb)

Efficiency (¢) Expected events (2I112bE)

Singlet: 1t(21*2bF7) 1.121 10.62% 35.7
Doublet: 17(2[*2bF7) 1.348 11.40% 46.1
Triplet: (201 2bF7) 1.166 12.06% 422
Bl: ttW* (20 2b2F;) 9.2 3.75% 103.5
B2: 1iZ(t — Itbfy, T — bjj + bl~Fr, Z = 2I) 8.056 1.76% 42.6
B3: 11+ jj(t/T = I1/I7) 29482.0 47 x1074% 41.6
B4: tth + jj(t/T — IT/1", h — all) 23.68 0.14% 10.3
B5: AWW~ (/W = [T,7/W~ — all) 0.398 4.94% 5.9
B6: WHWjj(2172jFr) 8.967 0.11% 2.9
B7: ZZjj(412]) 12.69 0.02% 0.8
B8: ZZW+ (41jj + 3LjjEr) 0.4 0.17% 0.2
B9: WHW-Z(312jF;) 1.61 <1073% 0

Total background 207.8

TABLE III.  Signal significance using only the total number
of events with integrated luminosities of £ = 150, 300, and
3000 fb~! with selection cuts in Eq. (13) as well as the visible
mass cut in Eq. (14). For all the signals, we choose 4 = 0.003 and
my, =1 TeV.

Signal 150 tb=! 300 fb=! 3000 fb=! £ for 56 C.L.
Singlet 1.70 2.40 7.59 ~1300 fb~!
Doublet 2.18 3.09 9.77 ~790 fb~!
Triplet 2.01 2.84 8.97 ~930 fb~!

TABLE IV. Values of asymmetries for the signals along with
the backgrounds with selection cuts in Eq. (13) as well as the
visible mass cut in Eq. (14). For all the signals, we choose 1 =
0.003 and my =1 TeV.

AZ1 AZZ Alb All Abb
Singlet 0.52 0.49 0.28 035 -0.04
Doublet 0.13 0.09 -0.12 -0.03 0.08
Triplet -0.27 -032 -036 -0.09 0.32
BKG 0.14 -028 -031 -0.50 -0.25
Singlet + BKG 0.19 -0.16 -0.22 -0.38 -0.21
Doublet + BKG 0.14 -021 -027 -042 -0.19
Triplet + BKG 0.07 -028 -031 -043 -0.15

V. CONCLUSION

In this work, we have discussed how to measure the
electroweak quantum numbers of BSM color sextet scalar
and vector particles. While all the sextet particles that we
consider decay into a like-sign top-quark pair, the top
quarks have identical chirality for the two sextet scalars and
opposite chirality for the sextet vector. Furthermore, one of
the scalars gives rise to left-handed top quarks, while the

other decays to right-handed ones. These features can be
captured by several kinematic variables that rely only on
visible final states. One such variable is the well known
visible energy fraction (z;) of final-state leptons, Eq. (2).
Here, we construct three additional variables, defined in
Eq. (9), that depend on the angular correlation between the
final-state leptons and b jets. All of these variables are
sensitive to the polarization of the top quarks and in a
combined fashion can distinguish among the three possible
sextet states.

Through a parton-level analysis, we first demonstrate the
utility of the visible energy fraction variables and the angular
correlation variables. We study their distributions in Figs. 1
and 2 and compute a set of asymmetries in Table I to identify
the differences among the three signals. These show that
the asymmetries can fully distinguish as well as identify the
quantum numbers of the sextet states, in principle.

1 —— Triplet
., 015 —— Singlet
= - Doublet
4 ] — BKG
S i
- 0.10
g L
5 g
g ]
o 0.05 A
Z .

0.00 Y .
0 500 1000
mljz;blbz(GeV)
FIG. 5. Normalized distributions for the visible mass with

selection cuts in Eq. (13). For all signals, we choose 4 = 0.003
and my =1 TeV.
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TABLE V. Luminosity (£) required to distinguish between
the models at 20, 30, and 50 C.L. based on the asymmetries
with selection cuts in Eq. (13) as well as the visible mass cut
in Eq. (14). We choose 4 = 0.003 and m, = 1 TeV for all the
signals.

Luminosity required (fb™')

Signal_1 vs Signal_2 20 C.L. 36 C.L. 5¢ C.L.
Singlet vs doublet 455 1023 2842
Singlet vs triplet 100 226 628
Doublet vs triplet 330 742 2061

We then implement a simplified detector-level simu-
lation, taking into account possible SM backgrounds, to
verify how well we can differentiate among the three types
of signals. We find that, while the three signals can be
distinguished among themselves even at the detector level,
the inclusion of SM background reduces the difference
among the signals. Nonetheless, with sufficient statistics

within the reach of the high-luminosity phase of the LHC,
the three types of signals can still be distinguished, as
demonstrated in Table V. We find higher luminosities
are required to make all these distinctions than the
luminosities required to discover them. To summarize,
if discovered at the LHC, it is possible to measure the
electroweak quantum numbers of BSM color sextet
particles using top-quark polarization and spin correlation
observables.
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