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ABSTRACT. Composite models, which suggest a possible substructure of funda-
mental particles, can be directly proven by the discovery of the excited quark.
Higher energy and higher-luminosity particle colliders are needed to discover
the composite structure predicted in the proposed models. The High Energy
Large Hadron Collider (HE-LHC) has the potential to be a possible discovery
machine for composite models. In this collider, with a center-of-mass energy
of 27 TeV and integrated luminosity between 750 and 15000 fb™!, we calcu-
lated the exclusion, observation, and discovery limits for the mass of spin-1/2
excited quark in the di-jet final state, as well as the attainable compositeness
scale values. In addition to these calculations, we scanned free parameters
from 0.06 to 1 to determine the HE-LHC potential to reveal spin-1/2 excited
quark.

1. INTRODUCTION

The Standard Model (SM) is a theory that best describes the interactions between
fundamental particles and largely explains the dynamics of these interactions. How-
ever, SM cannot provide a sufficient answer to problems such as hierarchy problems,
number of families, parameter excess, matter-antimatter asymmetry, quark-lepton
symmetry, repetition of fermions, neutrino oscillations, and dark matter. For these
problems that particle physicists are trying to solve, new models called Beyond
the Standard Model (BSM) theories have emerged. Composite Models are another
area of research that predicts the possibility of a substructure of fermions among
BSM theories. As research publications that form the basis of Composite Models,
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we can firstly list an article by Low [1] containing the prediction of heavy elec-
trons and muons and the two papers published later by Jogesh C. Pati and Abdus
Salam [2}|3]. In the last two publications mentioned, they predicted the composite
substructure of fermions, which they called ”preons.” After these groundbreaking
studies, extensive research has been conducted in the literature on the composite-
ness of fermions and bosons [415]. Based on these predictions, many researchers
have conducted experimental [16-27] and phenomenological [28H53] studies to dis-
cover excited fermions, which will directly prove compositeness.

Researchers hypothesize that excited fermions comprise two distinct elemen-
tary particle systems, excited quarks (¢*) and excited leptons (I*), similar to SM
fermions. The excited quark can exist in four distinct final states: such as di-jet
(¢* = jj), photon-jet (¢* — ~j), W-jet (¢* — Wj), and Z-jet (¢* — Zj). Ex-
perimentally, some exclusion limits have been imposed on the mass of the excited
quark for each final state in the CMS and ATLAS experiments at the European
Conseil for Nuclear Research (CERN) with a center-of-mass energy of 13 TeV and
total luminosity values of 35.9 fb'! and 139 fb!, respectively. These experiments’
research established mass limits of 6.7 TeV in the di-jet final state, 5.5 TeV in the
photon-jet final state, 5.0 TeV in the W-jet final state, and 4.7 TeV in the Z-jet
final state [27,/54}55].

In-depth exploration of BSM theories necessitates particle colliders character-
ized by elevated center-of-mass energy and exceptionally high integrated luminosity
values. CERN plans to establish the HE-LHC in the 2030s with 27 TeV center-
of-mass-energy. This new-generation particle collider can provide a comprehensive
spectrum for researching excited quarks, boosting a maximum integrated luminos-
ity of 15000 fb™! [56].

The research subject of this study is the discovery (50), observation (3¢), and
exclusion (20) potential of the spin-1/2 excited quark, which transitions to the di-jet
final state in the HE-LHC using the effective Lagrangian method. In the subse-
quent sections, we present the interaction Lagrangian, decay widths, cross-section
plots, and signal-background analyses of the spin-1/2 excited quark. In the follow-
ing section, we describe calculations on the discovery, observation, and exclusion
mass limits of the spin-1/2 excited quark in the di-jet final state at the HE-LHC.
Additionally, we discuss the attainable compositeness scale, a crucial parameter in
compositeness studies. Furthermore, we analyzed the impact of the spin-1/2 ex-
cited quark on the discovery, observation, and exclusion limits by systematically
scanning the free parameters that the precise numerical values are unknown. In
the last part, the findings are interpreted and discussed.

2. MATERIALS AND METHODS

2.1. Interaction Lagrangian. In the numerical calculations, we utilized the Lan-
HEP [57] software to incorporate the effective Lagrangian of the spin-1/2 excited
quark [47,/58] (Equation [1]) into the CalcHEP [59] simulation software. Using the
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simulation software, we calculated the decay width and cross-section values for the
spin-1/2 excited quark in the di-jet final state.

?
2

In Equation [1, A represents the compositeness scale, ¢}, represents the right-
handed excited quark, and qr, represents the left-handed SM quark. In addition, the
symbols g, gs, and ¢’ represent the gauge coupling constants, and the field strength
tensors SU(3), SU(2), and U(1) are represented by the symbols G, W, and
B,,,, respectively. The remaining parameters are expressed as Gell-Mann matrices
Aq, Pauli spin matrices 7, weak hyper-charge T, and dimensionless free parameters

fs; fand f'.

1 — )\a a — P
Less = 5xar 0" 195 fs5 Gl + 9f 5 Wi +9 f 5 Buwlar + hec. (1)

2.2. Decay Widths and Cross Sections. Excited quarks may consist of three
families, like the SM quarks. The parton distribution functions of the u quark
and gluon inside the proton are more dominant than those of other quarks, so in
proton-proton colliders, the most dominant production process of excited quarks
occurs as gu — u* — gu. As a result, first-family excited quarks will have a higher
production cross-section. In contrast, the production cross sections of the second
and third family excited quarks, which can be produced in the proton-proton col-
lider through the SM quark-gluon-excited quark vertices corresponding to their
respective families, will be much smaller. As an exception to these statements, it
can be shown that excited quarks can make transitions between families through
the Flavor Changing Neutral Current (FCNC) interactions. Experimentally, it is
evident that an FCNC interaction between SM quarks has not been observed at
the tree level. Excited quarks entering the FCNC interactions with the SM quarks
can cause more complex phenomenological final states. For these reasons, second
and third-family excited quark productions and the FCNC interactions of excited
quarks with the SM quarks are excluded from the scope of this study. So, this study
focused exclusively on examining excited quarks that interact with the first-family
quarks of the SM. For excited quarks, (1) excited quark «* if my« > mgq«, (2) excited
quark d* if mgqs > my«, and (3) excited quark ¢* states if m,» = mq- (degenerate)
were investigated. In addition, (a) A = 27 TeV and (b) A = mq« values were
used in the compositeness scale we used in our calculations (Q* : u*, d* ,and ¢*).
We performed decay width and cross-section calculations, considering the experi-
mentally determined exclusion mass limit of 6.7 TeV for the excited quark in the
di-jet final state by selecting free parameters as f = fs = f' = 1. For the (a) and
(b) preferences of the compositeness scale, the decay width graphs of the excited d
quark (d*) and the excited u quark (u*) contributed by the total and four different
channels separately are given in Figures [I] and [2] respectively. In these plots, we
observe that the di-jet final state contributes the most to the decay widths of the
excited u and d quarks.
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FIGURE 1. Total decay width as a function of spin-1/2 excited d quark for A = 27 TeV
(left panel) and A = mqg+ (right panel).
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FIGURE 2. Total decay width as a function of spin-1/2 excited u quark for A = 27 TeV
(left panel) and A = my+ (right panel).

To mitigate potential divergences in the cross-section values, we present the
cross-section graphs for d*, u*, and ¢* by imposing the constraint of Pr, > 25 GeV,
as illustrated in Figure We selected CT10 for the quark distribution function [60],
and in these cross-section calculations, we set the renormalization and factorization
scales equal to the mass of the excited quarks. Both plots in Figure [3| depict the
cross-section values capable of yielding at least one event, starting from the exper-
imental exclusion value of 6.7 TeV aligned with the mass of excited quarks. This
consideration incorporates the maximum anticipated integrated luminosity value
for the HE-LHC. The disparity between the two plots arises from employing two
distinct values of the compositeness scale. As anticipated, setting the compositeness
scale equal to the mass of the excited quark results in a higher cross-section.

2.3. Signal and Background Analysis. For the signal, pp — v*+ X — ug+ X,
pp > d*+X = dg+ X, and pp — ¢* + X — qg + X processes were examined
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FiGure 3. Distribution plots in cross-section versus mass for the di-jet final state of
spin-1/2 excited quarks at A = 27 TeV (left panel) and A = mq~ (right panel).

separately. As background, the pp — jj+X process meets the mentioned signal pro-
cesses. We defined the j symbol in the background process as u, @, d, d, ¢, ¢, s, 5, b, b,
and g, and performed calculations accordingly in the simulation software. Initially,
we imposed a transverse momentum limitation of 25 GeV for the jets in the signals
and background calculations. However, under this constraint, it became challeng-
ing to distinguish between the signal and background. By obtaining and examining
the transverse momentum (Pr;), pseudo-rapidity (n;), and invariant mass (myj;)
distributions, we determined the necessary limitations for these three important
parameters that we will use in our later calculations. In Figure we present
distribution plots for Pr;, n;, and my;, featuring only the case where the compos-
iteness scale is equal to the mass of the excited quark (A = mq-), as the A = 27
TeV scenario exhibits a comparable distribution.

Examining the distributions in Figure 2:3] we define the constraints applied in
our calculations for Pr;, n;, and mj. While determining the Pr; cut from the
plot, the value at which the background is suppressed, and the signal unaffected
was selected as 2 TeV. It can be seen in the n; plot that in the cut applied by
choosing between -2.5 and 2.5, a large part of the background will be suppressed.
When looking at the myj; plot, the region within mg-—2I'"" < m;; < mg~ + 2I'
of the peaks where the signal is higher than the background was selected as an
invariant mass cut. Here, mg+ represents the individual masses of all degenerate
and non-degenerate excited quarks, and I'* represents the decay width of excited
quarks.

In addition to these three critical constraints, we selected a cone angle radius of
AR > 0.5 to enhance the distinction of jets in the di-jet final state. Utilizing the
specified constraints, we computed the discovery, observation, and exclusion limits
on the excited quark mass by the Statistical Significance (SS) relation outlined in
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FIGURE 4. Normalized transverse momentum, normalized pseudo-rapidity, and invariant
mass distributions of the di-jet final-state excited quark for some mass values at HE-LHC.

Equation [2| In this relation, cg symbolizes the signal cross section, o symbolizes
the background cross section, and L;,; represents the integrated luminosity value.

gs
5SS = ——=/Lin 2
VOs + 0B ! ( )

3. FINDINGS AND CONCLUSIONS

To reveal the ability of the HE-LHC to investigate the spin-1/2 excited quark,
firstly, using the cross-section results obtained with the help of CalcHEP simulation
software and the statistical significance relation in Equation the spin-1/2 excited
quark mass limits were calculated considering the all confidence level 20 (exclusion),
30 (observation), and 50 (discovery). In Table I} we consider the compositeness
scale as 27 TeV. We set the integrated luminosity value for the first year of HE-
LHC at 750 fb™!, and we utilize the projected integrated luminosity value of 15000
fb"! for the end of 20 years. The table displays the discovery, observation, and
exclusion mass limits for the di-jet final state of d*,u* and ¢*. As expected, the
mass limits of the spin-1/2 excited quark in the degenerate state were higher. In
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addition, we observe that the potential exclusion limit for the spin-1/2 d* di-jet final
state, which possesses the lowest mass limit in our calculations, is anticipated to
significantly surpass the exclusion limit of 6.7 TeV set by the LHC in the first year.
As the integrated luminosity value increases, one anticipates that these mass limits
will achieve higher values. Although Table [I| numerically presents the statistical
significance values when the integrated luminosity reaches 15000 fb'!, Figure
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illustrates the 20-year developmental trajectory of these mass limits.

TABLE 1.

scale A is taken equal to 27 TeV.

Exclusion, observation, and discovery mass limits obtained with the lowest and
highest integrated luminosity values of the HE-LHC for the case where the compositeness

Lint (fb‘l) : 750 15000
SS* 1 20 | 30 | b0 | 20 | 30 | 5o
mg« (TeV) ;1103 9.7 | 88 |12.6 |12.0|11.2
my (TeV) : | 12.6 | 11.9 | 11.1 | 15.1 | 14.5 | 13.6
Mg (TeV) :1129(12.1|11.5| 154 | 14.7 | 13.9
*SS = Statistical Significance
pp—d"+X = jj+X p—ou+ X =i+ X
T T \// T T T /\/ T
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FIGURE 5. Discovery, observation, and exclusion mass limits of the spin-1/2 excited d,

u and g quarks in the di-jet final state according to the integrated luminosity values of

the HE-LHC for A = 27 TeV.

We conducted an additional calculation to determine the mass limit of spin-1/2
excited d, u, and ¢ quarks in the di-jet final state at the HE-LHC while considering
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the compositeness scale taken equal to the mass of the excited quark. The result
of our calculations here is higher than the discovery, observation, and exclusion
values in the case of A = 27 TeV, as seen in Table[2] Based on the results obtained
at this juncture, it is evident that the HE-LHC could achieve an exclusion value
significantly surpassing the experimentally imposed exclusion limit on the mass of
the excited quark, even within its inaugural year of operation, as seen in Figure [f]
These calculations underscore the high potential of the HE-LHC for the discovery
of excited quarks.

TABLE 2. Exclusion, observation, and discovery mass limits obtained with the lowest and
highest integrated luminosity values of the HE-LHC for the case where the compositeness
scale A is taken equal to the mass of the excited quark.

Lint (fb‘l) : 750 15000
SS* i1 20 | 30 | o | 20 | 30 | 5o
mg~ (TeV): | 11.7 | 11.1 | 104 | 13.6 | 13.1 | 124
my (TeV) : | 13.8 | 13.2 | 12.4 | 159 | 15.3 | 14.6
m- (TeV) : | 14.0 | 13.5 | 12.7 | 16.0 | 15.5 | 14.8
*SS = Statistical Significance
pp—=d+X = jj+X pp—ou+ X =i+ X
T T T //\ T T T T /\/ T
EoA=my / 3 E A=m, / 3
[ / ] [ / ]
L a B L Va B
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FIGURE 6. Discovery, observation, and exclusion mass limits of the spin-1/2 excited d,

u and q quarks in the di-jet final state according to the integrated luminosity values of
the HE-LHC for A = mq~.
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In our analysis thus far, we have equated the compositeness scale, a pivotal pa-
rameter in compositeness studies, either to the center-of-mass energy of the particle
collider or the mass of the spin-1/2 excited quark. Nevertheless, the compositeness
scale remains an indeterminate parameter. To address this issue, we conducted in-
dependent calculations to determine the potential compositeness scale limits achiev-
able in the HE-LHC regarding the masses of the spin-1/2 excited quarks in the di-jet
final state, specifically d*, u*, and ¢*. Table [J] details our compositeness scale cal-
culations, considering the highest value of the integrated luminosity at HE-LHC,
which is 15000 fb™!. We present achievable compositeness scale values correspond-
ing to exclusion, observation, and discovery limits at selected mass values, such as
6.7, 8.7, 10.7, and 12.7 TeV for spin-1/2 d*, u*, and ¢* in the di-jet final state. At
the end of 20 years, when the integrated luminosity value that the HE-LHC will
achieve is 15000 fb™!, the exclusion values for the compositeness scale corresponding
to masses of 6.7 TeV for d*, u*, and ¢* will be 920, 2500, and 3200 TeV, respec-
tively. Figure [7] depicts the compositeness scale scan corresponding to the mass of
the di-jet final state spin-1/2 excited d, u, and q quarks. Our analysis, initiated
from the 6.7 TeV exclusion limit imposed by the LHC on the mass of the excited
quark, reveals the potential of the HE-LHC to explore the di-jet final state excited
quark. Considering our findings, it is conceivable that the HE-LHC might function
as a potential discovery machine for excited quarks.

TABLE 3. Achievable compositeness scale values corresponding to some mass values of
the excited quark at 15000 fb™! luminosity of the HE-LHC with center-of-mass energy of
27 TeV.

HE-LHC (L;,,;=15000 fb!)
A (TeV)
me« (TeV) mg« 1y« m
50 | 30 | 20 | bo \ 30 20 | 5o \ 30 20
6.7 368 | 614 | 920 | 1000 | 1668 | 2500 | 1280 | 2133 | 3200
8.7 126 | 210 | 314 | 400 | 666 | 999 | 503 | 839 | 1258
10.7 384 64 | 96 | 145 | 242 | 362 | 179 | 298 | 447
12.7 11 18 | 27 48 80 120 58 96 144

In the calculations thus far, we have set the free parameters to equal one. The
value f = f, = f' = 1 is the highest value that free parameters can take, but
these parameters can also have values between zero and one. Thus, scanning the
numeric value of the free parameters becomes beneficial through the mass of the
excited quark. Given that the most extreme value attained in the free parameter
scan pertains to the scan for excited q quarks, the results for d* and u* scans are
not incorporated into this study. Figure [§ shows the scans we made considering
A =27 TeV and A = mgy~ according to the mass of the excited q quark. In the
calculations involving the scanning of free parameters, we employed an integrated
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FIGURE 7. Achievable compositeness scale values corresponding to the discovery, ob-

servation, and exclusion masses of d*, uv* and ¢* when the integrated luminosity value of
HE-LHC is 15000 fb™'.

luminosity value of 15000 fb™!, representing the HE-LHC can attain over 20 years.
Upon examination of the scan plot for A = 27 TeV, the discovery, observation, and
exclusion limits of the excited q quark are apparent, being 6.7 TeV, 8.0 TeV, and
8.8 TeV, respectively, when the free parameters are chosen to 0.13. For the scenario
where A equals the mass of the excited quark (A = mg+) with the free parameters
set to 0.06, the discovery, observation, and exclusion limits of the excited q quark
are identified to be 6.7 TeV, 7.5 TeV, and 8.2 TeV, respectively. As depicted in
Figure [8] the numerical increase in the value of the free parameters results in an
increase in the discovery, observation, and exclusion limits placed on the mass of the
excited q quark. The calculations, conducted through a scan of the free parameters
and unveiling the potential for values as small as 0.06, indicate the considerable
research potential of the HE-LHC for the spin-1/2 excited quark in the di-jet final
state.

This study encompasses three distinct analyses: determination of discovery, ob-
servation, and exclusion limits on the mass of spin-1/2 excited quarks in the di-jet
final state; assessment of achievable compositeness scale; and screening of free pa-
rameters in the context of the High Energy-Large Hadron Collider, taking into
account two separate integrated luminosity values. The outcomes of these analyses
reveal that the HE-LHC exhibits a significantly greater potential than the LHC in
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FIGURE 8. In the cases A = 27 TeV (left panel) and A = mg+ (right panel), the
attainable mass of ¢* according to the free parameter values limits.

achieving higher limits for the mass of excited quarks, larger values for achievable
compositeness scale, and distinctly small values for free parameters.
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