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In th, and is study, the contact interaction search potential of the FCC-
based electron–proton collider was investigated. The study was carried out
by using electron–proton collisions at 3.16, 5.0, and 31.6 TeV center-of-
mass energies and the cross sections of the collisions were obtained with
the package of CalcHEP. The exclusion, observation, and exclusion lim-
its were determined based on a search for deviation of the jet production
cross section from the prediction of the Standard Model. The limits on the
compositeness scales were obtained for constructive and destructive inter-
ferences of four different helicity structures (left–left, right–right, left–right,
and right–left). The comparative analysis of the results presented in this
study was performed with previous and future prospect collider options.
The physics potential of the studied ep collider options was evaluated by
considering different kinematic cuts and a wide range of luminosity values.
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1. Introduction

Lepton–hadron collision is a key instrument for obtaining deep informa-
tion about the structure of matter. In particular, lepton–hadron collisions
played an important role in the emergence of the quark-parton model [1].
Achieving high-Q2 and small Bjorken-x regions is important for understand-
ing the nucleon structure with better precision. Therefore, high-energy
electron–proton collisions will provide high-precision information about the
quark and gluon structure of the proton. On the other hand, such high-
energy colliders will enable the expansion of the Higgs studies and the inves-
tigation of New Physics such as quark substructure [2]. Additionally, new
particles are likely to be formed in such high-energy colliders. It will also
enable the study of New Physics phenomena, including scenarios involving
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dark matter. With such colliders, deviations from the Standard Model (SM)
can be determined by making precise measurements, and thus New Physics
potentials can be investigated.

Research and development of electron–hadron colliders is an ongoing and
continuing concern. The energies of the electrons will be limited in circular
accelerators due to synchrotron radiation. Therefore, electrons with desired
high energy can be obtained by using linear colliders (LC) tangent to circular
accelerators. This approach has been considered for different colliders [3–6].
FCC (Future Circular Collider) [7] is the future 100 TeV center-of-mass en-
ergy circular pp collider proposed at CERN. In this work, we discuss the
physics potentials of the LC ⊗ FCC-based ep collider in terms of contact
interaction (CI). Firstly, the linear accelerator parameters used in the cal-
culations belong to the PWFA-LC (Plasma Wake Field Accelerator Linear
Collider) [8] accelerator, which will enable high energies to be obtained at
short distances. The major advantage of a PWFA is that it will allow for
building more compact accelerators compared to radio-frequency resonance-
based colliders. Secondly, the 50 GeV⊗50 TeVep option which is an initially
planned scenario in FCC was considered. Finally, the 125 GeV⊗ 50 TeVep
option was considered. Here, the first energy is the electron energy obtained
in the linear accelerator and the second is the proton energy obtained in the
FCC. The physics limits that can be achieved for different contact interac-
tion scenarios will be estimated. The main goal of this work is to estimate
the sensitivity of this New Physics for the specified collider option. In this
study, the CalcHEP [9] program, which provides automatic calculation of
elementary particle collisions, was used. The contact interaction model is
implemented through LanHEP [10], which automates the process of calcu-
lating Feynman rules and writing CalcHEP model files.

A considerable amount of literature has been published on contact in-
teractions. In the next part of the manuscript, some published work on
the four-fermion contact interaction scale will be reviewed. The search for
physics beyond the Standard Model has been realized with high-Q2 neutral
current deep inelastic scattering events recorded with the ZEUS detector at
HERA [11]. Two data sets, e+ + p → e+ + X and e− + p → e− + X, re-
ceived between 1994–2000 with the integrated luminosities of L = 112 pb−1

and L = 16 pb−1 were analyzed to obtain limits on the compositeness scale
in eeqq contact interactions. For contact interaction models, limits rang-
ing from 1.7 to 6.2 TeV have been reported to be obtained on the effec-
tive mass scale Λ (i.e. the compositeness scale). In another study of [12],
lower limits on the compositeness scale were obtained from a general con-
tact interaction analysis. The analysis in that article is based on the full H1
data sample collected in 1994–2007, corresponding to the integral luminos-
ity of L = 446 pb−1. In this study, neutral current deep inelastic e−p and
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e+p scattering cross-section measurements were analyzed to investigate new
phenomena mediated by contact interactions. Here, the contact interaction
models were examined with the observation of the deviations from the Stan-
dard Model expectation at high Q2. Limits on the parameters of various
contact interaction models are presented at the 95% C.L. According to the
analysis results, the limits for the general four-fermion eeqq contact interac-
tion models were determined between 3.6 TeV and 7.2 TeV, depending on
the chiral structure.

In another study, a search was conducted for new resonant and non-
resonant high-mass phenomena in dielectron and dimuon final states [13].
In that study, 36 fb−1 proton–proton collision data collected at

√
s = 13 TeV

by the ATLAS experiment conducted at the LHC (Large Hadron Collider)
in 2015 and 2016 were used. Here, the lower limits on the qqll contact
interaction scale were set between 24 TeV and 40 TeV, depending on the
model. Another study used 35.9 fb−1 proton–proton collision data collected
at

√
s = 13 TeV by the CMS (Compact Muon Selenoid) experiment at the

LHC [14]. In that work, a search for physics beyond the Standard Model was
carried out based on measurements of dijet angular distributions in proton–
proton collisions. In a model in which only left-handed quarks participate,
contact interactions were excluded at the 95% confidence level up to a scale
of 12.8 or 17.5 TeV for destructive or constructive interference, respectively.

Another study was performed using a 7 TeV proton–proton data sample
collected with the LHC CMS detector, corresponding to an integrated lu-
minosity of 5 fb−1 [15]. The results of the research on the deviation of the
jet production cross section relative to SM are presented. Using the CLs

criterion, lower limits of 9.9 TeV and 14.3 TeV were determined at the 95%
confidence level for models containing destructive and constructive interfer-
ence, respectively. It has been noted that the jet pt spectrum becomes a
competitive observable for investigating phenomena defined by contact in-
teractions. Finally, studies on electron–positron collisions could be carried
out for different sources [16–20].

The analysis part of this study consists of two stages. In the first stage,
distributions for different kinematic variables were obtained for both SM
and different contact interaction models. Thus, deviations from SM were
observed. As a result, some cuts were determined to separate the signal
from the background. In the second stage, by applying different jet pt cuts,
the deviations of the contact interaction models from the SM were deter-
mined with a statistical model over the total cross section. Additionally,
bin-by-bin analysis was included in some interaction scenarios. As a result
of the analysis, limits for the contact interaction scale are presented for dif-
ferent statistical sensitivities and interaction models. Thus, it was possible
to evaluate the sensitivities of different models depending on the transverse
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momentum cut-off. At the last stage of the study, an uncertainty calcula-
tion was made. Changes in the contact interaction scale obtained by the
specified analysis method were observed depending on some uncertainties in
real detector parameters.

2. Four-fermion contact interaction

If quarks and leptons are made of constituents, then there are new in-
teractions on the scale of the binding energies of the constituents, called
the compositeness scale. If the energy of a collider is much smaller than
this compositeness scale, strong forces binding the constituents cause flavor-
diagonal contact interactions. Contact interactions occur as four-fermion
interactions at low collider energies as an effect of fermion compositeness.
Therefore, the energy of the collider and the level of compositeness scale are
decisive in understanding the substructure of fermions. Contact interactions
are suppressed by the inverse powers of the compositeness scale. Most gener-
ally, contact interactions are described by the color-singlet chirally invariant
flavor-diagonal Lagrangian [21, 22]

L = LLL + LRR + LLR + LRL , (1)
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Here, L represents the effective Lagrangian, while the indices i and j rep-
resent the fermion flavors. Other terms, gcontact, Λ and ψLR represent
the coupling constant, compositeness scale, and fermion spinors, respec-
tively. Here, the coupling constant for the new strong interaction is taken as
g2contact/4π = 1. Additionally, the terms ‘L’, ‘R’ are used to indicate whether
the fermion flavor is in the left or right helicity, respectively. In general, in
interactions between the same fermion flavors, that is, when i = j, these
indices are eliminated and only the term ηαβ is used. Here, ηαβ is called
the chirality coefficient. This coefficient is set to ±1 values as the high-
est magnitudes and determines whether the fermion scattering amplitude
for the contact interactions and SM amplitude interfere constructively or
destructively [22].
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Contact interactions could occur in two ways. If fermions have common
constituents, interchange of these constituents could lead to such interac-
tions. On the other hand, if a quanta pair couple to the constituents of both
particles, contact interaction could occur by exchanging the binding quanta.
Different contact interaction models are presented as follows, depending on
the helicity of the fermion flavors and the type of interference (constructive
or destructive)
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LL

(
ηijLL, η

ij
RR, η

ij
LR, η

ij
RL

)
= (±1, 0, 0, 0) ,
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ij
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ij
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RR, η

ij
LR, η

ij
RL
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= (0, 0,±1, 0) ,
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(
ηijLL, η

ij
RR, η

ij
LR, η

ij
RL

)
= (0, 0, 0,±1) . (3)

Here, the value of ηαβ being 0 indicates that the corresponding interaction is
not included in the presented scenario. Thus, a single ηαβ value was retained
in each scenario and others were excluded. In this study, purely four-fermion
contact interactions of electron-proton collisions were considered. The in-
teractions at large extra dimensions were not taken into account. The basic
interaction process in our calculations could be expressed as follows:

e+ p→ e+ j +X . (4)

Here, the j term refers to the particles of (j : u, ū, d, d̄, c, c̄, s, s̄, b, b̄, g). The
total cross section of this interaction is shown in Eq. (5) [23]

σtot = σSM − ηij
FI

Λ2
+
FC

Λ4
. (5)

Here, the FI parameter belongs to the interference between the contact in-
teraction and the SM, while the FC parameter represents only the contact
interaction. These parameters do not depend on the compositeness scale
and are a function of cross section. At high-Λ values, the second term in
Eq. (5) dominates in contribution to the total cross section. Therefore, the
interference of the four-fermion contact interaction with the SM could be
accepted as the leading term in our calculations.

3. Method and analysis

In this study, the contact interaction scales that the ep collider mentioned
in the introduction could reach in various interaction scenarios are estimated
for different statistical significances. To investigate the sensitivity of new
contact interactions, particle final-state distributions were used. These dis-
tributions are the transverse momentum (pt) and pseudo-rapidity (η) distri-
butions of electrons and jets. These distributions were obtained separately
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for the contact interaction models with various compositeness scales and SM
using the CalcHEP program. As an example, the distributions regarding the
Λ+
LL model are shown in Figs. 1 and 2. The production of the desired distri-

butions using the cross-section values obtained from the CalcHEP program
was achieved with the ROOT program [24]. CT10 parton distribution func-
tion (PDF) was used in the CalcHEP program [25]. Later, different PDFs
were used to see the changes in the scaling results.

Fig. 1. Transverse momentum distribution for jet final states and the model of Λ+
LL.

Fig. 2. Pseudo-rapidity distribution for jet final states and the model of Λ+
LL.
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Our aim was to determine the kinematic cuts by comparing the distribu-
tions of the contact interaction model with those of the SM. The calculated
cut values are given in Table 1. In this table, the pt cut is given as the
minimum value, and in the remaining part of the analysis, sensitivity cal-
culations were made by increasing these cut values at different rates. In
sensitivity calculations, η cuts were used without modification as stated in
Table 1. The cut value for ηelectron was taken as |η| < 2.5 for all interaction
scenarios, taking into account the detector acceptability and geometry. In
the CMS experiment, electromagnetic and hadron calorimeters are placed
in the field with |η| < 3. Outside the field, hadron calorimetry is located
with 3 < |η| < 5 [26].

Table 1. The cut values determined by comparing of the distributions of the particle
final states in terms of SM and SM+CI.

Model pt(e, jet) [GeV] ηjet ηelectron

Λ+
LL > 600 −4 < η < 1 |η| < 2.5

Λ−
LL > 600 −4.5 < η < 1 |η| < 2.5

Λ+
LR > 400 −4.8 < η < 1 |η| < 2.5

Λ−
LR > 800 −4 < η < 1 |η| < 2.5

Λ+
RL > 400 −4.5 < η < 1 |η| < 2.5

Λ−
RL > 500 −4.5 < η < 1 |η| < 2.5

Λ+
RR > 400 −4.6 < η < 0.5 |η| < 2.5

Λ−
RR > 700 −4 < η < 1 |η| < 2.5

In this study, the statistical significance calculation was made as given
in Eq. (6)

σs =
σSM+CI − σSM√

σSM
×
√
L . (6)

Here, σSM+CI represents the signal cross section estimated based on the
contact interaction model, and σSM represents the background cross section
based only on SM. Here, L is the integrated luminosity value. The calcula-
tions aimed to determine the contact interaction scales that lead to statistical
significance values (σs) of 2, 3, and 5. These significance values represent
the following sensitivities: 2, 3, and 5 σs and they could be considered as the
sign of a New Physics, a new observation, and limit values for a discovery,
respectively. In the next stage of the analysis, the cuts specified in Table 1
were applied and the signal cross sections along with the SM cross sections
were determined for contact interaction models with different scales. We can
call this process Λ scanning. In the Λ scan, the corresponding signal cross
sections were determined by changing the Λ values with very small intervals.
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In the rest of the analysis, Eq. (6) was evaluated with different luminosity
values, and the cross sections leading to the specified σs values and the cor-
responding Λ values were found. This analysis, that is, the determination of
Λ values, was carried out by the following method: for a certain luminosity
value, the distribution of the σs values corresponding to each Λ was fitted
with an appropriate function (higher-order polynomial), and the Λ values
regarding the desired σs were determined using this function.

4. Results

In this section, first of all, we present the results obtained with an inte-
grated luminosity of 10 fb−1 for 5 TeV⊗ 50 TeVep option. The numbers of
signal events that will lead to different statistical significance are presented
in Fig. 3 depending on the pt cuts. This is intended to give an idea about
the effect of the cuts on the number of events. The event numbers were
obtained by multiplying the cross-section values and the integrated lumi-
nosities. When we look at Fig. 3, we can clearly see the following: when the
pt cut is increased from 2000 GeV, there is a sharp decrease in the number of
signal events. While the number of signal events decreases to 119 for 5σ at
the pt > 4000 GeV cut, this value becomes 55 at the pt > 5000 GeV cut. On
the other hand, this number was found to be 1036 in the pt > 2000 GeV cut.

Fig. 3. The numbers of signal events that lead to different statistical significances
are shown based on pt cuts.
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In this part of the manuscript, the contact interaction scale values that
will lead to different statistical significances (5σ, 3σ, and 2σ) are shown in
Figs. 4, 5, and 6 for different models depending on the pt cuts. These three
graphs together could be said to have the following trends: It could be seen
that the highest-Λ values can be achieved by far with the Λ+

LL and Λ+
RR

models. The lowest Λ values are reached by Λ−
LR, and Λ−

RL models. An
increasing trend in scale values with the pt cut is observed in all models.

Fig. 4. Contact interaction scales are shown for 5σ and different models according
to different pt cuts.

Fig. 5. Contact interaction scales are shown for 3σ and different models according
to different pt cuts.
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Fig. 6. Contact interaction scales are shown for 2σ and different models according
to different pt cuts.

Two different cuts were taken into consideration to see the rate of change
in the scale (pt > 2000; pt > 4000). The change in scale with the pt cut is
presented as a percentage for different models in Fig. 7. According to this
graph, the change is generally over 20% and at most 30%, but it is at lower
levels for two models. It is 9% versus 15% for Λ+

LR and Λ+
RL, respectively,

regarding 2σ. Finally, the limit values for contact interaction scales are

Fig. 7. The change of Λ with pt cut in % for 2σ and 5σ in terms of interaction
models.
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given in summary with two graphs of Figs. 8 and 9 for two different pt
cuts (pt > 2000; pt > 4000). Looking at these two graphs, the following
evaluations could be made: When the models for destructive interferences
are compared, it is seen that similar values are obtained. For constructive

Fig. 8. Contact interaction scales are shown for the specified models with two
different pt cuts and different sensitivities.

Fig. 9. Contact interaction scales are shown for the specified models with two
different pt cuts and different sensitivities.
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interferences, close values are seen in two groups. It could be said that close
values were obtained for Λ+

LL and Λ+
RR in the first group and for Λ+

LR and Λ+
RL

in the other group. Thus, changes in the scale are presented to the reader
for evaluation depending on pt cuts, models, and sensitivities. It should also
be noted that all these results were obtained by cut-based analysis.

At this level of study, several uncertainties that could affect our results
were evaluated as follows: uncertainty that may occur with different selec-
tion of QCD scaling, changes in our results as a result of different PDF
selection, the effect of uncertainty in the luminosity, uncertainty in electron
reconstruction efficiency, and uncertainty in pt resolution. All uncertainties
were calculated based on a 2σ statistical significance level. First, the effect
of changes in luminosity was determined. For this purpose, the luminosity
value of 10 fb−1 was changed by increasing and decreasing it from 1% to 5%
in Eq. (6) and the scaling limits were recalculated. The results are shown
as percentage changes in Fig. 10. The results show the largest change and

Fig. 10. Percentage uncertainty in Λ for 2σ in terms of changes in luminosity.

its absolute value if negative. The figure shows the difference between the
results obtained with positive and negative models. It can be said that this
is due to the fact that the distribution of scaling values depending on the
significance values is in a different form for positive and negative models
(Figs. 11 and 12). It is also seen that the uncertainty in the scaling is at
most around 0.93% for a 5% change in luminosity. The results do not change
significantly with the pt cu-toff.
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Fig. 11. Distribution of Λ (black dots) depending on the significance values in the
constructive interference of the ΛLL model and the fit function (red line) (pt >
4000 GeV).

Fig. 12. Distribution of Λ (black dots) depending on the significance values in the
destructive interference of the ΛLL model and the fit function (red line) (pt >

4000 GeV).
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The default value for QCD scaling in CalcHEP is the invariant mass of
the incoming particles, the electron and proton in the present case, Mep =√
(pe + pp)2. The scaling limits were recalculated by taking twice (2×Mep)

and half (0.5 × Mep) of this value for both CI and SM. Differences from
the default value are shown as percentage changes in Fig. 13. Here too,
the difference between the results obtained with the positive and negative
models is evident. It is seen that the uncertainty in Λ does not exceed 1%
and 0.6% for positive and negative models, respectively. Moreover, it can
be said that the results do not change significantly with the pt cut-off. The
results show the largest change and its absolute value if negative.

Fig. 13. Uncertainties obtained for Λ by taking twice and half of the default value
in QCD scaling.

Another uncertainty may arise from the use of different PDFs. For this
reason, the calculations were repeated using 5 different PDFs other than
CT10 in CalcHEP for both CI and SM. PDFs used are: mrst2004, nnpdf230130,
nnpdf310118, nnpdf310130, pdf4LHC15. Percentage changes compared to
the results obtained with CT10 are shown in Fig. 14 for pt > 2000 GeV. The
first thing that stands out here is that the uncertainties obtained for the Λ+

LR

and Λ−
LR models are quite low compared to the other models and are at most

1.6%. On the other hand, it is seen that this uncertainty exceeds 4% and
5% levels for some distribution functions in Λ+

LL and Λ−
LL, respectively. In

addition, PDFs that cause high uncertainty differ according to the models.
The uncertainty in electron reconstruction and ID efficiency is reported

as 2% for pt > 200 GeV [27]. The uncertainty calculation was made assuming
that this would affect the cross section of interest at the same rate. The
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Fig. 14. Uncertainties obtained for Λ using different PDFs (pt > 2000 GeV).

calculations were re-performed by conservatively taking the reconstruction
efficiency as 90%, and increasing and decreasing the cross sections by 0.2%
only for CI. The results in Fig. 15 show the largest change and its absolute
value if negative. The uncertainty in Λ was at least 0.21% and at most
1.16% in the negative LR and positive LL model, respectively.

Fig. 15. Uncertainties in Λ arising from uncertainty in e reconstruction efficiency.
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Jet pt resolution was included in our uncertainty calculation as follows:
calculations were repeated assuming that the resolution at high pt was 0.5%
and an uncertainty at this resolution of 10%. For this, the calculations were
repeated for pt > 2000 GeV by taking pt > 1990 GeV and pt > 2010 GeV.
Then pt > 4000 GeV, pt > 3980 GeV and pt > 4020 GeV were taken. These
new calculations were made only for CI. Our anlaysing method was found
to be significantly sensitive to this uncertainty, and significant differences
occurred between models. The uncertainty in Λ was at least 1.20% and
at most 10.38% in the negative LL(pt > 4000 GeV) and positive LL(pt >
2000 GeV) model, respectively. It has been observed that decreasing the
pt cut-off gives greater changes than increasing it. The results in Fig. 16
show the largest changes. It can also be seen that the uncertainty decreases
significantly with the increase in the pt cut-off. It is also clear that when the
uncertainty in the resolution is taken lower, the uncertainty in the Λ will be
significantly less.

Fig. 16. Uncertainties in Λ arising from 10% uncertainty in pt resolution.

In our study, the statistical uncertainty calculation was made as follows:
when each significance calculation is made according to Eq. (6) for a given
model and interaction scenario, a statistical error is determined depending
on the correlation factor (ρ) according to the standard error propagation.
This error value was multiplied by a uniformly distributed random number
between −1 and +1 and added to the significance value. Scaling limit calcu-
lations were repeated with the newly obtained significance values. This was
repeated 10 000 times to obtain the distribution of percentage differences
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from the default value. The sum of the mean and r.m.s. values of this distri-
bution is presented as the statistical error in Fig. 17. Six different correlation
factors were used in these calculations: 0.0, 0.50, 0.70, 0.90, 0.95, and 0.99.
As can be seen, when the factor 0.99 is used, the error is quite low. When the

Fig. 17. Statistical uncertainties in Λ for different correlation factors.

factor is taken as 0.0, significant errors occur. The difference between posi-
tive and negative models is particularly evident at low correlation factors. It
could be said that reasonable error rates can be obtained at relatively high
correlation factors. An attempt was made to obtain information about the
correlation factor. For this purpose, the electromagnetic (EE) and contact
interaction (gci) coupling constants were fluctuated to make the cross sec-
tions compatible with the statistical uncertainty and the calculations were
repeated. Here, exactly the same electromagnetic coupling constants were
used for the signal and background. Accordingly, 1000 events were simulated
and the correlation factor was determined as 1.00 ± 0.04 with Eq. (7) (see
Fig. 18)

Corr {x, y} =
Cov {x, y}√

Var {x}Var {y}
,

Var {x} = E
{
(x− E {x})2

}
,

Cov (x, y) = E {(x− E {x}) (y − E {y})} . (7)

Here, x and y represent signal and background, respectively. E (x) refers to
the expected value of x.
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Fig. 18. Correlation between signal and background. EE refers to electromagnetic
coupling constant and gci refers to the contact interaction coupling constant. The
signal and background have the same EE constants in fluctations.

Finally, the effects of possible systematic changes in cross-section values
were determined. For this purpose, scaling limits were recalculated by in-
creasing or decreasing the cross sections from 1% to 10% for a given model
and for both CI and SM simultaneously. Percentage changes in the scaling
limits compared to the initial state are shown in Fig. 19. Under the same

Fig. 19. Uncertainties in Λ arising from changing the cross sections at different
rates.
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conditions, reducing the cross sections gives larger changes than increasing
them. The absolute value of the changes is given in the figure. Here too,
the difference between the results of the positive and negative models is ev-
ident and appears in two separate groups. It could be seen that the results
regarding Λ+

LR(pt > 4000 GeV) and Λ−
LR(pt > 4000 GeV) models are some-

what separated from their groups. According to the results, the uncertainty
in Λ was highest in the positive model as 0.93% and 1.90% at 5% and 10%
changes in the cross sections, respectively. On the other hand, for 5% and
10% changes in cross sections, the uncertainty in Λ was at least 0.35% and
0.72% in the negative model, respectively.

All these uncertainties are summarized in Tables 2 and 3. The results
are given for the 3% change in luminosity, 10% uncertainty in pt resolution,
0.95 as correlation factor (ρ), and 10% change in cross sections. The total
uncertainties are calculated as the quadratic sum of the individual uncer-
tainties. In the table, two different total uncertainty values were calculated
by taking the maximum and average uncertainty values originating from the
PDF. As can be seen from the table, the largest contribution to the total
uncertainty comes from PDF change, uncertainty in pt resolution, and sta-
tistical uncertainty. It could be said that other uncertainty sources have a
relatively low impact.

Table 2. The uncertainties in Λ for a different kind of sources. Total uncertain-
ties are the quadratic summation of individual ones. ∆Λ(2) and ∆Λ(4) refer to
∆Λ (pt > 2000GeV ) and ∆Λ(pt > 4000 GeV), respectively. Uncertainty in Λ for
different sources in %.

Error source ∆Λ+
LL(2) ∆Λ+

LL(4) ∆Λ−
LL(2) ∆Λ−

LL(4)

Luminosity 3% 0.54 0.56 0.22 0.21

QCD scale 0.83 0.83 0.59 0.48

Uncert. recon. eff. 1.16 0.39 0.46 0.15

Uncert. pt resol. 10% 10.38 3.72 3.80 1.22

Stat. uncert. ρ = 0.95 3.69 4.02 1.41 1.43

Cross section 10% 1.84 1.90 0.76 0.72

Parton — maximum 4.19 2.66 5.57 3.16

Parton — average 2.43 1.30 3.35 1.56

Total % — parton max. 12.03 6.47 6.97 3.78

Total % — parton avg. 11.53 6.04 5.37 2.60
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Table 3. The uncertainties in Λ for a different kind of sources. Total uncertainties
are the quadratic summation of individual ones. ∆Λ(2) and ∆Λ(4) refer to ∆Λ(pt >

2000 GeV) and ∆Λ(pt > 4000 GeV), respectively. Uncertainty in Λ for different
sources in %.

Error source ∆Λ+
LR(2) ∆Λ+

LR(4) ∆Λ−
LR(2) ∆Λ−

LR(4)

Luminosity 3% 0.53 0.46 0.24 0.30

QCD scale 0.94 0.78 0.56 0.59

Uncert. recon. eff. 1.13 0.33 0.50 0.21

Uncert. pt resol. 10% 10.00 3.18 3.80 1.90

Stat. uncert. ρ = 0.95 3.54 3.34 1.54 2.08

Cross section 10% 1.81 1.60 0.81 1.02

Parton — maximum 0.99 1.65 1.65 2.04

Parton — average 0.58 0.74 0.90 1.01

Total % — parton max. 10.92 5.24 4.56 3.69

Total % — parton avg. 10.89 5.03 4.35 3.24

After this point, the second option, 50 GeV⊗50 TeVep, was considered.
In the first stage of this analysis, the cut-based procedure analogous to the
first option was considered. The different ηjet and pt cuts were evaluated for
different interaction models and the best results obtained are summarized
in Fig. 20 for the luminosity of 190 fb−1. The uncertainties are shown
in Table 4. Also, the development of the scaling limits corresponding to
luminosities between 10 fb−1 to 190 fb−1 were determined. They are shown
for two different models in Figs. 21 and 22. It is seen that if the η cut
changes from ηjet > −5 to ηjet > −6, a significant improvement in the
contact interaction scale is achieved (Λ+

LL = 30.8 TeV for 2σ). Although
there is no detector acceptability reference for this cut-off, the results are
presented because they demonstrate a significant increase in scaling limits.

Especially when the results in the Λ−
LL model were evaluated, it was

seen that the bin-by-bin analysis should be done. For this analysis, Λ+
LL

and Λ−
LL models with −5 < ηjet < 0.5 cut were used. To this end, pt,jets

were divided into 25 bins between 200 GeV and 1580 GeV. This upper limit
was set because no cross-section values greater than 0 were obtained after
1580 GeV. The bins were arranged such that the bin resolution was not
greater than the bin width, according to Eq. (8) [15]. The criterion used to
determine Λ was χ2/n.d.f. ≈ 1.20 (standard criteria to set lower limits on
Λ) by taking into account the signal and background number of events with
given luminosity. This analysis was performed for two different luminosities
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Fig. 20. Contact interaction scales are shown for the specified models with different
kinematical cuts and sensitivities. The collider option is 50 GeV ⊗ 50 TeVep.

Table 4. The uncertainties in Λ for different kind of sources. Total uncertain-
ties are the quadratic summation of individual ones. ∆Λ (2) and ∆Λ (4) refer
to ∆Λ (pt > 200 GeV) and ∆Λ (pt > 400 GeV), respectively. E6 and E5 refer to
−6 < η < 0.5 and −5 < η < 0.5, respectively. Uncertainty in Λ for different sources
in % (50 GeV ⊗ 50 TeVep).

Error source ∆Λ+
LL(2) ∆Λ+

LL(4) ∆Λ+
LL(4) ∆Λ−

LL(4)

E6 E6 E5 E5

Luminosity 3% 1.40 1.42 1.27 0.23

Uncert. recon. eff. 10.23 2.73 0.25 0.07

Uncert. pt resol. 10% 10.31 4.00 0.66 0.19

Stat. uncert. ρ = 0.95 4.70 4.92 4.93 1.39

Cross section 10% 2.41 2.44 0.64 0.41

Parton — average 6.00 3.91 5.24 4.00

Total % 16.64 8.42 7.37 4.27
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Fig. 21. Contact interaction scales for Λ+
LL changing with luminosity. The collider

option is 50 GeV ⊗ 50 TeVep.

Fig. 22. Contact interaction scales for Λ−
LL changing with luminosity. The collider

option is 50 GeV ⊗ 50 TeVep.

of 190 fb−1 and 300 fb−1. The results are shown in Table 5. Only statis-
tical error was included in the results. For this, the statistical error was
calculated on χ2/n.d.f. by taking ρ = 0.99 and the Λ value corresponding to
this uncertainty was determined. As an example, the distribution of signal
(Λ−

LL = 12.6 TeV) and background event numbers by bins is shown in Fig. 23.
When the results are examined, it is seen that there is an improvement in
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Table 5. Λ obtained with bin-by-bin analysis according to χ2/n.d.f. It is compared
to the cut-based analysis with 2σ significance. Λ with bin-by-bin analysis for two
different luminosities. Errors for bin analysis are statistical (−5.0 < ηjet < 0.5)

50 GeV ⊗ 50 TeVep.

Model Luminosity Λ [TeV] Λ [TeV][
fb−1

]
χ2/n.d.f. with bin analysis with cut-based analysis

Λ+
LL 190 1.21 14.5± 1.0 15.84± 1.17

Λ+
LL 300 1.20 16.0± 1.0 17.6± 1.3

Λ+
LL 600 1.19 18.0± 1.0 20.4± 1.51

Λ−
LL 190 1.20 10.0± 1.3 6.06± 0.26

Λ−
LL 300 1.22 12.6± 1.2 —

Λ−
LL 600 1.21 16.0± 1.0 —

Fig. 23. Number of events by bins for signal (Λ−
LL = 12.6 TeV) and background.

This distribution leads to χ2/n.d.f. = 1.22. The collider option is 50 GeV ⊗
50 TeVep.

the Λ−
LL model compared to the cut-based analysis

σpt = pt

√
−n

2

p2t
+
s2pmt
pt

+ c2 ,

n = 5.09 , s = 0.512 , m = 0.325 , c = 0.033 . (8)
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In this part of the manuscript, the evaluation of the results presented
in this study will be done with different collider options. It is clear that
very high-Λ values are obtained in the analysis performed with the 5 TeV⊗
50 TeVep option. These collider parameters can be considered as a hypotet-
ical option. This option has been studied considering the development of the
relevant accelerator technology. In addition, it is aimed to provide compari-
son with different accelerator options. The results received at high luminos-
ity with the 50 GeV ⊗ 50 TeVep option could be considered comparable to
those obtained in previous higher-energy LHC pp collisions [14, 15, 28–30].
Besides, it was shown that significant improvement could be achieved with
changing kinematic cuts essentially for pseudo-rapidity. On the other hand,
considering these results, it does not seem possible for the 50 GeV⊗50 TeVep
option to compete with the proposed FCC-hh 100 TeV option [31, 32], which
is the main focus of the FCC and has much higher energy than LHC.

Several studies have been conducted on the feasibility, future prospects,
and physics potential of the muon–hadron collider [33–41]. The advantages
of the µp collider over an ep or pp collider could be mentioned. The difficulty
in reaching high energies due to the synchrotron radiation in the ep colliders
is much less in the µp collider. Also, µp colliders have less QCD background
than pp colliders. A phenomenological study based on the FCC-µp collider
has been carried out at several muon energies (0.75, 1.5, 3, 20 TeV) [42]. The
results are compared with those presented in this manuscript. It is seen that
the results obtained with the option of 3 TeV ⊗ 50 TeVµp give very close
results to those with the 5 TeV ⊗ 50 TeVep option with some luminosity
arrangements. Besides, it is seen that with 20 TeV⊗50 TeVµp, very high-Λ
limits could be achieved. It could also be said that the results obtained
with the 50 GeV ⊗ 50 TeVep option do not come very close to those with
any µp collider option mentioned above. It should also be noted that the
energy difference is large with the 50 GeV ⊗ 50 TeVep option compared to
the proposed µp option.

After all these comparisons, the high-luminosity 125 GeV ⊗ 50 TeVep
option was considered by taking account of the proposed linear collider with
energy recovery (ERLC) using superconducting technology [43]. This option
has been studied for two different η cuts and a wide range of luminosity
values with bin-by-bin analysis. The results are shown in Table 6. In the
selection of bins, it was ensured that the momentum resolution did not
exceed the bin width. Also, bins with an event number below 10 were not
included in the calculation. Moreover, bins belonging to the high-pt region
where cross-section fluctuations are large were not included.

Significant improvement is seen compared to the 50 GeV ⊗ 50 TeVep
option. For example, it is seen that the 62 TeVΛ limit value could be
achieved with the Λ+

LL model. Based on these results, it could be said that
the high-luminosity 125 GeV⊗50 TeVep option may compete with the option
of 750 GeV ⊗ 50 TeVµp and 1500 GeV ⊗ 50 TeVµp at low luminosity.
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Table 6. Λ obtained with bin-by-bin analysis according to χ2/n.d.f. Λ with bin-
by-bin analysis for different luminosities. Errors for bin analysis are statistical
125 GeV ⊗ 50 TeVep.

Λ [TeV] Λ [TeV]
Luminosity

[
fb−1

]
Model −5.0 < ηjet < 0.5 −5.6 < ηjet < 0.5

300 Λ+
LL 41.5± 2.0 45.0± 2.5

300 Λ−
LL 38.5± 2.5 43.0± 2.5

600 Λ+
LL 49.0± 2.5 53.0± 3.0

600 Λ−
LL 46.0± 2.5 51.0± 1.7

900 Λ+
LL 54.0± 2.5 58.0± 2.0

900 Λ−
LL 51.0± 2.0 56.0± 3.0

1200 Λ+
LL 57.0± 2.0 62.0± 2.0

1200 Λ−
LL 55.0± 2.0 60.0± 3.0

5. Conclusion

The method in this study can be considered as determining the con-
tact interaction scale limits for certain sensitivities by cut-based analysis.
Additionally, the bin-by-bin analysis was performed for some interaction
scenarios. By continuously increasing the transverse momentum cuts of the
final jets at certain rates, the deviations of the contact interaction models
from the SM were evaluated over the total cross sections. For each cut-off
value, statistical significance values were obtained by the method we call Λ
scanning, corresponding to the scales listed at certain intervals. Since the Λ
scan is done for all models and each of their cuts together with uncertainty
calculation, it could be said that this process of analysis is time-consuming
and tiring. The aim of the graphs presented in the results section is to evalu-
ate the sensitivities of the contact interaction models depending on different
factors. The Λ values corresponding to different sensitivities are presented
in summary to evaluate the differences between the models. All these results
are presented for the evaluation of the reader. The analysis performed does
not lead to the production of results independent of the selected data set. In
this analysis, the results and the conditions that produce them are clearly
stated. The changes in the results according to the conditions considered,
in other words, to certain kinematic cuts and models, are observed together
with the uncertainties taken into account.

Many uncertainty sources were examined according to two different pt
cuts with the cut-based analysis. It is clear that the scaling limits increase
significantly with the increase in the cut-off value. When the results in Ta-
bles 2 and 3 are examined, it is seen that the total uncertainties decrease with
the increase in the cut-off value. The differences in uncertainties according
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to positive and negative models were also observed. The sensitivity of the
statistical uncertainty calculation to the correlation factor in the standard
error propagation was determined. Our study is basically based on the cross
sections obtained from CalcHEP. In order to determine the sensitivity of the
scaling limits obtained for the cross sections, the calculations were repeated
by changing CI and SM cross sections simultaneously at certain rates. The
changes determined in the limits are presented as uncertainties.

Three collider options were studied: 5000 GeV ⊗ 50 TeVep, 50 GeV ⊗
50 TeVep, and 125 GeV ⊗ 50 TeVep. The 5000 GeV ⊗ 50 TeVep option
could be evaluated hypothetically, but it has been studied because it was
considered an option that could be achieved with future accelerator tech-
nology. With this option, very high-Λ limits were determined and it was
concluded that it could compete with the upcoming FCCµp collider. For
the 50 GeV ⊗ 50 TeVep option which was initially a planned scenario in
FCC, it was stated that this option with high luminosity could compete with
LHCpp data and not with future higher-energy FCCpp and FCCµp. Finally,
the 125 GeV ⊗ 50 TeVep option was studied with very high luminosity. It
was concluded that this option could compete with higher-energy FCCµp
at relatively low luminosity. In conclusion, it could be said that although
the collider options studied in this manuscript do not demonstrate specific
superiority over existing collider designs, it is thought that the presented
study will contribute to a broader discussion of future collider possibilities.

I would like to thank Mehmet Şahin and Yusuf Oğuzhan Günaydın for
their helpful discussions in this study.
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