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Abstract 

The development of collider machines revealed a lot about matter in particle physics. 

The Large Hadron Collider (LHC) at CERN has made a great contribution to this 

field. Theorists proposed new models while comparing the LHC experimental data 

with the Standard Model (SM). Various parameters of many phenomenological 

studies have been tested for high-energy collisions. In this study, a simplified dark 

matter model, namely the t-channel Fermion Portal model, was examined with the 

lambda parameter scan at 14 TeV. Signal generation was performed using the 

Madgraph5 generator to scan the mediator and dark matter mass. The impact of the 

change in the lambda constant on the dark matter production mechanism of the model 

was investigated. 
 

 
1. Introduction 

 

One of the most exciting areas of particle physics is 

the study of dark matter. The link between dark 

matter (DM) and the Standard Model (SM) is the 

subject of the most investigations. Numerous 

cosmological and astrophysical observations 

provide strong support for the idea that dark matter 

exists. These are gravitational interactions. 

According to current measurements, the majority of 

dark matter acts like non-relativistic particles during 

structure development; they are commonly referred 

to as cold dark matter. These particles are stable 

throughout cosmic time scales, have no electrical 

charge, and are colorless. It should be noted, 

however, that certain models allow for the presence 

of hot, dark matter made up of relativistic particles. 

Today, dark matter makes up about 80% of the total 

density of matter in the universe. DM is investigated 

in three classes of search: (i) direct detection, which 

detects interactions of DM particles in terrestrial 

detectors [1-4], (ii) indirect detection, which detects 

DM-DM interactions in the cosmos, that is, DM-

DM interactions at the center of the galaxy [4-8], 

and (iii) colliders, which produce DM and DM 

mediators in the Lab.  The LHC at CERN is a 
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distinguishedly proper machine to look for DM 

particles. Those found through direct and indirect 

searches are supplemented by the most current 

constraints that were obtained from the CMS and 

ATLAS experiments conducted at the LHC. [9]. 

At a hadron collider, the signature of DM 

generation is an overabundance of events in which 

a single final-state particle X recoils against huge 

quantities of missing transverse momentum or 

energy (MET). Different "mono-X" signatures, 

where "X" might represent hadron or gauge boson 

jets, the Higgs boson, top or bottom quarks in the 

final state, etc., have been studied by the ATLAS 

and CMS teams at the LHC.  

DM analysis is interpreted with various 

models that have been discussed at the LHC Dark 

Matter Working Group (LHC DM WG), which 

brings together theorists and experimentalists to 

define guidelines and recommendations for the 

benchmark models, interpretation, and 

characterization necessary for broad and systematic 

searches for dark matter at the LHC. One possible 

line that could shed light on this discussion is the 

use of simplified models [10]. Assuming a particle 

genesis for DM, it could be possible for it to interact 

with SM processes and common matter. The DM is 
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treated as a massive particle in simplified models, 

and its interactions with the SM are mediated by a 

particle called the mediator. The mediator is a color 

singlet that links to two particles of dark matter, or 

a standard model in the so-called s-channel model 

[11]. In contrast, the so-called t-channel simplified 

model postulates that the mediator only interacts 

with a single SM state and dark matter [12].  

Here, we take a simplified version of the 

t-channel model into account, one in which dark 

matter fermions play a role. [13-15]. A detailed 

discussion of this model and its relevance for the 

monojet phase space can be found in Ref. [13]. This 

model was interpreted in monojet analysis with data 

collected between 2016 and 2018 in proton-proton 

collisions at 13 TeV in the CMS experiment and 

corresponds to an integrated luminosity of 35.9 [17] 

and 137 fb−1 [18], respectively. In the case of the 

fermion portal model, the findings of the analysis 

were presented in the form of exclusion limits at a 

confidence level of 95% in the plane of the DM 

candidate mass 𝑀𝜒 and the mediator mass 𝑀𝜙. It is 

assumed that the value of the coupling between the 

mediator, the right-handed up quark, and the DM 

candidate will remain unchanged and will be equal 

to λu = 1, and this is the default setting. In this study, 

we will show the result of the fermion portal model 

for 14 TeV at the parton level. First of all, we will 

determine the relationship between the lambda and 

the mediator, DM mass. Then we will show the 

signal cross-section expected for different signal 

hypotheses in the 𝑀𝜒 − 𝑀𝜙 plane. 

The following outline constitutes the 

structure of the current paper. In the next part, we 

will provide a concise definition of the framework 

for t-channel DM models, and then in the following 

section, the signal generation of our study will be 

discussed. In the fourth part, we present the findings 

and conclude. 

 

2. T- channel Fermion Dark Matter Model 

 

As stated in the previous section, the fermion portal 

DM model was compared with the proton-proton 

collision data obtained in the CMS experiment, and 

its limits were determined. For this reason, it is the 

most well-known of the t-channel models. Within 

the confines of this DM model [13], an SM singlet 

DM particle is responsible for mediating the 

interaction between quarks and the DM through a 

novel QCD color triplet state. As for the Lorentz 

properties of the DM model, there are several 

classifications of such models. One of these is the 

Dirac fermion. Others are sorted as complex scalars, 

real scalars, Majorana fermions, or vectors. In this 

paper, our primary emphasis is placed on the 

scenario in which the DM is a spin-1/2 particle 

considered a Dirac fermion. Depending on the kind 

of quarks that the dark matter couples to, one may 

specify the dark matter in a variety of different 

ways. We assumed that Dirac fermion DM couples 

universally to righthanded quarks via a color-triplet 

scalar mediator. The mediator primarily couples 

with gluons because of its SU(3) color 

representation. The Lagrangian that describes the 

coupling of a color-triplet scalar to quarks is given 

as follows: 

 

ℒ𝜒 = 𝜆𝑢𝑖
𝜙𝑢𝑖

�̅�𝐿𝑢𝑅
𝑖  + 𝜆𝑑𝑖

𝜙𝑑𝑖
�̅�𝐿𝑑𝑅

𝑖  + h.c.  (1) 

 

where 𝑢𝑖 = u, c, t ( 𝑑𝑖= d, s, b) are different SM 

quarks,  where  is the DM mediator, where χ is the 

DM candidate, and where 𝜆 is coupling. The 

mediator's coupling with gluons can be represented 

by an effective Lagrangian term: 

 

ℒ𝑔𝑙𝑢𝑜𝑛 =
𝛼𝑠

Λ
𝜙†𝑇𝑎𝜙𝐺𝜇𝜈

𝑎 �̃�𝑎𝜇𝜈   (2) 

 

where  is the DM mediator, 𝑇𝑎 are the Gell-Mann 

matrices, 𝐺𝜇𝜈
𝑎  is the gluon field strength tensor, 𝛼𝑠 

is the strong coupling constant, �̃�𝑎𝜇𝜈 is the dual of 

the gluon field strength tensor and Λ is a cutoff 

scale. 

For this analysis, we will presume that the 

branching ratio of the decay 𝜙𝑢𝑖
→ 𝜒�̅�𝑖

 is equal to 

100 percent. The steps of the model's formation and 

degradation are depicted in Figure 1. For this 

investigation, we will only focus on the u quark; 

hence, our investigation of the three production 

methods in this study in the context of coupling to 

up quarks is depicted in Figure 1. 

The generation of scalar mediator pairs is a 

task that is of the utmost significance to Hadron 

colliders. These scalar mediators eventually decay 

into Dark Matter (DM) particles and quarks as a 

result of their breakdown. As seen in Figure 1, this 

unique decay pattern has the potential to be a 

distinguishable experimental signature of FP DM 

models (a). The process for diagram (a) is denoted 

by the notation 𝑝𝑝 → 𝜙 𝜙 → 𝜒𝑗 𝜒𝑗, and as a result, 

this phenomenon can be specifically defined by 

something that is referred to as the Two-phi 

mediator state. It is important to note that the final 

state of diagram (a) comprises two jets, which 

provides a unique
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signature. In addition to that, there is an additional 

fascinating process for the manufacturing of the 

substance. Co-production between the DM 

candidate and the scalar mediator is possible, but 

only under certain circumstances. This mode of 

production leads to what is known as the One-phi 

mediator state, and the corresponding processes for 

Figure b are 𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗. This state has a mono-

jet-like signature, as can be seen in diagram (b), 

which is one of the characteristics that sets it apart 

from diagrams (a) and (b).  

The creation of paired DM candidates 

represents yet another potential route that could be 

taken with the production. This generation is 

accomplished by the utilization of a t-channel 

exchange that incorporates the scalar mediator. It is 

not an easy task to implement this strategy with 

colliders. It is essential that parton radiation take 

place immediately from the ISR state, which is an 

abbreviation for the beginning state. Figure 1 

illustrates this significant part of the manufacturing 

mechanism that is essential to its operation (c). The 

process that corresponds to Figure (c) is denoted by 

𝑝𝑝 → 𝜒𝜒𝑗. Because of the unique qualities that it 

possesses, this particular condition has been given 

the moniker of the mediator state of no-phi. This is 

an interesting fact. A mono-jet-like signature can 

also be seen in diagram (c), which is the same as 

diagram (b). 

                  

a)                                           b)                                                      c)     

Figure 1. Feynman diagrams describe the creation procedures of Dirac fermions by DM particles in the FP model when 

they are produced at the LHC in combination with a single quark or gluon. The ultimate state of the diagram 

represented by (a) contains two jets. The process for diagram (a) is pp → ϕ ϕ → χj χj. The diagrams represented by (b) 

and (c) only have one jet each. The processes for diagram (b) and (c) are pp → ϕ → χχj and pp → χχj respectively [13] 

  

3. Signal Sample Production 

In this paper, we show the result of the FP Dirac DM 

model at the parton level. The FP signal is generated 

using the MadGraph5 generator [16] at 14 TeV. For 

each mass point were generated 10k events. For the 

sample generations, the couplings of the mediator 

with the SM and the DM particle have been 

considered for u quarks. In this model, a set of 

distinct parameters can be scanned to search for 

dark matter: 

 Dark matter mass (𝑀𝜒) 

 Mediator masses (𝑀𝜙) 

 Coupling to SM particles (λu) 

 

 Benchmarks points are a set of (𝑀𝜒, 𝑀𝜙) 

combinations with different couplings λ𝑢. The 

benchmarks consist of representative points to 

cover the most interesting kinematic features in 

phase space. To determine the cross sections for the 

model, the event rates for the collider production of 

the quark partners were calculated at parton level at 

leading order using MadGraph5 v2.6.6. 

The MadGraph files were generated using 

Fermion portal model FeynRules. Figure 2 shows 

signal cross-section expressed in pb, in the 𝑀𝜙 - 𝑀𝜒 

plane for λu =0.5, 1, and 2 a, b, and c, respectively, 

incorporating all processes seen in Fig. 1.( 𝑝𝑝 →
𝜙 𝜙 → 𝜒𝑗 𝜒𝑗, 𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗 and 𝑝𝑝 → 𝜒𝜒𝑗). It is 

clear seen that as the lambda increases, the cross 

section increases in the 𝑀𝜙 - 𝑀𝜒 plane. 

 For the Dirac case, the decay width of the 

𝜙𝑢 particle is determined as follows using the up 

quark operator [13]. 

 

Γ(𝜙 → 𝜒 + �̅�) =
𝜆𝑢

2

16𝜋

(𝑀𝜙
2 −𝑀𝜒

2)2

(𝑀𝜙
3 )

              (3) 

 

Figure 3 depicts the overall width in GeV as 

a function of 𝑀𝜙 and 𝑀𝜒 for coupling strength 

parameters λu 0.5, 1, and 2, respectively, 

incorporating all processes shown in Fig. 1.( 𝑝𝑝 →
𝜙 𝜙 → 𝜒𝑗 𝜒𝑗, 𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗 and 𝑝𝑝 → 𝜒𝜒𝑗). As 

can be seen clearly in equation 1, as the lambda 

increases, the width will increase proportionally to 

the square of the lambda.
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a)                        b)                               c) 
 

Figure 2. Signal cross-section expressed in pb, expected different signal hypothesis in the Mϕ  

- Mχ plane including all processes in Fig. 1.( 𝑝𝑝 → 𝜙 𝜙 → 𝜒𝑗 𝜒𝑗, 𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗 and 𝑝𝑝 → 𝜒𝜒𝑗) for λu =0.5, 1 and 2  a, b 

and c respectively

 

        
a)                       b)                               c) 

 
Figure 3. Total mediator width (𝜙) measured in GeV as a function of 𝑀𝜙 and 𝑀𝜒 including all processes in Fig. 1.( 𝑝𝑝 →

𝜙 𝜙 → 𝜒𝑗 𝜒𝑗, 𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗 and 𝑝𝑝 → 𝜒𝜒𝑗) for a) λu=0.5, b) λu=1 and c) λu=2 

 

The cross section for production is identical 

to that of a single squark when λu is close to 0 in the 

Minimal Superymmetric Standard Model (MSSM), 

and the meaningful diagram that can produce it is 

(a) in Figure 1. In the scenario in which λu is not 

equal to zero, there are additional contributions 

from the t-channel dark matter exchange, and for the 

parton level process 𝑢 + �̅� → 𝜙 + 𝜙∗, the cross-

section is given by the following equation [13]: 

 

𝜎 = −
1

1728𝜋𝑠3 {2√𝑠(𝑠 − 4𝑚𝜙
2 )[4𝑔𝑠

4(4𝑚𝜙
2 − 𝑠) +

12𝑔𝑠
2𝜆𝑢

2 (𝑠 + 2𝑚𝜒
2 − 2𝑚𝜙

2 ) + 27𝜆𝑢
4 𝑠] +

3𝜆𝑢
2 [16𝑔𝑠

2 (𝑚𝜒
2 𝑠 + (𝑚𝜙

2 − 𝑚𝜒
2 )

2
) + 9𝜆𝑢

2 𝑠(𝑠 +

2𝑚𝜒
2 − 2𝑚𝜙

2 )] log [
𝑠−√𝑠(𝑠−4𝑚𝜙

2 )+2𝑚𝜒
2 −2𝑚𝜙

2

𝑠+√𝑠(𝑠−4𝑚𝜙
2 )+2𝑚𝜒

2 −2𝑚𝜙
2

]} (4) 

 

Process (b) in Figure 1 is the most important 

contributor to the formation of monojets when u is 

set to a low value. The equation that describes the 

resulting cross section at LO for 𝑢 + 𝑔 → 𝜙 + 𝜒 is 

as follows[13]: 

 

𝜎(𝑢 + 𝑔 → 𝜙 + 𝜒 ) =
𝜆𝑢

2 𝑔𝑠
2

768𝜋𝑠3 (3𝑠 + 2𝑚𝜒
2 −

2𝑚𝜙
2 )√(𝑠 + 𝑚𝜒

2 − 𝑚𝜙
2 )

2
− 4𝑚𝜒

2 𝑠  (5) 

 

where √𝑠 is the center-of-mass energy. 

 

4. Results and Discussions 

 

This study was carried out to adjust the lambda 

constant to the most efficient monojet production of 

the signal to be produced for model interpretation of 

the data collected in proton-proton collisions with a 

center of mass energy of 14 TeV.  

If λu ≈ 0, jets plus missing transverse energy 

on pair production on a mediator that is in the 

diagram (Figure 1-a) gives the dominant 

λ
u
 = 0.5  

λ
u
 = 1  λ

u
 = 2  

λ
u
 = 0.5  

λ
u
 = 1  λ

u
 = 2  
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contribution. This can be seen in Figures 4c and 5c, 

where the production cross-section is bigger than 

Figures 4-a and 4-b or Figures 5a and 5b at λu ≈ 0. 

It is the same as the search that is performed in the 

instance of supersymmetric (SUSY) models looking 

for squarks. In the event that the gluinos are 

separated into individual particles, Squark 

interactions revolve around weak interactions in 

terms of their coupling. As a result, the significance 

of this contribution is minimal. The coupling, on the 

other hand, is a free parameter in the t-channel 

model, and it has the potential to be rather 

substantial

 

 

 

 

 

 

                      

 

a)                                                                     b) 

 

 

 

 

 

 

 

 

 

c)                                                                       d) 

 
Figure 4. Production cross-section 𝜎 as a function of coupling λu for various mediator mass 𝑀𝜙 at fixed 𝑀𝜒 = 10 GeV for 

no-phi mediator state (𝑝𝑝 → 𝜒𝜒𝑗) (a) one-phi mediator state (𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗) (b) two-phi mediator state ( 𝑝𝑝 → 𝜙 𝜙 →
𝜒𝑗 𝜒𝑗) (c) and including all state (𝑝𝑝 → 𝜒𝜒𝑗 & 𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗 & 𝑝𝑝 → 𝜙 𝜙 → 𝜒𝑗 𝜒𝑗) (d). 

As expected, the t-channel DM exchange 

state and one mediator final state are dominant for 

0.5 < λu < 2, in a word, the monojet signature makes 

an important contribution to this search in this 

coupling range. The combination of production 

cross-section is reported in Figure 5, where the 

expected cross-section rate in pb is reported for 

several signal mass points in the 𝑀𝜙-𝑀𝜒 plane. 

We observed that events with one phi state 

do not contribute to the cross-section when phi is 

much larger than chi. This phenomenon is 

illustrated in Figure 5-b. There is no cross-section 

of the one 𝜙 state (Figure 1-a) when λu is greater 

than 2. Mediator pair production and t-channel 

production become the dominant contributors to the 

total cross-section state in this range. Since the 

production cross section decreases with decreasing 

coupling constants, the results, interpreted in terms 

of exclusion limit constraints, will be weaker for 

small coupling constants. Future searches, 

𝑝𝑝 → 𝜙 𝜙 → 𝜒𝑗 𝜒𝑗 

𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗  𝑝𝑝 → 𝜒𝜒𝑗 

𝑝𝑝 → 𝜒𝜒𝑗       𝑝𝑝 → 𝜙 𝜙 → 𝜒𝑗 𝜒𝑗 𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗  
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particularly at colliders, need to cover a 

considerable allowable proportion of the parameter 

space for small couplings, even for the mediator 

masses that are lower than a few hundred GeV. It 

has also come to our attention that there is a 

destructive interference for λu in the range of 0.5 to 

1.5 for two phi states, as is illustrated in Figure 4-c 

and Figure 5-c for high 𝑀𝜙and low 𝑀𝜒. 

Consequently, we anticipate that the experimental 

limits from jets plus missing transverse energy on 

pair generation will weaken at some intermediate 

values of λu.

 

 

 

 

 

 
 

 
 

a)                                                                             b) 

 

 
 

 

 

 

 
 
 
 
 
 

  
           c)                                                                                  d) 
 

Figure 5. Production cross-section 𝜎 as a function of coupling λu for various mediator mass 𝑀𝜒 at fixed 𝑀𝜙 = 1500 GeV 

for no-phi mediator state (𝑝𝑝 → 𝜒𝜒𝑗)  (a), one-phi mediator state (𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗) (b), two-phi mediator state ( 𝑝𝑝 →
𝜙 𝜙 → 𝜒𝑗 𝜒𝑗) (c), and including all state (𝑝𝑝 → 𝜒𝜒𝑗 & 𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗 & 𝑝𝑝 → 𝜙 𝜙 → 𝜒𝑗 𝜒𝑗) (d) 

5. Conclusion and Suggestions 

 

Using a lambda parameter scan at 14 TeV, one of the 

simplified dark matter models, which is the t-channel 

Fermion Portal, is analyzed. The model's dark matter 

production mechanism was tested to see how it was 

affected by a change in the lambda constant. The T-

channel Fermion Portal consists of three different 

interaction processes, and the lambda sensitivity of 

these processes was examined separately. Our study 

exclusively focuses on the u quark, and as such, our 

exploration of the three production methods is 

contextualized within the framework of coupling to 

up quarks. Initially, differences in the cross-section in 

the 𝑀𝜒 and 𝑀𝜙 plane for different λu values, including 

all processes, were demonstrated. Then, the decay 

𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗  𝑝𝑝 → 𝜒𝜒𝑗 

𝑝𝑝 → 𝜙 𝜙 → 𝜒𝑗 𝜒𝑗 𝑝𝑝 → 𝜒𝜒𝑗   𝑝𝑝 → 𝜙 → 𝜒𝜒𝑗   𝑝𝑝 → 𝜙 𝜙 → 𝜒𝑗 𝜒𝑗 
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width for the same λu in the 𝑀𝜙, and 𝑀𝜒 plane was 

demonstrated, highlighting the lambda sensitivity of 

the model. Lastly, based on this data, the cross-section 

variation for different 𝑀𝜙 masses for a fixed 𝑀𝜒 mass 

as a function of  λu values is separately shown for each 

process. Similarly, the lambda scan for each process 

is illustrated for different 𝑀𝜒 masses with a fixed 𝑀𝜙 

mass. Based on the results presented in our paper, we 

can make the following observations: If λu is close to 

zero, the dominant contribution will be jets plus the 

missing transverse energy from pair production on a 

mediator. It is the same as the search that is conducted 

when supersymmetric (SUSY) models are used to 

look for squarks. λu Between a value of 0.5 and a 

value of 2, the t-channel DM exchange state and the 

one-mediator final state are the ones that clearly take 

the lead. However, when the value of phi is greater 

than that of chi, the contributions to the cross-section 

that come from events with a solitary phi state become 

substantially less important. When λu values are 

greater than 2, both the production of the mediator 

pair and the production of the t-channel move into the 

foreground. Notably, the results of our research 

showed that there is a zone of destructive interference 

for λu ranging between 0.5 and 1.5 at particular mass 

points. This indicates that there may be a reduction in 

the size of the experimental boundaries. In light of 

these new discoveries, future experiments, 

particularly those based on colliders, will need to 

investigate a broad parameter domain in search of 

more subtle couplings. This is true even for mediators 

whose masses are lower than a few hundred GeV. 

This research sheds light on the critical parameters 

that guide monojet production and highlights the 

necessity of recalibrating experimental strategies in 

accordance with the λu spectrum. 
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