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In the present work, the possible production of Dark Matter candidates in association with the Z’ heavy 

gauge boson was investigated. This study is performed by simulating events with large missing 

transverse momentum produced in proton-proton collisions at the Large Hadron Collider, at 13 TeV 

center-of-mass energy and integrated luminosity of 136.2 fb-1 corresponding to RUN II. The Z’ boson is 

considered to decay leptonically. Three models beyond standard model were studied, which assume that 

the Z’ is coupled to new dark sector states. The significances of the three models were tested. 
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Introduction 
 

Many cosmological evidences, supported by the 

recent observations [1], confirm the existence of an 

unknown form of matter named the Dark Matter 

(DM), and that it occupies approximately 27 % of 

the total energy distribution in the Universe. 

Various types of candidates were suggested to 

compose DM [2]. One of the accepted hypotheses, 

which is in an agreement with the observed 

density, is that the bulk of DM has the form of 

electrically-neutral, nonbaryonic, nondecaying, 

and weakly-interacting massive particles (WIMPs) 

[3]. The Standard Model of particle physics (SM) 

[4] gave a satisfactory demonstration of the well- 

known baryonic matter, but it does not introduce a 

suitable candidate for the DM. The DM and other 

several motivations lead to construct new models 

beyond SM (BSM) [5]. The masses of the DM 

candidate supposed are in the range between few 

GeV and few TeV [6], making it possible to be 

produced at the particle colliders, such as the Large 

Hadron Collider (LHC).  

 

The searches for DM at the LHC are generally 

based on the production of a SM visible particle X, 

accompanied by large missing transverse 

momentum ptmiss from the invisible DM particles 

which escape the detector without leaving any 

track. The experimental signature of the search is 

known as:  “mono − X”. A host of mono − X 

searches have been carried out by the ATLAS and 

CMS collaborations looking for DM, but none of 

these searches marked a significant deviation from 

the SM [7-11]. In this study, a search for DM in 

the context of new models is considered, in which 

DM particles are produced in association with a Z' 

boson. The Z’ new heavy boson is postulated to be 

massive, electrically-neutral, short-lived, and 

color-singlet [12]. The experimental signature we 

are looking for will be known as mono − Z’ [13].  

A review is made for the three models of DM 

production accompanied by Z’ boson, which are: 

Dark Higgs model (DHM), Light Vector model 

(LVM), and the light Z’ with inelastic effective 

field theory (EFT) model [13]. The search is based 

on Monte Carlo (MC) simulation of the signals 
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evaluated from the three models in addition to the 

simulation of the SM backgrounds from proton-

proton collision at center-of-mass energy √s = 13 

TeV and integrated luminosity L = 136.2 fb
−1

 , 

which corresponds to the LHC certified RUN II, at 

the generator level. In the three models, Z’ couples 

to new dark sector states which are considered as 

candidates of the DM. The Z’ boson can decay 

leptonically into two opposite-sign charged leptons 

or hadronically into two jets. The leptonic decay is 

considered giving a rise to the resonance of l
+
l
−
, (l 

= e, μ) around MZ’ . We are looking for final states 

with l
+
l
−
+ pt

miss
. In the following sections, the 

theoretical models and their parameters are 

discussed. Then the simulation techniques are 

displayed in addition to the events generation. 

Afterwards, the selection cuts and the strategy of 

the analysis are explained. Finally, the results and 

the significances are discussed. 

Mono-Z’ models 

The DHM assumes the existence of a new massive 

scalar, called the dark-Higgs hD , that couples to 

the Z’ . The new dark-Higgs scalar hD is produced 

at a process called dark-Higgsstrahlung, similar to 

the SM Higgs boson radiation from the Z boson 

[13]. If the dark-Higgs hD couples to new dark 

states, the observed signature will be pt
miss

, as 

shown from the Feynman diagram presented in  

Figure( 1a). In the second model, LVM, Z’ can be 

radiated off-shell from the decay of dark sector 

states, as shown in Figure (1 b). The third model, 

inelastic EFT, considers two dark sector states χ1 

and χ2  with an off-diagonal coupling to the Z’  

which is then very weakly coupled to fermions as 

shown in Figure (1 c). The cross section of these 

models will depend on certain free parameters. For 

the DHM, the cross section depends on the mass of 

the dark Higgs and the mass of Z’. For the LVM 

and the inelastic EFT, the cross section depends on 

the mass of Z’ and the mass of the dark matter 

candidate χ1  [13]. The values of the coupling 

constants used are equal unity (gχ=ghD=1) [13]. 

Event Generation 
 The signal samples, for mono − Z’  models, are 

generated by Madgraph [14] and the hadronization 

by Pythia 8 [15]. For the DHM, the invariant mass 

MZ’ is taken to be 400 GeV, and the mass of the 

dark-Higgs scalar hD is chosen to be equal to the 

mass of the SM Higgs scalar which is 125 GeV. 

For the LVM, the mass of the heavy dark sector 

state χ2 is 800 GeV, that of MZ’ is 400 GeV, and the 

mass of the coupled light dark sector state χ1 is 200 

GeV. For the inelastic EFT model, MZ’ is 400 GeV, 

the mass of the two dark sector states are 50 and 

200 GeV, respectively. Those values were chosen 

to suppress the non-peaking backgrounds around 

the Z’ window. Table (1) shows the cross sections 

calculated for these three models considered in the 

search. the authors consider all the SM processes 

that constitute a dilepton l
+
l
−
 + pt

miss
 final state as 

backgrounds for this search, which are listed in 

Table (2). These backgrounds include: 
• Z+ jets generated by Madgraph and Pythia 8 
• Diboson events: (WW,ZZ generated by Powheg 

and Pythia 8) and (WZ generated by Madgraph 

and Pythia8). 
• Triboson events:  (WWZ,WZZ and ZZZ 

generated by Pythia 8). 
• top-quark events: ttW,ttZ,tW,t W and tt  generated 

by Madgraph and Pythia 8. 
The cross sections are calculated using the 

following formula:  
          σ = N/ (ε A L) 
where N is the number of events, A is the 

acceptance, and L is the total integrated 

luminosity. 

 
 

(a) 

 

 

 

 
(b) 

 
 

 
 
 
 
 
(c) 
 

 

 
Fig. (1): Feynman diagrams are of the three mono − Z’  

models at the tree level. (a) diagram presents the 

associated production of the Z’ and the dark-Higgs 

hD which couples to two new dark states, while the 

(b) diagram reveals the production of the χ1 χ2 ,  

and the decay of dark sector state χ2 to Z’+χ1 and χ1 

is a possible dark matter candidate. The (c) 

diagram demonstrates the production of the  χ1 χ2 , 

from the direct quark-anti quark annihilation, then 

the dark sector state χ2 decays to Z’ + χ1 and χ1 is a 

possible dark matter candidate [13].                                                                       
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Table |(1): Signal samples and corresponding cross sections 

Signal model σ (pb) 

DHM 5.1970 ×10 
-3 

LVM 0.0022 ×10 
-3 

EFT 0.0024 ×10 
-3 

 

 Table (2): Background samples and corresponding cross 

sections 

Background σ (pb) 

tW 19.47 

t W 19.47 

tt  87.31 

WW 118.7 

WZ 47.13 

ZZ 16.52 

ZZ → 4l 1.260 

ttW 0.200 

ttZ 0.250 

WWZ 0.170 

WZZ 0.050 

ZZZ 0.010 

Z +jets 5765 
 

After these Monte Carlo background samples were 

generated, they are normalized to the LHC RUN II, 

at which √s = 13 TeV and L =136.2 f b
−1

, at the 

generator level. 

Event Selection and Analysis Strategy 

The heavy Z’ boson leptonically decays to a pair of 

opposite-sign charged leptons (two electrons e
+
e
−
 

or two muons μ
+
μ
−
 ), with high transverse 

momentum pt
l
. The selections for the analysis is 

designed to reconstruct a final state with this two 

leptons in association with  pt
miss 

accounting for the 

DM candidate. The selection is made in the form 

of cuts applied on different kinematic parameters. 

The preliminary selection has the following 

requirements: 
 

• pt
l 
> 35 GeV 

• MZ’ > 70 GeV 
• |ηl| < 2.5 
While MZ’ is the dilepton invariant mass,  pt

l 
is the  

transverse momentum of the lepton, and |ηl| is the 

absolute of the lepton pseudo-rapidity.  The 

dilepton invariant mass was reconstructed, after the 

preliminary selection; which is shown in Figure (2 

a) for the dielectron channel, Figure (2 b) displays 

the dimuon channel, and the combined dilepton 

channel is shown in Figure (3). Signals and 

backgrounds are normalized to respective cross 

sections, which are listed in Tables (1 and 2), 

respectively. The signals; DHM (Blue solid line), 

LVM (Green dotted line), and EFT model (Black 

dashed line) are observed to be embedded inside 

the SM backgrounds. However, a peak around 400 

GeV representing the three signals. In order to 

effectively reduce the SM backgrounds and well 

maintain the signal events as possible, a set of 

further cuts was needed. The cut on the invariant 

mass of the dilepton is (360 < MZ’  < 425) GeV, in 

addition, a cut on  pt
miss 

to be greater than 10 GeV 

are applied in order to reduce the Z + jets and tt  

backgrounds. The final selection conditions are 

summarized in Table (3). 

The efficiency of the final selection is 

calculated by dividing the number of events 

remaining after the final selection over the number 

of events remaining after the preliminary selection, 

and is shown in Figure (4). The final selection is 

highly efficient for signals and strongly suppresses 

the backgrounds. 

Results and Discussion 

 After setting the baseline cuts to the MC samples, 

a comparison between signal and background was 

conducted in the pt
miss 

distributions. The pt
miss 

distributions, after the preliminary selection, are 

shown in Figure (5 a) for the dielectron, Figure (5 

b) for the dimuon, and Figure ( 6) for the dilepton; 

for backgrounds (presented by colored 

histograms), and the signals; DHM (Blue solid 

line), LVM (Green dotted line), and EFT model 

(Black dashed line). It is observed that the highest 

background contribution is coming from Z + jets 

then the tt  productions. The event yields of 

background and signal models are noted in Table 

(4) for the dielectron, dimuon and dilepton 

channels. Similarly, the pt
miss 

distributions of signal 

models and SM backgrounds after the final 

selection, are shown in Figure (7 a) for the 

dielectron,  Figure (7 b) for the dimuon, and Figure 

(8) for the dilepton. In Table (5), the number of the 

remaining signals and backgrounds is listed  after 

the final selection. A significant reduction of Z+ 

jets was observed, in addition to a considerable 

reduction in tt , diboson and triboson backgrounds. 
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(a) 

 

(b) 

Fig. (2): The invariant mass distribution at the generator level in cases of dielectron Me+e− (a) and dimuon Mμ+μ− (b), after 

applying the preliminary selection, for the signal models and SM backgrounds. The signals; DHM (Blue solid 

line), LVM (Green dotted line), and EFT model (Black dashed line) are embedded inside the SM backgrounds 

(which are presented as colored histograms). 
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Fig. (3): The invariant mass distribution at the generator level in case of dilepton Ml+l− , after applying the preliminary 

selection, for the signal models and SM backgrounds.  The signals; DHM (Blue solid line), LVM (Green dotted 

line), and EFT model (Black dashed line) are embedded inside the SM backgrounds (which are presented as 

colored histograms). 

F 

 

 

 

 

 

 

 

 

 

 

Fig. (4): Efficiency of final selection, computed as explained in text, is plotted versus the generated pt
miss  for signals and 

backgrounds events. The signals are illustrated as blue open circles for DHM, green open boxes for LVM, and 

black open triangles for EFT model, while the SM backgrounds are presented as colored closed circles. Error 

bars are statistical only. 
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Table (3): The final selection conditions 

Parameter Cut value 

pt
l
 > 35 GeV 

|ηl| < 2.5 

pt
miss

 > 10 GeV 

MZ’ 360 – 425 GeV 

Table (4): Number of calculated background and signal events for the dielectron, dimuon and combined dilepton channels 

after applying the preliminary selection conditions 

                 Errors are statistical only. 

Background or signal 
Number of events 

2e 2μ 2l 

tt   533035.8 ± 730.1 547377.3 ± 739.9 1080413 ± 1039 

tW 30851.90 ± 175.6 31638.30 ± 177.9 62490.20 ± 250.0 

t W 31311.80 ± 176.9 31580.15 ± 177.7 62891.90 ± 250.8 

WW 44664.20 ± 211.3 47226.00 ± 217.3 91890.20 ± 303.1 

WZ 58873.80 ± 242.6 60930.90 ± 246.8 119804.7 ± 346.1 

ZZ 38617.40 ± 196.5 40796.60 ± 202.0 79414.00 ± 281.8 

ttZ 2469.800 ± 49.70 2530.500 ± 50.30 5000.300 ± 70.70 

ttW 1135.200 ± 33.70 1151.300 ± 33.90 2286.400 ± 47.80 

WWZ 468.2000 ± 21.60 474.3000 ± 21.80 942.5000 ± 30.70 

WZZ 208.1000 ± 14.40 216.1000 ± 14.70 424.2000 ± 20.60 

ZZZ 68.10000 ± 8.300 69.20000 ± 8.300 137.3000 ± 11.70 

Z +jets 57411529 ± 7577.0 61128086 ± 7818.4 
118539612 ± 

10887 

Total background 58153233 ± 7625.8 61892076 ± 7867.1 
120045307 ± 

10957 

DHM 265.0 ± 16.30 274.9 ± 16.60 539.9 ± 23.20 

LVM 0.300 ± 0.500 0.2389 ± 0.489 0.560 ± 0.750 

EFT 0.300 ± 0.550 0.3100 ± 0.560 0.610 ± 0.780 
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(a) 

(b) 

Fig. (5): The distribution of the missing transverse momentum pt
miss , at the generator level in cases of dielectron (a) and 

dimuon (b); after applying the preliminary selection 
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Fig. (6): The distribution of the missing transverse momentum pt
miss , at the generator level in  case of dileptons; after 

applying the preliminary selection step 

 

Table (5): Number of calculated background and signal events for the dielectron, dimuon and combined dilepton channels 

after applying the final selection conditions 

Errors are statistical only. 

Background or signal 
Number of events 

2e 2μ 2l 

tt  6741.10 ± 82.1 7122.20 ± 84.4 13863.3 ± 118 

tW 524.900 ± 22.9 478.800 ± 21.9 1003.70 ± 31.7 

t W 481.000 ± 21.9 501.200 ± 22.4 982.200 ± 31.3 

WW 756.100 ± 27.5 756.100 ± 27.5 1512.20 ± 38.9 

WZ 163.400 ± 12.8 186.300 ± 13.7 349.700 ± 18.7 

ZZ 6.90000 ± 2.6 11.5000 ± 3.40 18.5000 ± 4.30 

ttZ 19.1000 ± 4.4 19.9000 ± 4.50 39.0000 ± 6.30 

ttW 31.2000 ± 5.6 31.8000 ± 5.60 62.9000 ± 7.90 

WWZ 7.70000 ± 2.8 7.00000 ± 2.70 14.8000 ± 3.80 

WZZ 1.20000 ± 1.0 1.50000 ± 1.20 2.60000 ± 1.60 

ZZZ 0.10000 ± 0.4 0.10000 ± 0.30 0.20000 ± 0.50 

Z +jets 257.500 ± 16.0 241.400 ± 15.5 498.900 ± 22.3 

Total background 8990.20 ± 94.8 9357.90 ± 96.7 18348.1 ± 135.5 

DHM 230.8 ± 15.2 254.7 ± 15.9 485.5 ± 22.0 

LVM 0.240 ± 0.49 0.270 ± 0.51 0.500 ± 0.71 

EFT 0.260 ± 0.51 0.290 ± 0.54 0.550 ± 0.74 
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(a) 

 (b) 

Fig. (7):  The distribution of the missing transverse momentum pt
miss , at the generator level in cases of dielectron (a) and 

dimuon (b); after applying the final selection 
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Fig. (8): The distribution of the missing transverse momentum pt
miss , at the generator level in cases of dilepton; after 

applying the final selection 

F 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9): The signal significance of the models considered., DHM in circles, LVM in boxes and EFT in triangles forms, are 

presented as a function of bins ((signal / (signal+backgrounds)), in bins: [0, 100], [100, 200], [200, 300], [300, 

400], [400,500], [500, 600], [600, 800] and [800, 1000] GeV), in  pt
miss after the final selection. 
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Fig. (10): The significance of the DHM model only before and after the final events selection 

The vertical error bars are statistical only. 
   

For the purpose of the search for the three signal 

models DHM, LVM and EFT at the LHC with 

RUN II requirements (13 TeV center-of-mass 

energy and integrated luminosity = 136.2 f b
−1

 ); 

the significance of each of these models was 

calculated, which is defined as the number of 

signal events divided by the number of signals plus 

the number of backgrounds for each bin, i.e. 

(signal / (signal+backgrounds)), in bins in pt
miss

: [0, 

100], [100, 200], [200, 300], [300, 400], [400,500], 

[500, 600], [600, 800] and [800, 1000] GeV. 

According to the definition of the significance, the 

signal events can be greater than the sum of the 

SM backgrounds events if signal / 

(signal+backgrounds)> 0.5, and the significance 

measurement cannot be greater than 1.0. In Figure 

(9), the significance of these models, DHM in 

circles, LVM in boxes and EFT in triangles forms, 

are presented as a functions of bins in  pt
miss

 after 

the final selection. In general; the significance for 

the three models increases at the high values of the 

pt
miss 

(above 400 GeV), among these three signal 

models the DH is a model with the highest 

significance, while the other two models (LVM 

and EFT) almost have the same significance. None 

of these three models has a number of events 

exceeds the sum of the SM backgrounds events (i. 

e. 0.5 ≤ signal/(signal + backgrounds) ≤ 1.0, which 

is represented by the dashed black region 

"discovery region".   
 

In Figure (9), the significance of DHM versus  

pt
miss

 before (in open boxes) and after (in open 

circles) the final events selection respectively, each 

of these graphs is fitted using landau function. The 

fitted functions describe well the significance 

points (open boxes or open circles), before and 

after the final events selection, within 95% 

confidence level, (these statistical calculations 

were done using ROOT analysis framework) [16], 

which insure the goodness of the fit and the 

significance of the calculations. Figure (10) shows 

that the significance is improved by about two 

order of magnitudes after the final events selection 

in the case of DHM.  
 

Conclusion 

This study presents a search for the dark matter in 

association with the Z’ which is a heavy gauge 

boson. This work explored three new models, 

which are Dark Higgs Model; with MhD=125 GeV, 

σ=5.2 fb, Light Vector Model, with Mχ1= 200 

GeV, Mχ 2= 800 GeV, σ= 0.0023 fb, and finally 

Inelastic EFT; with Mχ1= 50 GeV, Mχ 2= 200 GeV, 

σ= 0.0025 fb; and MZ’ = 400 GeV for the three 

models. All of them assume production of new 

dark sector states and dileptons from Z’ decay, and 

these dark sector states are heavy enough to 
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present a candidate for a dark matter. The search 

was performed using Monte Carlo simulation 

technique for models and backgrounds, of proton-

proton collisions at the Large Hadron Collider, 

with the RUN II requirements (center-of-mass 

energy of 13 TeV and total integrated luminosity 

of 136.2 fb 
−1

 ). 

The experimental signature considered is a large 

missing transverse momentum accounting for the 

dark matter candidate plus a pair of opposite-sign 

leptons from the Z’ leptonic decay. This channel 

was chosen due to the strong coupling of the Z’ to 

leptons. The chosen mass of Z’ is 400 GeV, and 

the pair of leptons were selected through two steps 

(preliminary and final selections).This was done in 

order to reduce the SM backgrounds around the 

MZ’ peak. According to the significance test 

performed in this analysis; it has been found that 

after the current final events selection, the Dark 

Higgs Model among the three models under 

exploration gave the highest significance during 

the search. In addition, the significance is 

improved by about two order of magnitudes, 

within 95 % confidence level, after the final events 

selection in the case of Dark Higgs model. Other 

modifications in the models parameters are needed 

to reach higher cross sections to produce more 

number of events for the signals with respect to 

backgrounds. In addition, adding more cuts to the 

list of cuts in event selection is highly 

recommended to reduce the backgrounds 

contamination in the signals regions. 
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