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Abstract

:

This work presents the complete modeling scheme of production and detection of two types of light dark matter (LDM)—Dirac fermionic and scalar particles—in a fixed target experiment using SHiP experiment as an example. The Drell-Yan process was chosen as a channel of LDM production; the deep inelastic scattering on lead nuclei was simulated and analyzed in the detector; the production of secondary particles was modeled with the aid of PYTHIA6 toolkit. Obtained observable parameters of secondary particles produced in events associated with LDM were compared with the background neutrino events that were simulated using GENIE toolkit. The yield of LDM events was calculated with various model parameter values. Using machine learning methods, a classifier that is able to distinguish LDM events from neutrino background events based on the observed parameters with high precision has been developed.
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1. Introduction


Dark matter is a substance which fills the Universe and is invisible in electromagnetic and neutrino radiation but shows itself through gravitational forces . It is used to explain various astrophysical and cosmological phenomena such as distinctive shapes of the rotation curves of galaxies, dynamics of galaxy clusters, and effects of gravitational lensing.



Cross section of non-gravitational interaction of hypothetical dark matter particles with Standard Model (SM) matter has to be extremely small, which is why these particles are called feebly interacting particles (FIPs) [1]. In this work we consider FIPs with masses of approximately 1 GeV as light dark matter (LDM) [2]. The models describing LDM require the existence of mediators, special particles [3], through which LDM interacts with baryonic matter.



There are many experiments aiming at detecting dark matter through its non-gravitational interaction with SM matter. Neutrino fixed target experiments with high luminosity (MiniBooNE [4] and T2K [5]) are of particular interest for LDM studies. One of the tasks of the upcoming SHiP experiment [6] at CERN, which will use a proton beam with incident energy of 400 GeV, is LDM detection.



In this work a full simulation of LDM events and neutrino background events in a fixed target experiment with characteristics similar to the SHiP experiment was carried out, so let us provide a brief description of this experiment. The defining parameter for fixed target experiments is POT (protons on target), its value has a direct influence on the sensitivity of an experiment to signal events. For SHiP POT will be   2 ·  10 20    during the first five years of its work.



The main steps of production and detection of LDM and neutrinos in the SHiP experiment are as follows. A 400 GeV proton beam collides with a hybrid target made of tungsten and molybdenum. As a result of the collision of the proton beam with target nuclei, secondary particles (in particular, LDM and neutrino) are produced. Secondary hadrons and muons are slowed down and deflected along the way to the detector with the help of various protective systems. Then, LDM and neutrinos reach an emulsion neutrino detector named SND (Scattering and Neutrino Detector). SND is based on the Emulsion Cloud Chamber technique and consists of a sequence of passive material (lead) plates, between which emulsion films are inserted. This technology has already proved itself in the OPERA experiment, which studied neutrino oscillations [7]. The main advantage of the emulsion detector is its high spatial resolution, which allows one to obtain a precise 3-dimensional reconstruction of the event down to several microns. LDM particles as well as neutrinos are considered to have a very small interaction cross section, thus, the neutrino detector will be suitable for LDM detection as well. Secondary particles produced in the SND will form tracks in emulsion films. Analysis of these tracks will enable the reconstruction of primary particles.



The main task of this work is to continue the discussion presented in [8]. The paper is organized as follows: in Section 2 we discuss the Light Dark Matter model and the Drell-Yan cross section properties. The simulation steps with LDM features, LDM deep inelastic scattering and secondary particle production are described in Section 3. Neutrino event simulation procedure done with the help of GENIE generator is presented in Section 4 (see [9]). It is important to obtain the LDM signatures in the SND detector and compare them to background neutrino events. Such signatures are presented in Section 5. The sensitivity of our LDM production and detection scheme are discussed in Section 6. The results of LDM event selection are also shown there. Finally, we conclude in Section 7.




2. Light Dark Matter Model


We consider an LDM candidate for dark matter, which is a FIP with mass of about 1 GeV. An additional particle is introduced along with LDM: a light mediator through which LDM can annihilate and interact with SM matter (see [10,11]). Otherwise, there would have been too much LDM in the early Universe, which would contradict the current estimates of the density of matter in the Universe. A light vector mediator is introduced as a so-called dark photon V (sometimes denoted as A’) associated with   U   ( 1 )    ′    . The dark photon is kinetically mixed with the SM   U ( 1 )   gauge bosons (   γ *  / Z  ) with field strength   F Y  μ ν    via the coupling  ϵ  (called kinetic mixing coefficient), thus ensuring the interaction between LDM and SM particles [12].



Let us define a Lagrangian corresponding to LDM ( χ ), a fermion or a scalar, and a dark photon V [13]:


     L =  L χ  −  1 4   V  μ ν    V  μ ν   +  1 2   m V 2   V μ   V μ  −  ϵ 2   V  μ ν    F Y  μ ν   ,  where     



(1)






      L χ  =      i  χ ¯  / D χ −  m χ   χ ¯  χ ,   ( Dirac    fermion )         |   D μ    χ |  2  −  m  χ  2    | χ |  2  ,   ( complex    scalar ) .           



(2)







Here   m V   is the mass of the dark photon and    D μ  =  ∂ μ  − i  g D   V μ    is a covariant derivative.



Let us also define the parameters of the light dark matter model:




	
two types of LDM will be considered: the Dirac fermion and the complex scalar;



	
the range of dark photon masses to be studied is 0.6–3    GeV  ;



	
the range of the kinetic mixing coefficient   ϵ =  10  − 4    –1 and the range of the coupling constant for the dark sector   α D   = 0.1–1.0.








2.1. LDM Generation


Several mechanisms for generating dark photons and LDM are assumed. Depending on the energy of the incoming proton beam and the selected model parameters, different channels of dark photon generation can be realized taking into account the kinetic mixing of the dark photon with the SM photon and the subsequent decay of the dark photon into a pair of LDM particles [14]. They are:




	
a meson (   π 0  / η / ρ  ) decay. This channel is dominant for light LDM and mediators. The production occurs through the decay of a meson:


      π 0  / η / ρ → γ +  V *  → γ + χ +  χ †      



(3)







	
proton bremsstrahlung


     p + N → p + N +  V *  → p + N + χ +  χ †  ,     



(4)







	
the Drell-Yan process



The Drell-Yan process begins to dominate at high energies of the incident beam and with large masses of the dark photon:


     p + N →  V *  → χ +  χ †  .     



(5)







It is schematically shown in Figure 1.








Let us focus on the Drell-Yan channel [15]. For mediator masses greater than 1 GeV this process will dominate as shown in [16]. In a fixed target experiment, the collision of a high-energy proton with a proton or a neutron of the target results in the annihilation of a quark-antiquark pair, thus producing an SM hypercharge    γ *  / Z   that is kinetically mixed with a dark photon, which then decays into an LDM pair.



The kinematics of the Drell-Yan process are often used for collider experiments. For the version of the fixed target experiment considered by us one can easily obtain 4-momenta of LDM particles produced in the decay of a dark photon in the laboratory frame using several successive Lorentz transformations (Figure 2):


          E  V 1   =  γ c   γ q   m V   ( 1 +  β c   β q  )         p  V 1   =  γ c   γ q   m V   (  β c  +  β q  )  ,         



(6)






      γ c  =  1  1 −  β c 2    =     p b 2  +  m p 2     m p   ,     



(7)






      β q  =    ( x −  τ x  )   p b    2  m V    ,     



(8)




where x is the ratio between the quark momentum and the total proton momentum,   τ =   m v 2  s   , while the   s   is the energy in the center of mass system.



The cross section of the Drell–Yan process is calculated using the following formula (see e.g., [14]):


     σ  ( p N → V )  =   4  π 2   ϵ 2   α  e m     m V 2    ∑ q   Q q 2   ∫  τ  1    d x  x  τ   f  q / p    ( x )   f   q ¯  / p     τ x   +  f   q ¯  / p    ( x )   f  q / p     τ x    ,     



(9)




where    f  q / p    ( x )    are parton distribution functions for tungsten (target) and proton (CTEQ6.6 PDFs [17] were used).



The dependence of this cross section on the dark photon energy in the laboratory frame for different masses of the dark photon is shown in Figure 3. The energy of the incoming proton beam is 400 GeV.



Based on Figure 3, it can be concluded that with an increase in the mass of the mediator the cross section decreases and shifts a little to the region where more energetic mediators are produced. This result will be useful in the upcoming SND@LHC experiment [18]. For LHC energies an increase in the cross section of the production of LDM with large masses (4–6 GeV) is expected.



The obtained relations for the 4-momentum of the produced mediator and the cross section of its production are used in modeling LDM events.



The dark photon is expected to decay into a pair of particles. There are several decay channels for which the main condition is    m V  > 2  m  p a r t i c l e s    . The decay widths for these channels are (see [3,19]):


     Γ  ( V →  χ ¯  χ )  =   α D  3   m V   1 +   2  m  χ  2    m V 2      1 −   4  m  χ  2    m V 2     ,     



(10)






     Γ  ( V →  l −   l +  )  =    α  e m    ϵ 2   3   m V   1 +   2  m  l  2    m V 2      1 −   4  m  l  2    m V 2     .     



(11)







Figure 4 shows the dependencies of the dark photon mean free path from its production to its decay into an LDM pair (left) and a lepton (   μ −   μ +   ) pair (right) depending on the values of model parameters. It is clearly seen that the process of dark photon decay into an LDM pair will dominate.




2.2. Interaction of LDM with the Detector Material


Let us consider the mechanisms of LDM particle – SM particle interaction. There are three channels of interaction [14]: elastic scattering on electrons or nuclei, quasi-elastic scattering and deep inelastic scattering (DIS) on nuclei. DIS channels on nuclei and electron scattering will be of particular interest for the SHiP’s energy range. In this paper we consider DIS on nuclei.





3. Simulation Steps


The simulation of the events involving LDM production and interaction with the detector has been done in several steps outlined in Figure 5. Background neutrino events were simulated using the GENIE generator [9]. Our objective was to obtain and analyze kinematic features of all the intermediary and final state particles based on the complete set of cross sections for the LDM interaction processes, as well as to set the criteria for LDM event selection in the detector. PYTHIA6 toolkit [20] was utilized during the final step of our simulation. The steps of our simulation are associated to the following consecutive tasks:




	1.

	
Dark photon production through the Drell–Yan process after the collision of an incident proton with a tungsten target;




	2.

	
Dark photon decay and selection of LDM particles that have reached the detector;




	3.

	
Deep inelastic scattering of LDM particles on lead target nuclei;




	4.

	
Production of secondary particles (i.e., hadronization) as a result of DIS.









3.1. LDM Production


We have obtained a set of dark photons with energies and momenta distributed in accordance with the cross section described by Equation (9). After dark photons (mediators) are produced, they create LDM pairs following the rules of massive relativistic particle decay to two particles of equal masses. The directions of secondary LDM particles are simulated according to angular distributions corresponding to (a) production of scalar dark matter (DM) particles from a vector dark photon and (b) production of fermionic DM particles from a vector dark photon. For scenario (a) DM particles will be distributed in a mediator rest frame as   g  ( c o s θ )  =  3 4   ( 1 − c o  s 2  θ )   , while for scenario (b) the distribution will be   g  ( c o s θ )  =  3 8   ( 1 + c o  s 2  θ )   . Energy distributions of fermionic and scalar LDM particles with different masses produced in the target and reaching the detector are shown in Figure 6. It should be noted that the number of LDM particles in the detector decreases significantly with the increasing LDM masses. This circumstance is very important for the correct estimation of the detector sensitivity.



Energy and pseudorapidity distributions of simulated LDM particles (both fermionic and scalar) reaching the detector are shown in Figure 7 for a mediator mass 3 GeV.



Nonzero spin leads to a wide range of pseudorapidities for the case of fermionic LDM. However, their energy distribution does not change substantially in comparison with the case of scalar LDM.




3.2. Deep Inelastic Scattering of LDM in the Detector


A formula for DIS cross section in the case of fermionic LDM was adopted from [21], while scalar LDM cross section was calculated by us (see Appendix A, which also provides the constraints on kinematic parameters). The cross sections are defined as follows:


     d  σ  f e r m   = π  α  e m    α D   ϵ 2    d ν d  Q 2     E 2  −  m  χ  2     ν   (  Q 2  +  m v 2  )  2       ( 2 E − ν )  2    ν 2  +  Q 2    +    Q 2  − 4  m χ    Q 2     ∑ q   x bj   f  q / A    (  x bj  ,  Q 2  )  ,     



(12)






     d  σ  s c a   = π  α  e m    α D   ϵ 2    d ν d  Q 2     E 2  −  m  χ  2     ν   (  Q 2  +  m v 2  )  2       ( 2 E − ν )  2    ν 2  +  Q 2    −   2  Q 2  + 4  m χ    Q 2     ∑ q   x bj   f  q / A    (  x bj  ,  Q 2  )  .     



(13)







Figure 8 shows the dependence of DIS cross sections on squared transferred momentum   Q 2   for fermionic and scalar LDM and various values of energy lost by LDM during its interaction with a target nucleus:   ν = E −  E ′   . It can be concluded that the DIS cross sections at high values of transferred momentum are practically independent of spin; the spin dependence starts to show itself only at  ν  values of about 20 GeV.




3.3. Production of Secondary Particles in DIS Processes inside the Detector


For every LDM particle reaching the emulsion detector we calculate the values of kinematic parameters    Q 2   and  ν   according to cross sections described by Equations (12) and (13). The   Q 2   distributions for the simulated fermionic and scalar LDM events with different masses (   m χ  = 0.2 , 0.33 , 1.0  GeV  ) are shown in Figure 9. In order to simulate the production of secondary particles in the detector, we used PYTHIA6 toolkit. PYTHIA6 allows one to control many parameters of simulated processes, which can be used to make simulated hadronization processes as much consistent with the LDM interaction scenarios as possible.



As a hadronization model we utilized a model of electroweak scattering of an abstract lepton with masses 0.2 and 1 GeV enabling various   (  γ *  / Z ) γ   physical processes from [20].



Particular processes were chosen for each event in accordance with the maximum calculated cross section. To simulate the transfer of a particular value of   Q 2   we used PYTHIA6 because it enabled us to put kinematic constraints.





4. Simulation of Neutrino Events


It is vital for the experiment to understand what are the sources of background events and how to distinguish DM events from the background ones. The main sources of background in our case are:




	
neutrino events;



	
DIS of muons in the detector;



	
muons produced in the atmosphere by cosmic rays.








Muon background could be reduced through the improvement of an active shielding system; muons from cosmic rays have specific energies and come from specific directions. That leaves the neutrino background, which we discuss below.



When neutrinos interact with target nuclei or electrons of the detector through charged current (CC), the main signature of a neutrino event is the production of a high-energy charged lepton, which wouldn’t be present in the case of an LDM event. This charged lepton would be most likely identified in ECC.



However, in the case of a neutral current (NC) interaction the identification of background neutrino events is a bit more complicated. For neutrinos scattering on electrons it is still possible to simulate the spectra and understand that LDM particles (which have higher masses then neutrinos) contribute to the recoil electron’s energy. But for the case of DIS of neutrino on nuclei one should carry out a thorough research to create specific criteria for distinguishing LDM events from neutrino background events.



In this paper we used GENIE Monte-Carlo generator to simulate neutrino interactions with the material of the detector. Energy spectra of neutrinos produced in the target and reached the detector, were taken from [6].



Full modeling of neutrino events consists of several steps:




	1.

	
Obtaining the spectra of neutrinos reaching the detector;




	2.

	
Calculating cross sections of interactions of 0–150 GeV neutrinos of various flavors with lead nuclei at energies 0–150 GeV;




	3.

	
Simulating interactions of neutrinos of various flavors with lead nuclei in the detector.









For DIS modeling at high energies GENIE uses the so-called Bodek–Yang model, for hadronization modeling—<<AGKY>> model [22], which, in turn, utilizes PYTHIA6 in the total invariant system mass range   W > 3   GeV.



GENIE provides precalculated cross sections of neutrino interactions for energies up to 100 GeV. In order to simulate the processes with high energies, one has to obtain the splines of corresponding cross sections. We calculated cross sections of neutrinos of three different flavors in the 0–150 GeV energy range using the ’gmskspl’ command embedded in the GENIE code.



Using the obtained cross sections, we have simulated neutrino background events.




5. Comparison of LDM and Neutrino Events


Hadronization in LDM and Neutrino Events


About   10 5   LDM and neutrino events producing secondary particles were obtained. To set the selection criteria used for distinguishing the LDM events from the neutrino background, it is necessary to analyze various parameters that can be obtained in the experiment. The kinematic parameters of charged particles were considered, since these parameters can be reconstructed from the visible tracks left by such particles in the SND emulsion detector.



The first two parameters that we analyzed are the invariant mass of a system of charged particles in the event   M  i n v   c h    and the total transverse momentum of the event   P T  . Figure 10 shows the distributions of   P T   of charged particles both in the events associated with scalar and fermionic LDM particles and in the neutrino ones, and the distributions of   M  i n v   c h    of charged particle systems for the same events.



The fat-tailed distribution of   M  i n v   c h    for neutrino events can be explained by a large number of quasi-elastic collisions of   ν τ   (as well as   ν μ  ) with lead nuclei. In these collisions the nuclei decay into nucleons, which corresponds to smaller values of   Q 2   compared to LDM.



The next two parameters we considered were the total energy and pseudorapidity of the charged particle system in the event. Figure 11 shows the two-dimensional histogram (heatmap) for the parameter distributions of LDM and neutrino events (distributions for scalar and fermionic LDM particles practically overlap, so only events from fermions were shown).



Using machine learning methods, we created a classifier that is able to distinguish LDM events from the background neutrino events based on the observed kinematic parameters with high precision. It is also possible to estimate and constrain the detector sensitivity, which is described in the following section.





6. Event Selection and Detector Sensitivity


6.1. Sensitivity


Using the complete scheme for modeling the events associated with LDM production, we were able to set constraints on the sensitivity of the experiment to the following parameters of the LDM model:




	
mixing coefficient  ϵ ;



	
the dark sector coupling strength    α D  =   g D 2   4 π    ;



	
dark photon mass   m V    (  m V  = 3  m χ  )  .








To show the obtained sensitivity we use the (   m V  , Y  ) plane where Y is defined as:


     Y =  ϵ 2   α D      m χ   m V    4  .     



(14)







The parameter Y is linked to the dark matter annihilation cross section via the formula [8,23]:


     σ  ( χ  χ ¯  → f  f ¯  )   v  r e l   ∝   8 π  v  r e l  2  Y   m  χ  2    ( if   m V  > 2  m χ  )  ,     



(15)




where   v  r e l    is the relative velocity between the colliding dark matter particles.



Figure 12 shows the yield of events from LDM particles which were generated via the Drell–Yan channel and interacted in the detector via the DIS channel with various values of   α D  .



We can conclude that the number of events in our scenario will be sufficient at    m V  ≃   0.3–0.6 GeV. That range is defined by the geometry of the detector and limited from below by the features of the production mechanism (at low masses of the dark photon   m V   the strong coupling   α s   is   O ( 1 )   and the description of the hadrons in terms of constituent partons is spoiled by the confinement) and from above by the existing experimental constraints.




6.2. LDM Event Selection


A naive Bayesian classifier was used to select events. Its main advantages are simplicity of implementation and low computational costs for training and classification. In those rare cases when features are nearly independent, a naive Bayesian classifier is close to optimal. A sufficiently small amount of data is needed for training, assessment and classification using this algorithm. The implementation was done with the aid of scikit-learn [25] library in Python, assuming that the original parameter distributions were Gaussian.



The precision and recall metrics are usually introduced to evaluate the performance of a machine learning algorithm on each class separately:


     p r e c i s i o n =   T P   T P + F P   ,     



(16)






     r e c a l l =   T P   T P + F N   ,     



(17)




where   T P  ,   F P   and   F N   are determined via the error matrix (Figure 13). Precision can be interpreted as the fraction of objects identified as positive by the classifier that are in fact positive (correctly defined), and recall shows what fraction of objects from all objects of a positive class were found by the algorithm.



The Precision-Recall (P-R) metric is used to estimate the quality of classifiers in case of very unbalanced classes [26]. We use it to estimate the accuracy of the Bayesian classifier. The P-R curve shows the trade-off between precision and recall for different thresholds. The large area (close to 1) under the curve represents both high recall and high precision. Figure 14 shows the P-R curves for the classes of events from scalar LDM particles, fermionic LDM particles and neutrinos.



Considering the areas under the curves (AP—average precision in Figure 14) we can conclude that the Bayesian classifier efficiently distinguishes the LDM events from the neutrino background and does a rather poor job in determining whether LDM has spin, since the precision value close to 0.5 is caused by a large number of false positive results.



A simple cut-based event selection procedure (applying cuts to the pseudorapidity  η  parameter) was tested (Figure 11), and the results were compared with the ones obtained for the case of the developed classifier. In the best case, when 99% of LDM particles are correctly identified, about 6% of neutrino events are classified as LDM, while the Bayesian classifier, in accordance with the P-R curves, shows almost perfect results at any threshold of the classifier (approximately 1% of incorrectly classified events). At this stage, we analyzed the kinematic characteristics of secondary particles produced in the detector and did not consider the tracks of particles in emulsion plates. In case of reconstructing the kinematic characteristics of events from the tracks in emulsions, the developed classifier will have additional advantages over the cut-based event selection procedure.





7. Conclusions


In this work we present a complete scheme for modeling the processes of (a) LDM (light dark matter) production on the SPS beam in the fixed target experiment (e.g., SHiP) via the Drell-Yan channel and (b) the interaction of LDM with the detector material through deep inelastic scattering on lead nuclei. Scalar and fermionic LDM particles with a mass of approximately 1 GeV are considered. We have obtained the expression for the DIS cross section in the case of the scalar LDM particle.



Moreover, we have determined the signatures on the basis of which it is possible to distinguish the events associated with the LDM interactions from the neutrino background events. Constraints on the SHiP detector sensitivity to the parameters of the LDM model were obtained. We can conclude that the number of events in our scenario will be sufficient at    m V  ≃   0.3–0.6 GeV.



This scheme of modeling and analysis of events, with the modification of the mediator production cross section, can be applied in experiments at LHC where it is possible to investigate LDM particles with large masses.







Author Contributions


Conceptualization, A.A. and E.U.; methodology, E.U.; software, A.A.; validation, T.R.; formal analysis, I.V.; investigation, E.K.; resources, E.U.; data curation, E.U.; writing—original draft preparation, E.U.; writing—review and editing, A.A.; visualization, E.U.; supervision, T.R.; project administration, T.R.; funding acquisition, E.U. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Basis Foundation grant number #20-2-9-26-1 and by the Interdisciplinary Scientific and Educational School of Moscow University <<Fundamental and Applied Space Research>>.




Acknowledgments


We express our gratitude to A. Pukhov and P. deNiverville for advice on some theoretical issues.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.





Appendix A. Calculation of DIS Cross Section of an LDM Particle on a Nucleon


At SHiP energies the deep inelastic interaction channel will dominate. Let us consider the DIS of LDM particles ( χ ) on lead nuclei in the detector. The  χ  particle exchanges a virtual mediator V with the nucleus. Particle’s momentum before the scattering is equal to   p χ   and   p  χ  ′   after the scattering. So, the virtual mediator V carries the momentum   q =  p χ  −  p  χ  ′   , hence the square of transferred momentum is    Q 2  = −  q 2   . Let us also define the energy transferred from  χ  to the nucleon by the mediator   ν = E −  E ′   . This energy must be greater than a certain value at which DIS takes place:   ν >  E  c u t     [27]. Finally, let us define the Bjorken variable    x  b j   =   Q 2   2 M ν     (M is the nucleus mass).



Using lowest order perturbation theory, Ref. [21] derived the following expression for the differential cross section in the case of deep inelastic lepton scattering:


     d σ =   π  α  e m    α D   ϵ 2   M    d ν d  Q 2     E 2  −  m  χ  2       L  μ ν    W  μ ν      (  Q 2  +  m v 2  )  2   ,     



(A1)




where tensors    L  μ ν    and   W  μ ν     describe dark and hadronic vertices of diagram on Figure A1. The situation is similar to the DIS of neutrinos on the nucleus. Now let us find these tensors.





[image: Universe 07 00033 g0a1 550] 





Figure A1. DIS of LDM on nucleus [27]. 






Figure A1. DIS of LDM on nucleus [27].
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The hadronic tensor is found using the following formula:


      W  μ ν   =  C T  μ ν    F T   (  x  b j   ,  Q 2  )  +  C L  μ ν    F L   (  x  b j   ,  Q 2  )  ,     



(A2)




where    F T   (  x  b j   ,  Q 2  )   and   F L   (  x  b j   ,  Q 2  )    are standard structure functions;   C T   corresponds to the exchange of a transversely polarized virtual mediator, and   C L  —to a longitudinally polarized one.



The dark sector tensor   L  μ ν    can be calculated using the squared diagram [28]:


      L  μ ν   =      4  p  χ  μ   p  χ  ν  − 2  (  p  χ  μ   q ν  −  p  χ  ν   q μ  )  +  q 2   g  μ ν      ( fermionic    LDM )  ,       4  p  χ  μ   p  χ  ν  − 2  (  p  χ  μ   q ν  −  p  χ  ν   q μ  )  +  q μ   q ν     ( scalar    LDM )  .          



(A3)







Here   g  μ ν    is metric tensor.



In the convolution of the hadronic tensor and the dark sector tensor, we obtain the following terms:


      C  L   μ ν    L  μ ν   = M ν   4 E  ( E − ν )  −  Q 2     ν 2  +  Q 2    ;     



(A4)






      C T  μ ν    L  μ ν   =         Q 2    ( 2 E − ν )  2     ν 2  +  Q 2    +  Q 2  − 4  m  χ  2     ( fermionic    LDM )  ,             Q 2    ( 2 E − ν )  2     ν 2  +  Q 2    − 2  Q 2  − 4  m  χ  2  ,    ( scalar    LDM )  ,          



(A5)







The final step is to calculate the structural functions. They can be obtained as the convolutions of the parton distribution function and the parton structure function     F T  ^   or    F L  ^   . In the lowest order of the perturbation theory [21]:


      F L  = 0 ,     



(A6)






      F T  =  1  2  x  b j      ∑ q   x  b j    f  q / A    (  x  b j   ,  Q 2  )  .     



(A7)







The limits of   Q 2   and  ν  are


      E cut  < ν < E −  m χ  ,     



(A8)






      Q 2  < 2 M ν .     



(A9)







We used parton distribution functions for the nucleus provided at leading order by Hirai-Kumano-Nagai (HKNlo) [29].



So, the final formulas for the DIS cross section on the lead nucleus of the scalar and fermionic LDM are:


     d  σ  f e r m   = π  α  e m    α D   ϵ 2    d ν d  Q 2     E 2  −  m  χ  2     ν   (  Q 2  +  m v 2  )  2       ( 2 E − ν )  2    ν 2  +  Q 2    +    Q 2  − 4  m χ    Q 2     ∑ q   x bj   f  q / A    (  x bj  ,  Q 2  )  ,     



(A10)






     d  σ  s c a   = π  α  e m    α D   ϵ 2    d ν d  Q 2     E 2  −  m  χ  2     ν   (  Q 2  +  m v 2  )  2       ( 2 E − ν )  2    ν 2  +  Q 2    −   2  Q 2  + 4  m χ    Q 2     ∑ q   x bj   f  q / A    (  x bj  ,  Q 2  )  .     



(A11)







Thus, we are able to simulate the DIS of LDM particles on nuclei in accordance with the calculated cross section. At this stage, we obtain virtual mediators with the corresponding kinematic parameters   Q 2   and  ν .
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Figure 1. Scheme of the Drell-Yan process with the production of an LDM pair. 
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Figure 2. Proton-proton collisions in the target shown in three different reference systems. 
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Figure 3. Dependence of the differential cross section of the Drell-Yan process on the energy of the generated mediator (dark photon) for different masses of the mediator. 
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Figure 4. Dependence of the dark photon mean free path from its production to its decay into an LDM pair (left) and a    μ −   μ +    pair (right) on the dark photon mass and parameters   α D   and  ϵ . 
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Figure 5. Simulation scheme. 
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Figure 6. Energy E distributions of simulated LDM particles with various masses produced in the target and reaching the SND detector. 
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Figure 7. Pseudorapidity  η  and energy E distributions of simulated LDM particles reaching the SND detector. 
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Figure 8. DIS cross sections for LDM with energies 50 GeV (left) and 100 GeV (right) in lead. 
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Figure 9.   Q 2   distributions for fermionic and scalar LDM particles with different masses. 
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Figure 10. Distributions of the total transverse momenta and invariant mass of a system of charged secondary particles in an event for scalar and fermionic LDM,   ν τ   and   ν μ  . 
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Figure 11. Distributions of the total energies and pseudorapidities of charged particle systems of LDM and neutrino events. 
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Figure 12. The yield of events from LDM particles which were generated via the Drell-Yan channel and interacted in the detector via the DIS channel with various values of   α D   (purple regions). The gray regions are excluded by the existing constraints (e.g., the ones obtained in the BaBar experiment [24]), and the dark curve shows the relic density behavior [23] at various Y and   m V  . 
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Figure 13. Error matrix.   y ^   is the algorithm response to the object, and y is the true class label of this object. 
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Figure 14. Precision-Recall curves for fermionic and scalar LDM,   ν τ   and   ν μ   events. The higher the area under the curve, the more accurately the event is classified. 
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