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Abstract

:

The neutralino sector of the semi-constrained next-to-minimal supersymmetric standard model is explored under recent experimental constraints, with special attention to dark matter (DM) limits. The effects of the upper and lower bounds of dark matter relic density and recent direct detection constraints on spin-independent and -dependent cross-sections are thoroughly analyzed. Particularly, we show which regions of the parameter space are ruled out due to the different dark matter constraints and the corresponding model-specific parameters:   λ , κ ,  A λ   , and   A κ  . We analyze all annihilation and co-annihilation processes (with heavier neutralinos and charginos) that contribute to the dark matter relic density. The mass components of the dark matter candidate, the lightest neutralino    χ ˜  1 0  , are studied, and the decays of heavy neutralinos and charginos, especially    χ ˜  2 0   and    χ ˜  1 +  , into the lightest neutralino are examined. We impose semi-universal boundary conditions at the Grand Unified Theory scale, and require a moderate range of   tan β ≲ 10  . We find that the allowed parameter space is associated with a heavy mass spectrum in general and that the lightest neutralino is mostly Higgsino with a mass range that resides mostly between 1000 and 1500 GeV. However, smaller mass values can be achieved if the DM candidate is bino-like or singlino-like.
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1. Introduction


The nature of dark matter (DM) continues to be a mystery, even though there is an abundance of evidence of its existence [1,2,3,4,5,6]. A well-motivated candidate for DM is the neutralino lightest supersymmetric particle (LSP) in supersymmetric (SUSY) models [7]. However, such models are being challenged by recent null results from experiments, including DM searches [8,9,10,11,12,13]. DM searches can be categorized into collider, direct detection, and indirect detection searches. Collider searchers rely on detecting missing energy events that could arise from decays into DM particles; indirect detection depends on observations of astronomical events, such as gamma ray lines; and direct detection searches rely on observing possible elastic scattering events between DM particles and atomic nuclei (a comprehensive review was published in [14]). One of the most-considered low-scale SUSY models is the next-to-minimal supersymmetric standard model (NMSSM; reviewed in [15,16]), which opens new possibilities as its neutralino sector is richer than that in the MSSM, which is attributed to the inclusion of a standard model (SM) singlet superfield, which is absent in the MSSM. The inclusion of such a singlet is motivated by explaining the origin of the  μ  term in the MSSM and increasing the predicted SM Higgs mass at the tree level, especially for the case where the singlet–doublet coupling  λ  is large and   tan β   is small (see, e.g., [17,18] and the references therein).



The issue of DM in the NMSSM is the focus of researchers in the field [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37]. The case of low-mass neutralino LSP has been investigated with attention paid to the interesting cases of large singlino–higgsino mixtures or singlino-like DM [25,38,39,40,41,42,43]. Additionally, the implications of direct and indirect detection of the NMSSM and its extensions have been detailed [24,44,45,46,47,48,49,50,51]. The existence of blind spots, leading to a reduction in spin-independent direct detection cross-sections has been studied [32,52]. Recently, [53] studied NMSSM and DM, where low-scale input parameters were used, focusing on future searches. Additionally, certain scenarios of DM in the semi-constrained NMSSM (scNMSSM), which is the model we are considering, were recently investigated in [36,54]. However, most of these works do not include the most recent constraints from DM searches, especially those from direct detection. Particularly, [36] did not include constraints from DarkSide-50 [55], CRESST-II [56], XENON1T [57], and PICO60 [58], which are included in [54]. However, in the latter reference, only cases were    m   χ ˜  1 0   <  m  h SM   / 2   are considered. Both papers focus on a limited portion of the parameter space of the scNMSSM, which is motivated by satisfying    ( g − 2 )  μ  , and only the upper limit on the dark matter relic density is taken into account. Moreover, the Higgs sector of both papers is associated with   h 2   being the SM-like Higgs boson, which is different from the parameter space to be considered in this paper in which   h 1   is the SM-like. The Higgs sector of this case has been recently analyzed in [59], where only the upper limit on DM is considered.



From a phenomenology point of view, it is interesting to understand in detail how current limits affect the NMSSM with the well-motivated Grand Unified Theory (GUT) boundary conditions in terms of the affected regions of the parameters and, more physically, which channels contribute to DM relic density, which is the branching ratio of chargino/neutralino to the LSP. Considering the above, we explored the parameter space of the NMSSM under the semi-constrained boundary conditions on the GUT scale exploiting state-of-the-art tools incorporating the latest DM constraints, as a major motivation for SUSY models to provide gauge coupling unification. Particularly, we analyzed how relic density abundance constraints, as well as recent direct detection limits, affect the model, without a particular focus on specific regions, except for relatively moderate   tan β ≲ 10  , which was motivated by enhancing the tree-level prediction of the SM-like Higgs mass in the model. We present the portions of the parameter space that pass all known constraints (apart from   g − 2   of the muon), and show the regions that fail the aforementioned DM constraints, providing a deeper insight into the model that has usually been overlooked in the recent literature.



The paper is organized as follows: In Section 2, we provide a brief overview of the superpotential of the NMSSM and the neutralino mass matrix, and introduce the necessary parameters of the model. Next, Section 3 specifies the boundary conditions of the model and presents our methodology for probing the parameter space of the model, and the relevant non-DM and DM constraints that are considered. In Section 4, the results are presented and divided into subsections corresponding to the various considered aspects of the neutralino section. Section 5 discusses the results and compares them to recent literature, and concludes the paper.




2. The NMSSM and Its Neutralino Sector


The NMSSM is characterized by the following superpotential:


  W =  W  MSSM     μ     + λ  S ^    H ^  u  ·   H ^  d  +  1 3  κ   S ^  3  ,  



(1)




where   W  MSSM     μ      encodes the Yukawa couplings as in the MSSM. The second term replaces the  μ  term in the MSSM so that it is dynamically generated when the singlet superfield   S ^   acquires a vacuum expectation value (VEV).  λ  is the coupling between   S ^   and the up and down Higgs superfields     H ^  u  ,   H ^  d   . The third term represents the cubic self-coupling of   S ^  . This  κ  term is included to maintain a   Z 3   invariance in the model. The soft-SUSY breaking Lagrangian of the NMSSM is:


     −  L soft NMSSM     =      1 2     M 1    λ ˜  1    λ ˜  1  +  M 2    λ ˜  2 i    λ ˜  2 i  +  M 3    λ ˜  3 a    λ ˜  3 a  + h . c .            +  m   Q ˜   2   |   Q ˜    |  2  +  m  U  2   |    U ˜  R    |  2  +  m   D ˜   2   |    D ˜  R    |  2  +  m   L ˜   2   |   L ˜    |  2  +  m   E ˜   2    |   E ˜  R  |  2            +  m  H u  2     H u   2  +  m  H d  2     H d   2  +  m S 2    S  2            + (  h u   A u    U ˜   R  c   Q ˜  ·  H u  −  h d   A d    D ˜   R  c   Q ˜  ·  H d          −  h e   A e    E ˜   R  c   L ˜  ·  H d  + λ  A λ   S  H u  ·  H d  +   1 3   κ  A κ   S 3  + h . c . ) .     



(2)







The first line of Equation (2) represents the gaugino mass terms, where    λ ˜  1  ,    λ ˜  2 i    ( i = 1 , 2 , 3 )  , and    λ ˜  3 a    ( a = 1 , . . . , 8 )   denote the   U   ( 1 )  Y   ,   S U ( 2 )  , and   S U ( 3 )   gauginos, respectively, with corresponding masses   M 1  ,   M 2  , and   M 3  . The five mass terms   m   Q ˜   2  ,   m  U  2  ,   m   D ˜   2  ,   m   L ˜   2  , and   m   E ˜   2   are   3 × 3   Hermitian matrices in the generation space and represent the squarks and sleptons mass squared terms, respectively.   m  H u  2   and   m  H d  2   contain Higgs mass squared terms, and   m S 2   is the singlet mass term. Here,   y  u , d , e   ,  λ , and  κ  are dimensionless Yukawa couplings. Finally, the A parameters describe a trilinear scalar interaction and has a dimension of mass. In contrast to the MSSM, the soft-SUSY breaking Lagrangian of the NMSSM contains extra terms associated with trilinear terms   A λ   and   A κ  , as well as a soft-SUSY breaking mass term for the singlet. The Higgs sector of the model receives extra contributions from the singlet, and the number of Higgs bosons is increased to seven particles (2 charged, 3 CP-even, and 2 CP-odd). One of the known advantages of the addition of the singlet superfield is that the physical SM-like Higgs mass receives an additional F-term contribution that is proportional  λ . Specifically,


   m h 2  ≤  M Z 2    cos 2   ( 2 β )  +   λ 2   g 2    sin 2   ( 2 β )   ,  



(3)




which motivates choosing small to moderate values of   tan β   and a sizeable value for  λ  to enlarge the tree-level SM-like Higgs mass, as long as the choice of  λ  does not lead to violating the perturbativity bound. This could occur when  λ  exceeds about   0.7  .



When electroweak symmetry breaking (EWSB) is achieved in the NMSSM, the mass of the Z boson is predicted to be:


     M Z 2  2   =     m   H d   2  −  m   H u   2   tan 2  β    tan 2  β − 1    −   |  μ eff  |  2  ,  



(4)




which is usually used to quantify the fine-tuning in the electroweak sector of the model. A widely used fine-tuning measure is the one introduced in [60], which is defined as:


   Δ   M Z   GUT  =    d ln  M Z 2    d ln  a 2     ,  



(5)




where a represents the input parameters of the model on the GUT scale.



The neutralino sector is also affected by the presence of the new NMSSM-specific terms. As opposed to the   4 × 4   mass matrix in the MSSM, the neutralino mass matrix in the NMSSM is   5 × 5  , which reads:


   M 0  =      M 1    0    −    g 1   v d    2         g 1   v u    2     0         M 2       g 2   v d    2      −    g 2   v u    2      0           0    − μ     − λ  v u              0    − λ  v d                  2 κ s      ,  



(6)




where   M  1 , 2    represent gaugino masses,   μ = λ s   is the effective   m u  -term,   g  1 , 2    denotes gauge couplings, and    v  u , d   , s   indicates the VEVs of the up and down Higgs fields and singlet field. Upon diagonalization, the mass eigenstates are ordered from small to large as     χ ˜  1 0  , ⋯ ,   χ ˜  5 0   , where the first is the lightest neutralino, which is usually the LSP of the model and the dark matter candidate. The lightest neutralino can then be expressed as:


    χ ˜  1 0  =  N 11   B ˜  +  N 12    W ˜  0  +  N 13    H ˜  d 0  +  N 14    H ˜  u 0  +  N 15   S ˜  ,  



(7)




where   N  1 j    are matrix elements of the diagonalization matrix. They encode the possible mixtures comprising the neutralino mass eigenstates, and    ∑ |   N  1 j     |  2  = 1  . For example, in the bino-like LSP scenario:


     N 11     ≈ 1 ,     N 15     ≈ 0 ,     N 13     ≈     m Z  sin  θ W   μ   sin β ,     N 14     ≈ −     m Z  sin  θ W   μ   cos β ,     



(8)




whereas in the singlino-like LSP scenario:


     N 11     ≈ 0 ,     N 15     ≈ 1 ,     N 13     ≈ −    λ v  μ   cos β ,     N 14     ≈ −    λ v  μ   sin β .     



(9)







Finally, the NMSSM can be specified on the GUT scale by a number of input parameters: A soft-SUSY breaking scalar mass parameter (  m 0  ), a soft-SUSY breaking gaugino mass parameter (  m  1 / 2   ), a soft-SUSY breaking trilinear parameter   A 0  , the ratio between the VEVs of up and down-Higgs fields   tan β =  v u  /  v d   , an effective Higgs/higgsino mass parameter    μ eff  = λ s  , a singlet–doublet coupling parameter  λ , and a singlet coupling parameter  κ . It is desirable to understand how NMSSM-specific parameters behave and affect the model’s predictions therefore, the two trilinear soft-SUSY breaking parameters   A λ   and   A κ   are often treated differently from   A 0  .




3. The Parameter Space


NMSSMTools (v5.5.2) was used to generate the mass spectrum of the model. NMSSMTools uses MicrOMEGAs (the interfacing was performed by the authors of NMSSMTools), which in turn calculates the relevant DM observables of the model. All theoretical and experimental constraints were considered apart from the    ( g − 2 )  μ   anomaly. These constraints include limits on the decays of both the K and B mesons; on the measured SM Higgs mass   ± 3   GeV to account for theoretical uncertainties (see [61] for more details); recent LHC constraints on the measured couplings of the SM Higgs as mentioned, which are imposed in NMSSMTools using the framework presented in [62], and Higgs decays (including exotic decays); and constraints on supersymmetric particles. Theoretical constraints include reaching a global minimum, no negative physical mass values, successful electroweak symmetry breaking (EWSB) in the Higgs sector.



The package was modified for our purpose, which was to analyze each DM constraint separately after imposing non-DM constraints. This enabled us to understand and report how DM limits affect the considered model. However, as far as DM constraints are concerned, in this paper, we restrict our analysis to constraints on DM relic density and direct detection.



We explore the parameter space focusing on specific regions where   tan β ≲ 10   but allow  λ  to vary, as shown in Table 1. We specify the inputs of the model on the GUT scale in what is commonly called the semi-constrained next-to-minimal supersymmetric standard model as explained in the previous section. However, since NMSSMTools was used for this study, to find acceptable solutions of the renormalization group equations, this code specifies the boundary conditions at the GUT and low scales simultaneously for practical reasons. In particular,    m 0  ,  m  1 / 2   ,  A 0  ,  A λ  ,  A κ    are specified on the GUT scale, whereas   λ , κ  , and   tan β   are specified on the low scale.    m  H u    ( G U T )    and    m  H d    ( G U T )    are computed by the code, and    m  H u    ( G U T )    and    m  H d    ( G U T )    not being set equal to    m 0   ( G U T )    is why this model is usually called semi-constrained and is sometimes called the non-universal Higgs NMSSM (NUH-NMSSM ). More details about how NMSSMTools computes the spectrum and the possible options can be found in the relevant literature [63,64,65,66,67].



The ranges of the input parameters are shown in Table 1. Notably, the ranges for the trilinear parameters are varied separately, and the same is true for  λ  and  κ . It is worth mentioning that in [36,54], the maximum allowed values for    m 0  ,  m  1 / 2    , and   μ eff   are 500, 2000, and 200 GeV, respectively. Moreover, only the upper bound on the DM relic density was imposed in both references. This makes our study an extension to such recent works since we consider a much wider ranges for the previously mentioned parameters, and we do not require accounting for    ( g − 2 )  μ   since it is still considered to be an unconfirmed anomaly. Moreover, in our study, we impose the upper and lower bounds on DM relic density such that the scNMSSM can account for the DM entirely, unlike the previously mentioned references.



Finally, the latest version of NMSSMTools uses MicrOMEGAsv5.0 and includes a number of recent and important constraints on Higgs physics [68,69,70], DM limits on spin-independent cross-sections from DarkSide-50 [55] and CRESST-II [56], and limits on spin-dependent cross-sections from XENON1T [57,71] and PICO60 [58].




4. Numerical Results


4.1. Mapping DM Constraints into the Model’s Parameters


Figure 1, Figure 2 and Figure 3 show the results in the   (  A λ  −  A κ  )  ,   ( λ − κ )  , and   (  m 0  −  m  1 / 2   )   planes, respectively. Each figure contains a number of sub-figures that represent the allowed points in green and the ruled-out points in red. Each sub-figure also represents one type of problem causing the red points to be ruled out.



In Figure 1 in the top left panel, the ruled-out points are associated with no DM candidate in the model. Basically, this reflects results where the LSP is a charged particle (hence, cannot be a DM candidate) or that the input parameters did not lead to successful solutions, causing the algorithm of MicrOMEGAs to stop. This issue becomes more relevant as both   A λ   and   A κ   increase, especially for    A λ  > − 2000   GeV. The top right panel shows the ruled-out points that predict too-large values of the relic density   Ω  h 2  ≳ 0.131  , whereas the middle left panel shows red points with   Ω  h 2  ≲ 0.107  . Comparing the two plots indicates that in the scanned parameter space, most of the problematic points (passing all non-DM constraints still) are associated with too-small values for DM relic density (such models might be accepted if DM is not provided by the LSP of the NMSSM. However, other DM constraints should be considered to agree with observations). As for cross-sections, the middle left panel presents models predicting a DM direct detection rate that is too large, that is, a larger than experimentally allowed spin-independent cross-section   σ  S I   , which resembles the density of ruled-out points due to   Ω  h 2    being too small in the previously described plot. This shows that both of these limits play a major role in constraining the scNMSSM, and it warns against the common practice of imposing the upper limit on   Ω  h 2    only, since even if a point with too-small relic density is accepted, such a point might be ruled out by direct detection constraints. Next, the ruled-out points due to spin-dependent cross-sections,   σ  S D  n   and   σ  S D  p   being larger than the experimental limits, are shown in the bottom left and bottom right panels, respectively. These constraints have less of an impact, but can eliminate parts of the model where both   A λ   and   A κ   are positive. In all the previous sub-figures, the DM constraints heavily affect regions where both trilinears are positive and large. Lastly, and focusing on the allowed points shown in green, the figure shows that when    A λ  < 0  , only negative   A κ   can lead to successful predictions. However, as   A λ   becomes positive,   A κ   can take positive values.



To facilitate comparison and acquire deeper insight, the same results are presented in the  λ – κ  plane, as shown in Figure 2. Some of the data passing all non-DM restrictions still failed to produce a successful DM candidate (top left panel). This occurred particularly in the region   0.4 < λ < 0.7   and   0.3 < κ < 0.6  . Other points failed to comply with the upper limit on   Ω  h 2    (top right panel), which occurred in all of the parameter space, but, as shown, regions where   λ ≳ 0.55   with   κ ≲ 0.2   suffer from this problem as no allowed points can be found there (given our choices of inputs). The middle left panel shows the case where   Ω  h 2    is too small. Comparing this result with that of too-large   σ  S I   , these two problems produce the main impact, as stated before. This impact is reflected in the  λ – κ  plane for large values of  λ  accompanied with small values of  κ . In the same region, in both the bottom left and right panels, the limits of spin-dependent cross-sections affect the same bad region.



Figure 3 shows the results in the common    m 0  −  m  1 / 2     plane, which in turn provides further understanding of how the DM constraints impact the parameter space of the model, and enables comparison with other low-scale SUSY models such as the MSSM. In the top left panel, the issue of not obtaining a successful DM candidate is concentrated in regions where    m 0  ≲ 1200   GeV. Most of the ruled-out points due to predicting large   Ω  h 2    are associated with    m  1 / 2   < 3000   GeV (top right panel). The two main problems causing the ruling-out of the red points, that is, small   Ω  h 2    and large   σ  S I   , are common in the whole parameter space (see middle panels), whereas the limits on the spin-dependent cross-sections are mainly present in the region where    m  1 / 2   < 3000   GeV. However, these are somewhat less relevant than the previous two constraints that occur in the same area. These results also show that the good points (in green) are concentrated in regions where    m  1 / 2   > 3000   GeV. Such a large value for   m  1 / 2   , which is needed to satisfy other non-DM limits, indicates a heavy mass spectrum, which is certainly the case in the studied parameter space.



The Allowed Parameter Space in the   m 0  –  m  1 / 2    Plane


In the NMSSM, either   h 1   or   h 2   can be SM-like. However, in the parameter space we cover, the SM-like Higgs is   h 1  , the lightest CP-even Higgs boson. The mass varies between 122.1 and 128.1 GeV to account for theoretical uncertainties, as mentioned in the previous section. To understand the allowed parameter space and enable comparison with the literature and future studies, Figure 4 and Figure 5 present the range of fine tuning in the model, as well as the mass range of the DM LSP particle (  m   χ ˜  1 0   ), gluino (  m  g ˜   ), lightest stop (  m   t ˜  1   ), lightest chargino (  m   χ ˜  1 ±   ), the second-lightest neutralino (  m   χ ˜  2 0   ), and the lightest stau (  m   τ ˜  1   ).



Figure 4 in the top left panel shows that the fine-tuning ranges from   Δ ∼   390 to 5000. As expected, regions where both   m 0   and   m  1 / 2    are as small as possible have lower fine tuning. The point with the smallest fine-tuning (  Δ ∼ 386 )   in the scanned parameter space is associated with    m 0  = 870   GeV,    m  1 / 2   = 1576   GeV, and a bino-like DM candidate    m   χ ˜  1 0   ∼ 693   GeV. The details of the other inputs, the mass spectrum, the relevant parameters, and DM observables are presented in Table A1 and Table A2, where this point is denoted   P 1  . The top right panel shows the mass of the DM LSP, which has a minimum mass of    m   χ ˜  1 0   ∼ 313   GeV and a maximum mass of 1526 GeV. The smallest DM candidate in the scanned parameter space is singlino-like. This point is denoted   P 4   and its details are presented in the previously mentioned tables. The rest of the plots in Figure 4 and Figure 5 show that the mass of the gluino, lightest stop, lightest chargino, sencond-lightest neutralino, and the lightest stau range within [2326–10,050], [489–7202], [487–1528], [491–1532], and [787–5239] GeV, respectively. Finally, in the allowed parameter space, the lightest chargino is the next-to-lightest supersymmetric particle (NLSP), and, in general, the mass of the LSP is linearly correlated with the lightest chargino and the second-lightest neutralino.





4.2. Properties of the Mass of the Neutralino DM


Now that we have an understanding of how recent DM constraints affect the parameters of the model, it is crucial to analyze the DM particle in terms of its mass content. In the allowed parameter space, the LSP represents a valid DM candidate and has a mass range that is mostly concentrated between 1000 and 1500 GeV. Lighter and heavier values still exist in our results, but such cases are rare.



Figure 6 shows the LSP mass components as a function of LSP mass. The top left panel represents the higgsino component, where the points split into two regions, having large and small contributions to the LSP mass. The region with higher contribution occurs in the range of   916 ≤  m   χ ˜  1 0   ≤ 1526   GeV with a maximum contribution of    |   N 13    |  2  +   |  N 14  |  2  ∼ 0.99  , associated with    m   χ ˜  1 0   ≈ 1077   GeV. This point in the parameter space is denoted   P 2   and is presented in Table A1 and Table A2.



The singlino component as a function of LSP mass is shown in the top right panel. Again, the data points split into two regions with high and low singlino contribution to the LSP mass. The region with a higher contribution occurs between   313 ≤  m   χ ˜  1 0   ≤ 1149   GeV. A representative point (  P 4  ) where the singlino contribution is    |   N 15    |  2  ≈ 0.99   and    m   χ ˜  1 0   ≈ 313   GeV is presented in Table A1 and Table A2. It is possible to find cases where the DM particle is a singlino–higgsino mixture. For instance, in the allowed parameter space, we find a point where    |   N 15    |  2  ≈ 0.85   and    |   N 13    |  2  +   |  N 14  |  2  ≈ 0.14  . This point is denoted   P 3   in the previously mentioned tables shown the Appendix A.



The bottom right panel of Figure 6 shows that the Wino contribution to the LSP is always small in the explored parameter space. This region is associated with   313 ≤  m   χ ˜  1 0   ≤ 1525   GeV, where the low and large mass values are associated with    |   N 12    |  2  ≲ 0.0021  .



The bino components are given in the bottom left panel of Figure 6, where the data points split into two regions with higher and lower contributions to the LSP mass. The region with large bino contribution occurs for   451 ≤  m   χ ˜  1 0   ≤ 1294   GeV, where the value of    |   N 11    |  2    can approach   0.99  . A representative point of this case is provided in Appendix A. However, in most of the parameter space, the value of the bino component is below 0.05.



Finally, the results above show that in the parameter space under consideration, the LSP is mostly higgsino for the majority of data points. Cases where it is mostly bino, singlino, and singlino–higgsino also exist in our data. The Wino component is always negligible. To illustrate the physical properties of such cases, we present four representative points:   P 1   (bino DM),   P 2   (higgsino DM),   P 3   (singlino-higgsino DM), and   P 4   (singlino DM) in Table A1 and Table A2.




4.3. Contributions to Dark Matter Relic Density


Several annihilation and co-annihilation processes contribute to dark matter relic density. Here, we present the results for the processes that can contribute more than 1%. In the relevant plots, all of the points with a zero y-axis correspond to data points that have a contribution of less than 1%. The exact values were not included in the output routine since these are very small (and hence there were set to zero in the plotting command), but those values are considered in MicrOMEGAs and NMSSMTools for the calculation of the thermally averaged cross-section and the corresponding relic density.



Figure 7 illustrates the percent contribution to DM relic density for the annihilation and co-annihilation modes. The annihilation mode     χ ˜  1 0    χ ˜  1 0  →  W +   W −    is given in the top left panel, where the data are spread between    m   χ ˜  1 0   = 315   GeV at the lower end, corresponding to a contribution of about 1$, and    m   χ ˜  1 0   = 1526   GeV at the higher end, corresponding to a contribution of about 1.5%. Most of the data points cover a mass range of   m   χ ˜  1 0    = 1018–1350 GeV with contribution of 1.72–3.66%. The largest contribution from this process is about 25%, corresponding to    m   χ ˜  1 0   = 1516   GeV, and the smallest contribution is about 1%, corresponding to    m   χ ˜  1 0   = 315   GeV.



The annihilation channel     χ ˜  1 0    χ ˜  1 0  → Z Z   is shown in the top right panel. In this case, the data points spread from a lower value of    m   χ ˜  1 0   = 693   GeV, corresponding to a contribution of   1.1 %  , to a higher value of    m   χ ˜  1 0   = 1526   GeV, corresponding to the contribution 1.24%. The maximum contribution is 13.2%, which corresponds to    m   χ ˜  1 0   = 1514   GeV, while the minimum contribution is 1.1%, corresponding to    m   χ ˜  1 0   = 1487   GeV. The majority of data points lie in the range   m   χ ˜  1 0    = 1028–1347 GeV with contributions between 2.95% and 1.57%.



The left panel in the second row shows the contribution of the annihilation mode     χ ˜  1 0    χ ˜  1 0  → t  t ¯    to DM relic density. In this case, the lower end of the mass starts at    m   χ ˜  1 0   = 314   GeV, corresponding to a contribution of 80%, while the higher mass value is    m   χ ˜  1 0   = 1522   GeV, corresponding to a contribution of 14%. The maximum contribution to the relic density is 99%, corresponding to an LSP mass of    m   χ ˜  1 0   = 1007   GeV. Most of the data points occur in the range   m   χ ˜  1 0    = 1161–1290 GeV, with contributions in the range of 5.75–0.69%, where 0.69% represents the minimum contribution.



The co-annihilation modes     χ ˜  1 0    χ ˜  1 +  → u  d ¯  , c  s ¯    are illustrated in the right panel of the second row and the left panel of the third row, respectively. Here, the data points are spread between a lower value of    m   χ ˜  1 0   = 913   GeV, corresponding to a contribution of 1.1%, and a higher value of    m   χ ˜  1 0   = 1528   GeV, corresponding to a contribution of 5%. The maximum contribution is 9.4%, which corresponds to    m   χ ˜  1 0   = 1019   GeV; the minimum contribution is 1.1%, corresponding to    m   χ ˜  1 0   = 913   GeV. Most of the allowed points are located in the range of   m   χ ˜  1 0    = 1029–1330 GeV, with a contribution range of 7–9%.



The co-annihilation mode     χ ˜  1 0    χ ˜  1 +  → t  b ¯    is given in the right panel of the third row. The allowed points are spread between a lower    m   χ ˜  1 0   = 580   GeV, corresponding to a contribution 1.45%, and a higher value of    m   χ ˜  1 0   = 1526   GeV, corresponding to a contribution of 3.46%. The maximum contribution is 8.36%, which corresponds to    m   χ ˜  1 0   = 914   GeV, whereas the minimum contribution is 1.01%, corresponding to    m   χ ˜  1 0   = 1195   GeV. Most of the data points are located at   m   χ ˜  1 0    = 1023–1400 GeV, with a contribution range of 3.41–7.31%.



The bottom left panel shows the co-annihilation channel     χ ˜  1 0    χ ˜  1 +  →  H 2   W +   . In this case, the data points are spread between    m   χ ˜  1 0   = 914   GeV, corresponding to a contribution of 3.62%, and    m   χ ˜  1 0   = 1514   GeV, corresponding to a contribution of 1.66%. The maximum contribution is 6.63%, which corresponds to    m   χ ˜  1 0   = 1114   GeV. The majority of data points are located at   m   χ ˜  1 0    = 1069–1324 GeV, with a contribution range of 0.998–4.59%.



The last co-annihilation mode considered here is     χ ˜  1 0    χ ˜  1 +  →  A 1   W +   , which is shown in the bottom right panel. The data points are spread between    m   χ ˜  1 0   = 952   GeV, corresponding to a contribution of 6.35%, and    m   χ ˜  1 0   = 1526   GeV, corresponding to a contribution of 3.1%. The maximum contribution is 7.1%, associated with    m   χ ˜  1 0   = 1317   GeV. Most data points are located at   m   χ ˜  1 0    = 1043–1338 GeV, with a contribution range of 0.97–6.82%.




4.4.    χ ˜  2 0   and    χ ˜  1 ±   Decays to the LSP


Several decay channels produce an LSP (along with other particles) however, the decays of the chargino and the second-lightest neutralino are of special importance.



Figure 8 shows that for    χ ˜  2 0   decays, the radiative decay     χ ˜  2 0  →   χ ˜  1 0  γ   can be significant in regions of the parameter space, where the branching ratio can reach up to ∼0.8 for a nearly degenerate mass of ∼1200 GeV for both    χ ˜  2 0   and    χ ˜  1 0  . An important type of decay channel for    χ ˜  1 +   is     χ ˜  1 +  →   χ ˜  1 0  u  d ¯  / c  s ¯   , where the branching ratio lies in the range of   0.35 ≤ B R (   χ ˜  1 +  →   χ ˜  1 0  u  d ¯  ) ≤ 0.38   for almost all of the allowed parameter space.



Other decay modes of both considered sparticles into the LSP can be important as well. For instance, the decay     χ ˜  2 0  →   χ ˜  1 0  Z   can be important, but in very rare cases where the branching ratio is equal to 1 (where the difference in mass between both neutralinos is around 100 GeV), which does not represent the region where the majority of allowed points lie. Additionally, decays of    χ ˜  2 0   to a pair of SM   q  q ¯    and LSP can be significant, whereas weakly mediated decays of    χ ˜  1 +   to an LSP and a pair of   f  f ¯    (where such a pair can consist of a lepton/antilepton and an antineutrino/neutrino) can also be important with a branching ratio above 0.3. For a mass range of   1154 ≤  m   χ ˜  2 0   ≤ 1517   GeV, the decay channel     χ ˜  2 0  →   χ ˜  1 0   H 1    has a branching ratio that is close to unity   0.94 ≤ B R (   χ ˜  2 0  →   χ ˜  1 0   H 1  ) ≤ 1   for a small number of successful points (where the mass difference between the two neutralinos is around a minimum of 200 GeV). The results of the branching ratios for     χ ˜  1 +  →   χ ˜  1 0   W +    indicate that the branching ratio is equal to 1, mostly in the range of    m   χ ˜  1 +   = 1151 − 1513   GeV for a limited number of successful points (where the mass difference between the chargino and the neutralino is about a minimum of 84 GeV). The lower value   B R (   χ ˜  1 +  →   χ ˜  1 0   W +  ) = 0.033   corresponds to    m   χ ˜  1 +   = 849   GeV.



Finally, in the scanned parameter space, some of the remaining decay channels of    χ ˜  2 0   and    χ ˜  1 +   into    χ ˜  1 0   have a range of branching ratios that reaches a maximum value of   B r (   χ ˜  1 +  →   χ ˜  1 0   e +   ν e  ) ≲ 0.13  ,   B r (   χ ˜  1 +  →   χ ˜  1 0   μ +   ν μ  ) ≲ 0.12  ,   B r (   χ ˜  1 +  →   χ ˜  1 0   τ +   ν τ  ) ≲ 0.11  , and   B r (   χ ˜  2 0  →   χ ˜  1 0  c  c ¯  ) < 0.14  ,   B r (   χ ˜  2 0  →   χ ˜  1 0  d  d ¯  ) < 0.18  ,   B r (   χ ˜  2 0  →   χ ˜  1 0   ν  e / μ / τ     ν ¯   e / μ / τ   ) ≲ 0.08  ,   B r (   χ ˜  2 0  →   χ ˜  1 0  s  s ¯  ) < 0.18  , and   B r (   χ ˜  2 0  →   χ ˜  1 0  u  u ¯  ) < 0.14  . Other channels are quite rare (i.e., very small branching ratio) or no decays were found in the scanned parameter space. These include     χ ˜  2 0  →   χ ˜  1 0   e +   e −   ,     χ ˜  2 0  →   χ ˜  1 0   μ +   μ −   ,     χ ˜  2 0  →   χ ˜  1 0   τ +   τ −   ,     χ ˜  2 0  →   χ ˜  1 0  b  b ¯   , and     χ ˜  2 0  →   χ ˜  1 0   A 1  /  A 2   , where the branching ratio reaches maximum values well below 0.1, and     χ ˜  2 0  →   χ ˜  1 0  t  t ¯   ,     χ ˜  2 0  →   χ ˜  1 0   H 2  /  H 3   , and     χ ˜  1 +  →   χ ˜  1 0  t  b ¯   , which are not found in the scanned parameter space.





5. Discussion and Conclusions


The results in the previous section showed that the NMSSM with semi-constrained GUT boundary conditions can explain current experimental observations including DM. However, the mass spectrum of the new particles, especially   m  g ˜    and   m   t ˜  1   , can be heavy. As far as the input parameters are concerned, large values of   m 0   and   m  1 / 2    are required. As such inputs increase, the whole SUSY spectrum increases, including the LSP dark matter. There are several reasons for this situation, the most crucial of which is satisfying the bounds from direct searchers for SUSY particles. We can still look for regions where the parameters of the model conspire to produce a lighter spectrum (e.g., regions with specific relations between the gluino mass   m  g ˜    or the stop mass   m   t ˜  1    and   m   χ ˜  1 0   ), but we did not consider these cases in this paper.



The effects of DM constraints on other NMSSM-specific parameters were considered. These parameters include  λ  and  κ , where we found that they can assume values between 0.1 and below 0.7 however, the majority of allowed points reside in regions where   λ ≲ 0.6   and   κ ≳ 0.3  . The other NMSSM-specific parameters,   A λ   and   A κ  , for most of the allowed parameter space are found to lay mostly in regions where   A κ   is negative.



In the scanned parameter space, we observed that the DM particle (the neutralino LSP) is mostly higgsino for a range of neutralino mass between 1000 and 1500 GeV (e.g.,   P 2  , where    |   N 13    |  2  +   |  N 14  |  2  ≈ 0.99   and    m   χ ˜  1 0   ≈ 1077   GeV). The singlino component was found to be quite small in the parameter space. However, this does not rule out the option of finding regions where the singlino component could be large. We noted that some points in the scanned parameter space achieved such large values (e.g.,   P 4  , where    |   N 15    |  2  ≈ 0.99   and    m   χ ˜  1 0   ≈ 313   GeV). Further exploration of this case requires a dedicated and separate study, as this was beyond the scope of this paper. Furthermore, we found that some points have a DM candidate that is a singlino–higgsino mixture (e.g.,   P 3  , where    |   N 15    |  2  ≈ 0.85  ,    |   N 13    |  2  +   |  N 14  |  2  ≈ 0.14  , and    m   χ ˜  1 0   ≈ 911   GeV). The bino component was found to be somewhat small in most of the allowed parameter space. Again, we found that some points have large bino components (e.g.,   P 1  , where    |   N 11    |  2  ≈ 0.99   and    m   χ ˜  1 0   ≈ 693   GeV), and investigating such regions is an interesting aspect for future research. The last component, the wino, was found to be negligible throughout the allowed parameter space. We observed that in most of the allowed parameter space, the annihilation of the LSP, as a mechanism for generating the required DM relic density, is not sufficient in the model. To achieve the observed value, co-annihilation must be considered. We found that co-annihilation processes with the chargino    χ ˜  1 +   constitute a major contributor to the dark matter relic density given the specific allowed parameter space. Specifically, co-annihilation processes leading to   u  d ¯  / c  s ¯  / t  b ¯   ,    H 2   W +   , and    A 1   W +    were found to provide most of the contributions.



Compared to previous literature, we note that the requirement that    ( g − 2 )  μ   is explained by the model in [36,54] has restricted the maximum values of   m 0   and   μ eff   to 500 GeV and 200 GeV. In that region of the parameter space it was found in these two references that   h 2   is the SM-like Higgs, whereas in our work we have found that in the wider parameter space that we have covered, it is   h 1   that becomes the SM-like Higgs, which makes the Higgs phenomenology different in the parameter space that we have considered. Moreover, in the limited range of parameter space that was covered in [36,54], only singlino-dominated or higgsino-dominated DM were found, some of which may well have relic density below the experimental limit as only the upper limit on DM relic density was imposed by the authors, whereas in our scanned parameter space we have found singlino-like, higgsino-like, higgsino-singlino-like, and bino-like DM cases as mentioned above, all of which can fully account for the DM relic density. As a final note, in both references, the mass of the DM particle is always smaller than   O ( 100 )   GeV, whereas in our results we have covered a wider range of predictions for the DM mass. Therefore, our results provide a wider view of the case of DM in the scNMSSM.



Focusing on our results for the decays of heavier neutralinos and charginos to the LSP, we found that the decays of    χ ˜  2 0   and    χ ˜  1 +   are crucial as they can be close to the mass of    χ ˜  1 0  . We observed that the radiative decay of    χ ˜  2 0   can be significant, accounting for about 80% of its decays, especially in regions where it has a nearly degenerate mass with    χ ˜  1 0  , which is the region where most allowed points were found and the common mass between the two was about 1200 GeV. Other channels can be significant, albeit very rarely, as we discussed in the results.



In summary, the NMSSM with GUT boundary conditions remains an interesting model for new physics. We showed that it can account for current observations, even though the predicted spectrum appears to be heavy. In the future, a dedicated study of regions where the DM particle is mostly singlino could be conducted to analyze the viability of this case given the most recent stringent constraints.
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Appendix A


Here, we present four points in the parameter space where the DM candidate is bino-like (  P 1  ), which is the point with lowest fine-tuning in the scanned parameter space, higgsino-like (  P 2  ), singlino–higgsino-like (  P 3  ), and singlino-like (  P 4  ), which is the point with the smallest mass for the DM candidate.
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Table A1. All physical masses and mass parameters are in GeV and all cross-sections are in pb.






Table A1. All physical masses and mass parameters are in GeV and all cross-sections are in pb.





	

	
P1

	
P2

	
P3

	
P4




	
LSP Type

	
Bino

	
Higgsino

	
Singlino−Higgsino

	
Singlino






	
  m 0   (GeV)

	
870

	
2028

	
2285

	
3227




	
  m  1 / 2    (GeV)

	
1576

	
4992

	
3600

	
4185




	
  A 0   (GeV)

	
25

	
−2700

	
−1336

	
−2077




	
  A λ   (GeV)

	
−150

	
−2428

	
0

	
0




	
  A κ   (GeV)

	
−710

	
−2700

	
0

	
0




	
  λ  

	
0.51

	
0.13

	
0.50

	
0.48




	
  κ  

	
0.46

	
0.58

	
0.24

	
0.15




	
   tan β   

	
1.43

	
9.86

	
1.38

	
2.17




	
  μ eff   (GeV)

	
1190

	
1051

	
940

	
474




	
  m   χ ˜  1 0    (GeV)

	
693

	
1077

	
911

	
313




	
   N 11   

	
0.99

	
0.03

	
0.02

	
0.0051




	
   N 12   

	
−0.011

	
−0.02

	
−0.01

	
−0.0047




	
   N 13   

	
0.064

	
0.71

	
0.23

	
0.05




	
   N 14   

	
−0.058

	
−0.71

	
−0.29

	
−0.18




	
   N 15   

	
0.0012

	
0.002

	
0.93

	
0.98




	
  m   χ ˜  2 0    (GeV)

	
1153

	
1080

	
952

	
490




	
  m   χ ˜  3 0    (GeV)

	
1193

	
2274

	
956

	
496




	
  m   χ ˜  4 0    (GeV)

	
1349

	
4143

	
1642

	
1895




	
  m   χ ˜  5 0    (GeV)

	
2153

	
9687

	
3004

	
3480




	
  m   χ ˜  1 ±    (GeV)

	
1150

	
1079

	
950

	
487




	
  m   χ ˜  2 ±    (GeV)

	
1347

	
4143

	
3004

	
3480




	
  m  h 1    (GeV)

	
122.5

	
127.4

	
124.2

	
123.6




	
  m  H 2    (GeV)

	
1910

	
5990

	
790

	
292




	
   S 23   

	
0.01

	
0.004

	
0.99

	
0.99




	
  m  H 3    (GeV)

	
2101

	
9199

	
1721

	
1109




	
  m  A 1    (GeV)

	
713

	
3279

	
780

	
210




	
   P 13   

	
0.99

	
0.99

	
0.99

	
0.99




	
  m  A 2    (GeV)

	
1913

	
5990

	
1720

	
1108




	
  m  H ±    (GeV)

	
1903

	
5994

	
1704

	
1104




	
  m  g ˜    (GeV)

	
3378

	
9888

	
7336

	
8463




	
  m   t ˜  1    (GeV)

	
1510

	
6210

	
2903

	
4870




	
  m   τ ˜  1    (GeV)

	
776

	
2495

	
2052

	
3126




	
  m   e ˜  R    (GeV)

	
776

	
2564

	
2053

	
3127




	
   Δ   M Z   GUT   

	
383

	
3740

	
2100

	
3737




	
   Ω  h 2    

	
0.107

	
0.107

	
0.112

	
0.126




	
   σ p   ( S I )    (pb)

	
   5.977 ×  10  − 10     

	
   1.836 ×  10  − 10     

	
   1.492 ×  10  − 10     

	
   6.226 ×  10  − 11     




	
   σ p   ( S D )    (pb)

	
   1.064 ×  10  − 8     

	
   1.140 ×  10  − 7     

	
   4.282 ×  10  − 5     

	
   4.277 ×  10  − 5     




	
   σ n   ( S D )    (pb)

	
   1.302 ×  10  − 8     

	
   8.716 ×  10  − 8     

	
   3.274 ×  10  − 5     

	
   3.271 ×  10  − 5     
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Table A2. Percent contributions to the dark matter relic density for the four representative points.






Table A2. Percent contributions to the dark matter relic density for the four representative points.





	
P1

	
P2




	
Bino

	
Higgsino




	
Channel

	
Contribution (%)

	
Channel

	
Contribution (%)




	
     χ ˜  1 0    χ ˜  1 0  → t  t ¯    

	
40

	
     χ ˜  1 +    χ ˜  1 0  → u  d ¯  /  s ¯  c   

	
8




	
     χ ˜  1 0    χ ˜  1 0  → τ  τ ¯  / μ  μ ¯  / e  e ¯    

	
10

	
     χ ˜  1 +    χ ˜  1 0  → t  b ¯    

	
7




	
     χ ˜  1 0    χ ˜  1 0  →  h 1   A 1    

	
9.2

	
     χ ˜  1 +    χ ˜  2 0  → u  d ¯  /  s ¯  c   

	
6




	
     χ ˜  1 0    τ ˜  1  → γ τ   

	
4

	
     χ ˜  1 +    χ ˜  2 0  → t  b ¯    

	
5.1




	
     χ ˜  1 0    e ˜  R  → γ e / γ μ   

	
3.5

	
     χ ˜  1 +    χ ˜  1 −  →  W +   W −    

	
3




	
     χ ˜  1 0    χ ˜  1 0  →  W +   W −    

	
2

	
     χ ˜  1 +    χ ˜  1 0  →  ν e   e ¯  /  ν μ   μ ¯  /  ν τ   τ ¯    

	
2.6




	
     χ ˜  1 0    χ ˜  1 0  →  h 1   h 1    

	
1.2

	
     χ ˜  1 +    χ ˜  1 −  → u  u ¯  / c  c ¯  /  ( t   t t  ¯  )    

	
2.3 (2.1)




	
     χ ˜  1 0    τ ˜  1  → Z τ   

	
1

	
     χ ˜  1 0    χ ˜  2 0  → d  d ¯  / s  s ¯  / b  b ¯    

	
2.1




	

	

	
     χ ˜  1 0    χ ˜  1 0  →  W +   W −    

	
2




	

	

	
     χ ˜  1 +    χ ˜  2 0  →  ν e   e ¯  /  ν μ   μ ¯  /  ν τ   τ ¯    

	
2




	
P3

	
P4




	
Singlino–Higgsino

	
Singlino




	
Channel

	
Contribution (%)

	
Channel

	
Contribution (%)




	
     χ ˜  1 0    χ ˜  1 0  → t  t ¯    

	
23

	
     χ ˜  1 0    χ ˜  1 0  → t  t ¯    

	
78




	
     χ ˜  1 +    χ ˜  1 0  → t  b ¯    

	
8

	
     χ ˜  1 0    χ ˜  1 0  →  h 2   A 1    

	
14




	
     χ ˜  1 0    χ ˜  1 0  → Z  h 2    

	
7.1

	
     χ ˜  1 0    χ ˜  1 0  →  h 1   A 1    

	
3.2




	
     χ ˜  1 0    χ ˜  1 0  →  h 2   A 1    

	
7

	
     χ ˜  1 0    χ ˜  1 0  →  W +   W −    

	
1.2




	
     χ ˜  1 0    χ ˜  1 0  →  W ±   H ±    

	
4

	
     χ ˜  1 0    χ ˜  1 0  → Z  h 2    

	
1




	
     χ ˜  1 +    χ ˜  1 0  →  W +   h 2    

	
3.3

	

	




	
     χ ˜  1 0    χ ˜  3 0  → t  t ¯    

	
3

	

	




	
     χ ˜  1 0    χ ˜  2 0  → t  t ¯    

	
2.2

	

	




	
     χ ˜  1 +    χ ˜  1 0  → Z  W +    

	
2

	

	




	
     χ ˜  1 0    χ ˜  2 0  →  W +   W −    

	
1.4
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Figure 1. Dark matter (DM) constraints in the   (  A λ  −  A κ  )   plane. Red points are ruled out; green points are allowed. 
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Figure 2. DM constraints in the   λ − κ   plane. Red points are ruled out; green points are allowed. 
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Figure 3. DM constraints in the   m 0  –  m  1 / 2    plane. Red points are ruled out; green points are allowed. 
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Figure 4. The allowed parameter space in the   m 0  –  m  1 / 2    plane. 
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Figure 5. The allowed parameter space in the   m 0  –  m  1 / 2    plane. 
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Figure 6. Mass components of    χ ˜  1 0  . 
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Figure 7. Contributions of annihilation and co-annihilation processes to dark matter relic density. 
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Figure 8. Branching ratios of    χ ˜  2 0   and    χ ˜  1 +   to    χ ˜  1 0   and other particles, where only decays with sizeable   B r   throughout the parameter space are shown. 
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Table 1. Ranges of the input parameters and the input scale.






Table 1. Ranges of the input parameters and the input scale.





	Parameter
	Range





	  m 0   [GUT]
	[500–5000] GeV



	  m  1 / 2    [GUT]
	[500–5000] GeV



	  A 0  ,   A λ  ,   A κ   [GUT]
	[−3000–3000] GeV



	  μ eff   [SUSY]
	[100–1500] GeV



	  tan β   [  M Z  ]
	[1–10]



	 λ ,  κ  [SUSY]
	[0.1–0.7]
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