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Abstract

:

In this paper, we study the effect of electroweak sphaleron transition and electroweak phase transition (EWPT) in balancing the baryon excess and the excess stable quarks of the 4th generation. Sphaleron transitions between baryons, leptons and the 4th family of leptons and quarks establish a definite relationship between the value and sign of the 4th family excess and baryon asymmetry. This relationship provides an excess of stable   U ¯   antiquarks, forming dark atoms—the bound state of (   U ¯   U ¯   U ¯   ) the anti-quark cluster and primordial helium nucleus. If EWPT is of the second order and the mass of U quark is about 3.5 TeV, then dark atoms can explain the observed dark matter density. In passing by, we show the small, yet negligible dilution in the pre-existing dark matter density, due to the sphaleron transition.
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1. Introduction


The origin of the baryon asymmetry of the universe (BAU) has been met with great interest and passion throughout the last few decades; see [1,2,3]. Numerous models of BAU have been made, ranging from BAU generation at the GUT stage of the universe to the generation during the electroweak phase transition (EWPT). Irrespective of the mechanisms, the preexisting asymmetry is diluted by the baryon number violating mechanisms in the electroweak theory. This is due to the violation of the baryon and lepton number and the non-trivial topological structure of the Yang–Mills theory. Topologically speaking, individual vacua are expressed by Chern–Simons number   N  C S    (see [4]) and they are located at the barrier of energy of the magnitude of    m W  / α  . Here,   m W   is the mass of W-boson, and  α  is the   S U ( 2 )   gauge-coupling constant and is given as   α =  g 2  /  ( 4 π )   .



In electroweak theory, it is possible for a sphaleron to convert baryons into antileptons and vice versa, thus violating the baryon (lepton) number. In this process, the difference between the baryon and lepton numbers   ( B − L )   is conserved, even though individually, the quantum numbers are violated. Hence, it is important to know about the transition rates of such processes.



Sphalerons are also associated with saddle points [5]. It is interpreted as the peak energy configuration. It can be demonstrated that because of this anomaly, the transitions between vacua are associated with a violation of Baryon (and lepton) number.



Electroweak phase transition can be of either a first order, second order or a smooth crossover. Within the framework of the SM, it is a smooth crossover. However, BSM physics can lead to any of the three. The order of the phase transition can affect the outcome of the process. Entropy production and, in return, the dilution of preexisting frozen out species and baryon asymmetry can be some of them. Although baryon excess can be created at the time of electroweak symmetry breaking, it is preserved during the first order phase transition. In the second order, sphalerons can wipe out the total asymmetry created, but in first order, only the asymmetry created in the unbroken phase is wiped out.



There are many beyond standard model theories that have resurfaced in recent years that are related to the cosmological dark matter, the most recent one being channels from the   g − 2   muon [6,7,8]. A recent overview of physics beyond the standard model and its cosmological signatures can be found in [9], where it was shown that from the lack of supersymmetric particles at the LHC and from the positive results of the directly searched Weakly Interacting Massive Particles (WIMPs), the list of dark matter candidates can be strongly extended.



The model of dark atoms of dark matter deserves special attention in this list, in light of its possibility to propose a nontrivial solution for the puzzles of direct dark matter searches, explaining the positive results of the DAMA/LIBRA experiment by the annual modulation of the low energy binding of dark atoms with sodium nuclei, which can be elusive in other experiments for direct WIMP searches. In this approach, dark atoms represent a specific form of asymmetric, strongly interacting dark matter, being an atom-like state of stable   − 2   (or   − 2 n  ) charged particles of a new origin bounded by a Coulomb interaction with (correspondingly, n) nuclei of primordial helium (see [10] for recent review and references). This explanation implies the development of a correct quantum mechanical description of the dark atom interaction with nuclei, which is now under way [11].



There are several models predicting   ± 2   (  ± 2 n  )-charged stable species. Firstly, there were predicted AC-leptons, which may have multiple charges in the approach of almost commutative geometry (see [12,13]). Secondly, the walking technicolor (WTC) model, based on techni-baryons, (see [14,15,16,17,18,19,20,21]) and techni-leptons, whose charges may be multiple, provided that their charge assignment supports the cancellation of anomalies.



Finally, heterotic string phenomenology can lead to the existence of a stable 4th generation, and if its U-type quark is the lightest in this family and anti-U quarks are generated in excess over their antiparticles, the   (  U ¯   U ¯   U ¯  )  , which can be named as heavy quark clusters, can bind with primordial helium in dark atoms (see [22,23,24]). A similar excess can appear in the approach of the unification of spins and charges in Grassmann space [25,26], predicting stable particles of the 5th generation, which possess electroweak charges and are of a similar kind to the 4th generation particles, which are considered in this work.



The main problem with stable charged particles is the formation of anomalous isotopes of chemical elements. Positively charged particles bind with electrons in such isotopes, while odd charged particles with charge   − ( 2 n − 1 )   bind with n the nuclei of primordial helium in positively charged “ion”, which binds with electron in anomalous hydrogen. This problem is avoided if only even, negatively charged particles are stable, bound with primordial helium in neutral dark atom. It was shown in the case of WTC that such   − 2 n   charged particles may be in excess over their antiparticles, and this excess is balanced with baryon asymmetry in such a way that dark atoms formed by techniparticles are in abundance, explaining the observed dark matter density. Here, we study such a possibility for the case of new stable U-type quarks with electroweak charges of the standard model.



In this work, we consider the 4th generation family as an extension to the standard model (SM) and proceed to study the electroweak phase transition (EWPT). The simplest charge-neutral model is considered here; also, we consider that EWPT is of the second order. In passing by, we show the dilution of pre-existing frozen out dark matter density in the presence of the 4th generation.



The paper is organized as follows: In the next section, we talk about the 4th generation family, defining a definite relationship between the value and sign of the 4th generation family excess, relative to the baryon asymmetry, which is due to the electroweak phase transition and possible sphaleron production being established. This is followed by the calculation of the dilution factor of pre-existing dark matter density, followed by a general conclusion.




2. 4th Generation: A Brief Review and Linking Baryon Excess to Excess of Stable 4th Generation Fermions


The family of elementary particles consists of fermions and gauge bosons based on spin:   1 / 2   for fermions and integers for bosons. Fermions are further divided into quarks and leptons, which are arranged into three generations, with two leptons and two quarks in each generation. Leptons consist of electron-like (  − 1   charged) particles and neutrino-like (0 charged) particles. Quarks fall into the category of the down type (  − 1 / 3   charge) and up type (  + 2 / 3   charge). The particles interact with the exchange of gauge bosons. The fundamental fermions and their interactions by the exchange of intermediate bosons are described by the standard model of particle physics. The discovery of the Higgs boson led to the generation of particles’ masses within the standard model.



All the mentioned particles were experimentally verified. The fourth generation is of theoretical interest in the context of sphaleron transition, electroweak symmetry breaking and large CP violating processes in the   4 × 4   CKM matrix, which may play a crucial role in understanding the baryon asymmetry in the universe. Thus, there are significant ongoing efforts to search for the fourth generation. In this work, we consider the stable 4th generation, which is basically constrained by contributions of virtual 4th generation particles in the Higgs boson decay rates, in the precision tests of standard model parameters, as well as by the LHC searches for R-hadrons, which mimic stable 4th generation stable hadrons. These constraints can still leave some room for the existence of such a family and an explanation of the puzzles of direct dark matter searches by dark atoms formed with primordial helium by   (  U ¯   U ¯   U ¯  )   antiquark clusters.



Due to the excess of   U ¯  , only   − 2   charge or neutral 4th generation species are present in the universe. Indeed, stable antiquarks can form a   (  U ¯   U ¯   U ¯  )   cluster and a small fraction of neutral    U ¯  u   with ordinary u-quark. In principle,   (  U ¯   U ¯   u ¯  )   baryon should also be stable, but in a baryon asymmetrical universe, its interaction with ordinary baryons leads to its destruction in two    U ¯  u   mesons.     4  H e  , formed during the Big Bang nucleosynthesis, completely screens   Q  − −    charged hadrons in composite    [ 4  H e  Q  − −   ]   “atoms”. If this 4th family follows from string phenomenology, we have new charge (F) associated with 4th family fermions. Principally, F should be the only conserved quantity but to keep matters simple, an analogy with WTC model is made and we assume two numbers:   F B   (for 4th quark) and   L ′   (for 4th neutrino). Detailed calculations of WTC were made in [14,20] and most of the terminology were kept the same as the above mentioned papers.



Most of the asymmetries generated before EWPT can be destroyed by quantum anomalies. Individual quantum numbers of individual species might not be conserved, but their differences are conserved. These processes, otherwise known as “sphaleron” processes, might be negligible in the present days but they were active during the time that the universe had a temperature above or at the scale of the electroweak symmetry breaking. As the universe expanded and the temperature decreased and the quantum number violating processes ceased to exist, the relation among the particles emerging from the process (SM + 4th generation) followed the following expression:


  3  (  μ  u L   +  μ  d L   )  + μ +  μ  U L   +  μ  D L   +  μ  L ′   = 0 .  



(1)




here,  μ  is the chemical potential of all the SM particles,   μ  L ′    is the chemical potential of the new species leptons and   μ  U L    and   μ  D L    are that of the 4th generation quarks; see [20]. The number densities follow, respectively, for bosons and fermions:


  n =  g *   T 3   μ T  f  (  m T  )  ,  



(2)




and


  n =  g *   T 3   μ T  g  (  m T  )  ,  



(3)




where f and g are hyperbolic mathematical functions and   g *   is the effective degrees of freedom, which are given by the following:


  f  ( z )  =  1  4  π 2     ∫ 0 ∞   x 2  c o s  h  − 2     1 2     z 2  +  x 2     d x ,  



(4)




and


  g  ( z )  =  1  4  π 2     ∫ 0 ∞   x 2  s i n  h  − 2     1 2     z 2  +  x 2     d x .  



(5)







The number density of baryons follows the following expression:


  B =    n B  −  n  B ¯     g  T 2  / 6   .  



(6)







As the main point of interest is the ratio of baryon excess to the excess of the stable 4th generation, the normalization cancels out, without loss of generality.



Let us define a parameter  σ , which, respectively, for fermions and bosons are given by the following:


  σ = 6 f  m  T c   ,  



(7)




and


  σ = 6 g  m  T c   .  



(8)







  T c   is the transition temperature and is given by the following:


   T c  =   2  M W   (  T c  )     α W   l n  (  M  p l   /  T c  )    B  (  λ  α W   )  .  



(9)







In the above equation,   M W   is the mass of W-boson,   M  p l    is the Planck mass and  λ  is the self-coupling. The function B is derived from experiment and takes the value from 1.5 to 2.7.



The new generation charge is calculated to be the following:


  F B =  2 3   (  σ  U L    μ  U L   +  σ  U L    μ  D L   +  σ  D L    μ  D L   )  ,  



(10)




where   F B   corresponds to the anti-U (  U ¯  ) excess. For detailed calculations, please see [20].



The SM baryonic and leptonic quantum numbers are expressed as the following:


  B =   ( 2 +  σ t  )   (  μ  u L   +  μ  u R   )  + 3  (  μ  d L   +  μ  d R   )    



(11)




and


  L = 4 μ + 6  μ W   



(12)




where in Equation (11), the factor 3 of down-type quarks is the number of families. For the 4th generation lepton family, the quantum number is given by the following:


   L ′  = 2  (  σ  ν ′   +  σ  U L   )   μ   ν ′  L   + 2  σ  U L    μ W  +  (  σ  ν ′   −  σ  U L   )   μ 0   



(13)




where   ν ′   is the new family of neutrinos originating from the extension of SM, and   μ 0   is the chemical potential from the Higgs sector in SM.



Due to the presence of a single Higgs particle, the phase transition is of the second order. The ratio of the number densities of the 4th generation to the baryons is determined by the following:


    Ω  F B    Ω B   =  3 2    F B  B    m  F B    m p   .  



(14)







The electrical neutrality and negligibly small chemical potential of the Higgs sector is the result of the second order phase transition. The ratio of the number density of the 4th generation to the baryon number density can be expressed as a function of the ratio of the original and new quantum numbers. In the limiting case of the second order EWPT, we obtain the following:


  −   F B  B  =   σ  U L    3 ( 18 +  σ  ν ′   )     ( 17 +  σ  ν ′   )  +   ( 21 +  σ  ν ′   )  3   L B  +  2 3    9 + 5  σ  ν ′     σ  ν ′      L ′  B   .  



(15)







In the following Figure 1, the predicted relationship between the frozen out excess of   U ¯  -antiquarks and baryon asymmetry is shown as a function of U-quark mass m. The minimal mass m can be determined from the R-hadrons search at the LHC as 1 TeV. The predicted contribution of dark atoms, in which (   U ¯   U ¯   U ¯   ) are bound with primordial helium nuclei, can explain the observed dark matter density at   m ∼ 3.5   TeV, which is compatible with the above mentioned experimental lower limit.



Hence, we establish a relationship between the baryon excess and the excess of   U ¯   for the second order EWPT.




3. Dilution of Pre-Existing Dark Matter Density


The thermodynamic quantity, entropy density, is a conserved quantity in the initial stage of universe expansion, especially when the primeval plasma is in thermal equilibrium with a negligible chemical potential. As soon as the universe enters into the state of thermal non-equilibrium, i.e., when   Γ > H  , where  Γ  is the reaction rate and H is the Hubble parameter, the conservation law breaks down, and entropy starts pouring into the plasma; this can dilute the pre-existing baryon asymmetry and dark matter density.



There are many instances of entropy production, such as primordial black hole evaporation [27], electroweak phase transition within the standard model and the two Higgs doublet model [28,29,30]. Apart from these, the freeze out of dark matter density might lead to entropy production, which in turn, can dilute the pre-existing dark matter density.



The Lagrangian theory consists of the Langrangian of the standard model (SM) and the interaction terms of the 4th generation fermionic family. It is given by the following:


  L =  L  S M   +  L  4  t h    ,  



(16)




where   L  S M    is given by the following:


   L  S M   =  1 2   g  μ ν    ∂ μ  ϕ  ∂ ν  ϕ −  U ϕ   ( ϕ )  +  ∑ j  i   g  μ ν    ∂ μ   χ j †   ∂ ν   χ j  −  U j   (  χ j  )   .  



(17)







The CP violating potential of the theory is as follows:


   U ϕ   ( ϕ )  =  λ 4     ϕ 2  −  η 2   2  +    T 2   ϕ 2   2   ∑ j   h j      m j   ( T )   T   .  



(18)




here,   λ = 0.13   is the quartic coupling constant and  η  is the vacuum expectation values, which is ∼246 GeV in the SM. T is the plasma temperature and    m j   ( T )    is the mass of the   χ j  -particle at temperature T; see [31].



To calculate the dilution factor, it is necessary to compute the energy and the pressure density of the plasma, using the energy–momentum tensor. Following the detailed calculation in [29] and assuming that the universe was flat in the early epoch with the metric    g  μ ν   =  ( + , − , − , − )   , we have the following:


  ρ + P =   ϕ ˙  2  +  4 3     π 2   g *   30   T 4  .  



(19)







In order to proceed with the calculation of the dilution factor, the EWPT transition temperature needs to be calculated first. The transition temperature is derived using the following expression:


  V  ( ϕ = 0 , T =  T c  )  = V  ( ϕ = η , T =  T c  )  .  



(20)




here,  η  is the vacuum expectation value and   T c   is the transition temperature. In Equation (20), substituting the values of the standard model particles and the minimal allowed masses of the 4th generation particle, which can be estimated from the R-hadrons search at the LHC as 1 TeV,   T c   is found to be ∼179 GeV. With a range of allowed values, one can obtain a range of   T c  s and study the nature of the EWPT and other related properties, but that is beyond the scope of the current paper. With proper data and tools, this analysis will certainly be made in the near future.



The last term in Equation (19) arises from the Yukawa interaction between fermions. The Higgs field starts to oscillate around the minimum, which appears during the phase transition. Particle production from this oscillating field causes damping. The characteristic time of decay is equal to the decay width of the Higgs bosons. If it is large in comparison to the expansion, and thus the universe cooling rate, then we may assume that the Higgs bosons essentially live in the minimum of the potential. This was clearly discussed in [28].



To calculate the entropy production, it is necessary to solve the evolution equation for energy density conservation as follows:


   ρ ˙  = − 3 H  ( ρ + P )  .  



(21)







In Figure 2, both the dilution of the pre-existing dark matter (blue line) and the entropy production in the presence of 4th generation lepton family (black line) are shown. It is clear that since the sphaleron transition is of the second order, the net dilution and entropy production   ( ∼    18 % )   are somewhat low compared to the scenarios of the first order. Again, the presence of a single Higgs field makes the phase transition of the second order.




4. Conclusions


In the present paper, we have deduced a definite relationship between the value and sign of the 4th generation family excess and baryon asymmetry due to the sphaleron effects frozen out at the electroweak phase transition, as is clear from Equation (15) and Figure 1.



At the transition temperature,    T c  = 179   GeV and the mass of the stable U-quark of the new family   m ≈ 3.5   TeV, the predicted density of the dark atoms can explain the observed cosmological dark matter density. This value and experimental constraints on the contribution of new electroweakly interacting fermions appeal to the involvement of additional Higgs bosons, whose existence can influence the value of   T c   and, correspondingly, the determination of the mass of the U-quark, for which dark atoms explain the dark matter density. Being beyond the scope of the present work, such a self-consistent analysis of the models with new stable quarks, accompanied by an extended Higgs sector, can open up a new specific direction of studies of BSM physics.



The search for new physics and dark matter has been an ongoing area of research for decades. Even though there are many multi-Higgs models, there are few multi-charged models present. The theory of the 4th generation can serve to leap toward new physics in the framework of heterotic string phenomenology. As seen from the work, just like the standard model, we can link the stable quarks of the new generation particles with the baryon asymmetry theoretically. The existence of new stable quarks with the SM electroweak charges can follow from other unifying schemes; the important conclusion of our work is that balancing baryon asymmetry with sphaleron transitions can provide an excess of   U ¯   antiquarks, forming a   (  U ¯   U ¯   U ¯  )   ‘core’ of dark atoms in which it is bound by a Coulomb force with primordial helium. The possibility of dark atoms extends the list of possible dark matter candidates, predicted in such models. To make new quarks with electroweak charges compatible with the data on the Higgs boson decay rates, their coupling to the SM Higgs boson should be suppressed, and they should acquire their mass from coupling to other Higgs bosons [32]. It would imply the accomplishment of models with new stable generations with SM electroweak charges by multi-Higgs models, opening up a probe of studying the Higgs and electroweak symmetry breaking sectors in a rigorous manner.



Dark matter candidates in the form of bounded dark atom can emerge from this model, due to the excess of   U ¯   within the primordial He nuclei. We have considered only the lightest and most stable particles and also took into account only the second order phase transition. The dilution of pre-existing dark matter density was calculated; in the present scenarios, the dark matter density was reduced by ∼  18 %  . The situation can change more drastically if unstable particles and first order phase transitions are taken into account, but such scenarios are beyond the scope of this paper and open a new direction of multi-messenger cosmological probes for new physics.
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Figure 1. The ratio of dark matter and baryon densities as a function of the U-quark mass (m). This ratio is frozen out at the critical temperature of the assumed second order EWPT   T =  T c  = 179   GeV. At the U-quark mass   m ≈ 3.5   TeV, the predicted density of dark atoms, formed by (   U ¯   U ¯   U ¯   ) bound with primordial helium nuclei, can explain the observed dark matter density. 
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Figure 2. Entropy production (black line) and the dilution of pre-existing dark matter (blue line) in the presence of 4th generation fermions are presented. 
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