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Abstract

:

As the U(1) extension of the minimal supersymmetric standard model, the   U   ( 1 )  X   SSM has new superfields, such as right-handed neutrinos, and three Higgs singlets. In the   U   ( 1 )  X   SSM, the lightest CP-even Higgs mass   m  h 0    is studied by using the Higgs effective potential with one-loop corrections. We also calculate the Higgs decays    h 0  → γ γ  ,    h 0  → V V   ( V = W ,  Z )   ,    h 0  → l  l ¯  Z  , and    h 0  → ν  ν ¯  Z  . The obtained results are reasonable, and they are in favor of the study of the Higgs characteristic and the phenomenology of the   U   ( 1 )  X   SSM.
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1. Introduction


In the standard model (SM) of particle physics, the Higgs boson is the last particle to have been discovered, and it is inherently related to the mechanism of spontaneous symmetry breaking (SSB). The observation of the Higgs boson in 2012 [1,2] was a great success for the SM. Nevertheless, more detailed and precise investigations of the Higgs boson are required, and the search for a new physics beyond the SM is one of the major issues of particle physics. On the other hand, the SM has some shortcomings, such as its inability to explain neutrino mass and mixing [3,4], its inability to provide candidates for cold dark matter, its inability to explain the asymmetry of matter and antimatter in the universe, etc.



A famous extension of the SM is the minimal supersymmetric extension of the standard model (MSSM) [5,6], which has been researched by physicists for several decades. People have also extended the MSSM into multiple models, of which the U(1) extensions of MSSM are interesting. The   U   ( 1 )  X    extension of the MSSM is called the   U   ( 1 )  X   SSM [7,8,9] with the local gauge group   S U   ( 3 )  C  × S U   ( 2 )  L  × U   ( 1 )  Y  × U   ( 1 )  X   . The   U   ( 1 )  X   SSM has more superfields (three Higgs singlets and right-handed neutrinos) than the MSSM. The additional right-handed neutrinos can not only explain the tiny mass of the neutrino, but also provide a new dark matter candidate—the light sneutrino. The  μ  problem appearing in the MSSM is relieved in the   U   ( 1 )  X   SSM by the terms   μ   H ^  u    H ^  d    and    λ H   S ^    H ^  u    H ^  d   , which produce an effective    μ  e f f   = μ +  λ H   v S  /  2   . The Higgs singlet S has a non-zero VEV (   v S  /  2   ). The mixing of the CP-even parts of    H d  ,   H u  ,  η ,   η ¯  ,  S   can improve the lightest CP-even Higgs mass at the tree level.



Higgs pairs can be produced through gluon–gluon fusion [10,11] in pp collisions through loop diagrams. The Higgs boson mass and decays, including    h 0  → γ γ   and    h 0  → V V    ( with  V = Z ,  W )  , have been studied in several models, such as the MSSM, NMSSM [12], B-LSSM [13], BLMSSM [14], and so on. In the   U   ( 1 )  X   SSM, we study the lightest CP-even Higgs mass through the Higgs effective potential with one-loop corrections. The Higgs boson decays    h 0  → γ γ ,   h 0  → V V   ( with  V = Z ,  W )  ,   h 0  → l  l ¯  Z ,   and    h 0  →  ν l    ν ¯  l  Z   ( with  l = e ,  μ ,  τ )    are all calculated in this work.



For the decays   h 0   to   γ γ ,  Z Z  , and   W W  , the current values of the corresponding ratios    R  γ γ   ,   R  Z Z   ,   R  W W     are, respectively,    R  γ γ   = 1.10 ± 0.07 ,   R  W W   = 1.19 ± 0.12   and    R  Z Z   = 1.01 ± 0.07   [15].   R  X X    is a ratio that is defined as


      R  X X   =    Γ  U   ( 1 )  X     (  h 0  → g g )   Γ  U   ( 1 )  X     (  h 0  → X X )     Γ  S M    (  h 0  → g g )   Γ  S M    (  h 0  → X X )    .     



(1)







The Higgs boson decays    h 0  → l  l ¯  Z   and    h 0  →  ν l    ν ¯  l  Z   ( with  l = e ,  μ ,  τ )   [16] are within the reachable region of the LHC. Some future experiments that will include two circular lepton colliders (CEPC and FCC-ee) [17] and a linear lepton collider (ILC) have been proposed in order to study the properties of the Higgs boson. The accuracy of these colliders in measuring the Higgs boson decays will be clearly improved, and we believe that the decays    h 0  → l  l ¯  Z   and    h 0  →  ν l    ν ¯  l  Z   ( with  l = e ,  μ ,  τ )    can be detected in the near future.



In Section 2, we briefly introduce the main content of the   U   ( 1 )  X   SSM and its superfields. The formulations for the Higgs effective potential and Higgs boson decays    h 0  → γ γ   ( W W ,  Z Z )   ,    h 0  → l  l ¯  Z ,   and    h 0  →  ν l    ν ¯  l  Z   ( with  l = e ,  μ ,  τ )    are shown in Section 3. We analyze the results numerically in Section 4 and obtain a reasonable parameter space. The last section is used for the discussion and conclusion.




2. The Main Content of the   U   ( 1 )  X   SSM


We extend the MSSM with the local gauge group   U   ( 1 )  X    to obtain the   U   ( 1 )  X   SSM, which has new superfields: three generations of right-handed neutrinos and three Higgs singlets. Then, the   U   ( 1 )  X   SSM can account for the data of the neutrino oscillation. The introduction of three Higgs singlets (  η ,   η ¯   , and S) leads to the extension of the mass-squared matrix for CP-even Higgs. The new mixing of Higgs can improve the lightest CP-even Higgs mass at the tree level. One can find the particle contents in [8,18].



In the   U   ( 1 )  X   SSM, the superpotential and soft SUSY breaking terms are shown [8,9,18]:


      W =  l W   S ^  + μ   H ^  u    H ^  d  +  M S   S ^   S ^  −  Y d   d ^   q ^    H ^  d  −  Y e   e ^   l ^    H ^  d  +  λ H   S ^    H ^  u    H ^  d        +  λ C   S ^   η ^    η ¯  ^  +  κ 3   S ^   S ^   S ^  +  Y u   u ^   q ^    H ^  u  +  Y X   ν ^    η ¯  ^   ν ^  +  Y ν   ν ^   l ^    H ^  u  .      



(2)






       L  s o f t   =  L  s o f t   M S S M   −  B S   S 2  −  L S  S −   T κ  3   S 3  −  T  λ C   S η  η ¯  +  ϵ  i j    T  λ H   S  H d i   H u j        −  T X  I J    η ¯    ν ˜  R  ∗ I     ν ˜  R  ∗ J   +  ϵ  i j    T ν  I J    H u i    ν ˜  R  I ∗     l ˜  j J  −  m  η  2    | η |  2  −  m   η ¯   2    |  η ¯  |  2        −  m S 2   S 2  −   (  m    ν ˜  R   2  )   I J     ν ˜  R  I ∗     ν ˜  R J  −  1 2    M S   λ  X ˜  2  + 2  M  B  B ′     λ  B ˜    λ  X ˜    + h . c  .      



(3)







The two Higgs doublets and three Higgs singlets are


        H u  =      H  u  +        1  2     v u  +  ϕ u  + i  P  u  0        ,        H d  =       1  2     v d  +  ϕ d  + i  P  d  0         H  d  −      ,         η =  1  2     v η  +  ϕ η  + i  P  η  0   ,                 η ¯  =  1  2     v  η ¯   +  ϕ  η ¯   + i  P   η ¯   0   ,          S =  1  2     v S  +  ϕ s  + i  P  s  0   .     



(4)







   v u  ,   v d  ,   v η   ,   v  η ¯   , and   v S  , respectively, represent the VEVs of the Higgs superfields   H u  ,   H d  ,  η ,   η ¯  , and S. The definitions of the two angles are   tan β =  v u  /  v d    and   tan  β η  =  v  η ¯   /  v η   .



  Y Y   denotes the   U   ( 1 )  Y    charge and   Y X   represents the   U   ( 1 )  X    charge. One can write the covariant derivatives of the   U   ( 1 )  X   SSM in the form


        D μ  =  ∂ μ  − i      Y ,    X           g Y  ,     g     ′    Y X         g     ′    X Y   ,     g     ′   X            A  μ   ′ Y        A  μ   ′ X        ,     



(5)




where   A  μ   ′ Y    and   A μ  ′ X    denote the gauge fields of   U   ( 1 )  Y    and   U   ( 1 )  X   , respectively.



It is convenient to perform a change in the basis with the rotation matrix R [19,20]:


        D μ  =  ∂ μ  − i       Y Y  ,     Y X            g Y  ,     g     ′    Y X         g     ′    X Y   ,     g     ′   X        R T  R      A  μ   ′ Y        A  μ   ′ X        ,     



(6)






             g Y  ,     g     ′    Y X         g     ′    X Y   ,     g     ′   X        R T  =       g 1  ,     g  Y X        0 ,     g X      ,    R      A  μ   ′ Y        A  μ   ′ X       =      A  μ  Y       A  μ  X       .     



(7)







In the end, the covariant derivatives of the   U   ( 1 )  X   SSM turn into


        D μ  =  ∂ μ  − i       Y Y  ,     Y X            g 1  ,     g  Y X        0 ,     g X           A  μ  Y       A  μ  X       .     



(8)







In the   U   ( 1 )  X   SSM, the gauge bosons    A μ X  ,   A μ Y   , and   V μ 3   mix together at the tree level. We deduce their mass eigenvalues as


        m γ 2  = 0 ,          m  Z ,  Z   ′    2  =  1 8  (  (  g  1  2  +  g 2 2  +   (  g  Y X   +  g X  )  2  )   v 2  + 4  g  X  2   ξ 2          ∓     (  g  1  2  +  g  2  2  +   (  g  Y X   +  g X  )  2  )  2   v 4  + 8  (   (  g  Y X   +  g X  )  2  −  g  1  2  −  g  2  2  )   g  X  2   v 2   ξ 2  + 16  g  X  4   ξ 4    ) .     



(9)




with    v 2  =  v u 2  +  v d 2    and    ξ 2  =  v η 2  +  v   η ¯   2   . Two mixing angles   θ W   and   θ  W  ′  [9,18] are used here.



Supposing   μ ,   λ H  ,   λ C  ,   l W  ,   M S  ,   B μ  ,   L S  ,   T κ  ,   T  λ C   ,   T  λ H   ,  κ ,   B S    as real parameters, we show the simplified Higgs potential at the tree level [8]:


        V 0  =  1 2   g X   (  g X  +  g  Y X   )   ( |   H d 0    |  2   − |   H u 0    |  2    ) ( | η |  2   − |   η ¯    |  2   ) +   λ H 2   |   H u 0   H d 0    |  2  +  m S 2    | S |  2  +  l W 2          +  1 8    g 1 2  +  g 2 2  +   (  g X  +  g  Y X   )  2    ( |   H d 0    |  2   − |   H u 0    |  2    )  2  +  1 2   g X 2    ( | η |  2   − |   η ¯    |  2    )  2  +  λ C 2    | η  η ¯  |  2           + (   μ 2  +  λ H 2    | S |  2  + 2 Re  [ μ  λ H  S ]   ) ( |   H d 0    |  2   + |   H u 0    |  2   ) +   λ C 2    | S |  2    ( | η |  2   + |   η ¯    |  2   ) +   m η 2    | η |  2          + 2 Re  [  (  l W  + 2  M S   S ∗  )   (  λ C  η  η ¯  −  λ H   H u 0   H d 0  + κ  S 2  )  ]  + 4  M S 2    | S |  2  +  κ 2    | S |  4  +  m  η ¯  2    |  η ¯  |  2          + 2 Re  [  λ C  κ  η ∗    η ¯  ∗   S 2  + 2  l W   M S  S −  λ C   λ H   η ∗    η ¯  ∗   H u 0   H d 0  ]  +  m  H u 0  2   |   H u    |  2  +  m  H d  2    |  H d  |  2          + 2 Re   L S  S −  H d 0   H u 0    B μ  +  λ H  κ   (  S 2  )  ∗  +  T  λ H   S  +  1 3   T k   S 3  +  T  λ C   η  η ¯  S +  B S   S 2   .     



(10)







The corresponding tadpole equations at the tree level were also obtained in [8]. The tree-level mass-squared matrix for the CP-even Higgs   (  ϕ d  ,  ϕ u  ,  ϕ η  ,  ϕ  η ¯   ,  ϕ s  )   is


      M  h , t r e e  2  =      m   ϕ d   ϕ d       m   ϕ u   ϕ d       m   ϕ η   ϕ d       m   ϕ  η ¯    ϕ d       m   ϕ s   ϕ d         m   ϕ d   ϕ u       m   ϕ u   ϕ u       m   ϕ η   ϕ u       m   ϕ  η ¯    ϕ u       m   ϕ s   ϕ u         m   ϕ d   ϕ η       m   ϕ u   ϕ η       m   ϕ η   ϕ η       m   ϕ  η ¯    ϕ η       m   ϕ s   ϕ η         m   ϕ d   ϕ  η ¯        m   ϕ u   ϕ  η ¯        m   ϕ η   ϕ  η ¯        m   ϕ  η ¯    ϕ  η ¯        m   ϕ s   ϕ  η ¯          m   ϕ d   ϕ s       m   ϕ u   ϕ s       m   ϕ η   ϕ s       m   ϕ  η ¯    ϕ s       m   ϕ s   ϕ s        ,     



(11)






       m   ϕ d   ϕ d    =  m   H d   2  +  μ 2  +  1 8  (  [  g  1  2  +   (  g X  +  g  Y X   )  2  +  g 2 2  ]   ( 3  v  d  2  −  v  u  2  )         + 2  (  g  Y X    g X  +  g X 2  )   (  v  η  2  −  v   η ¯   2  )  ) +  2   v S  μ  λ H  +  1 2   (  v  u  2  +  v S 2  )   λ  H  2  ,      



(12)






       m   ϕ d   ϕ u    = −  1 4    g  2  2  +   (  g  Y X   +  g X  )  2  +  g 1 2    v d   v u  +  λ  H  2   v d   v u  −  λ H   l W         −  1 2   λ H   (  v η   v  η ¯    λ C  +  v S 2  κ )  −  B μ  −  2   v S   (  1 2   T  λ H   +  M S   λ H  )  ,      



(13)






       m   ϕ u   ϕ u    =  m   H u   2  +  μ 2  +  1 8  (  [  g  1  2  +   (  g X  +  g  Y X   )  2  +  g 2 2  ]   ( 3  v  u  2  −  v  d  2  )         + 2  (  g  Y X    g X  +  g X 2  )   (  v   η ¯   2  −  v  η  2  )  ) +  2   v S  μ  λ H  +  1 2   (  v  d  2  +  v S 2  )   λ  H  2  ,      



(14)






        m   ϕ d   ϕ η    =  1 2   g X   (  g  Y X   +  g X  )   v d   v η  −  1 2   v u   v  η ¯    λ H   λ C  ,     



(15)






        m   ϕ u   ϕ η    = −  1 2   g X   (  g  Y X   +  g X  )   v u   v η  −  1 2   v d   v  η ¯    λ H   λ C  ,     



(16)






        m   ϕ η   ϕ η    =  m  η  2  +  1 4    (  g  Y X    g X  +  g X 2  )   (  v  d  2  −  v  u  2  )  + 2  g  X  2   ( 3  v  η  2  −  v   η ¯   2  )   +   λ  C  2  2   (  v   η ¯   2  +  v S 2  )  ,     



(17)






        m   ϕ d   ϕ  η ¯     = −  1 2   g X   (  g  Y X   +  g X  )   v d   v  η ¯   −  1 2   v u   v η   λ H   λ C  ,     



(18)






        m   ϕ u   ϕ  η ¯     =  1 2   g X   (  g  Y X   +  g X  )   v u   v  η ¯   −  1 2   v d   v η   λ H   λ C  ,     



(19)






        m   ϕ η   ϕ  η ¯     =  (  λ  C  2  −  g  X  2  )   v η   v  η ¯   +   λ C  2   ( 2  l W  −  λ H   v d   v u  )  +   v S   2    ( 2  M S   λ C  +  T  λ C   )  +   v S 2  2   λ C  κ ,     



(20)






        m   ϕ  η ¯    ϕ  η ¯     =  m   η ¯   2  +  1 4    (  g  Y X    g X  +  g X 2  )   (  v  u  2  −  v  d  2  )  + 2  g  X  2   ( 3  v   η ¯   2  −  v  η  2  )   +   λ  C  2  2    v  η  2  +  v S 2   ,     



(21)






        m   ϕ d   ϕ s    =   λ H   v d   v S  +  2   v d  μ −  v u   ( κ  v S  +  2   M S  )    λ H  −  1  2    v u   T  λ H   ,     



(22)






        m   ϕ u   ϕ s    =   λ H   v u   v S  +  2   v u  μ −  v d   ( κ  v S  +  2   M S  )    λ H  −  1  2    v d   T  λ H   ,     



(23)






   m   ϕ η   ϕ s    =   λ C   v η   v S  +  v  η ¯    ( κ  v S  +  2   M S  )    λ C  +  1  2    v  η ¯    T  λ C   ,  



(24)






   m   ϕ  η ¯    ϕ s    =   λ C   v  η ¯    v S  +  v η   ( κ  v S  +  2   M S  )    λ C  +  1  2    v η   T  λ C   ,  



(25)






       m   ϕ s   ϕ s    =  m S 2  +  2  l W  + 3  v S   ( κ  v S  + 2  2   M S  )  +  λ C   v η   v  η ¯   −  λ H   v d   v u   κ + 2  B S         +  1 2   λ  C  2   ξ 2  +  1 2   λ  H  2   v 2  + 4  M S 2  +  2   v S   T κ  .      



(26)








3. Formulation


The one-loop effective potential can be written in the following form:


      V  e f f   =  V 0  +  V 1  .     



(27)







Here,   V 1   is the potential from a one-loop correction. With the dimensional reduction and the DR renormalization scheme, the effective Higgs potential up to the one-loop correction is shown in the Landau gauge, and the concrete form of   V 1   is [21,22,23]:


        V 1  =  ∑ i    n i   64  π 2     m i 4   (  ϕ d  ,  ϕ u  ,  ϕ η  ,  ϕ  η ¯   ,  ϕ s  )   log    m i 2   (  ϕ d  ,  ϕ u  ,  ϕ η  ,  ϕ  η ¯   ,  ϕ s  )    Q 2   −  3 2   .     



(28)







We take the renormalization scale Q at the TeV order. The degrees of freedom for each mass eigenstate are represented by   n i   (−12 for quarks, −4 for leptons and charginos, −2 for neutralinos and neutrinos, 6 for squarks, 2 for sleptons and charged Higgs, 3 and 6 for   Z (  Z ′  )   and W bosons, and 1 for sneutrinos and the neutral Higgs scalars). The mass matrices are needed, and we collect the mass matrices of the CP-even sneutrino, CP-odd sneutrino, slepton, squark, chargino, and neutralino.



The mass matrix for the CP-even sneutrino   (  ϕ l  ,  ϕ r  )   reads


      M   ν ˜  R  2  =      m   ϕ l   ϕ l       m   ϕ r   ϕ l   T       m   ϕ l   ϕ r       m   ϕ r   ϕ r        ,     



(29)






        m   ϕ l   ϕ l    =  1 8    (  g  1  2  +  g  Y X  2  +  g  2  2  +  g  Y X    g X  )   (  v  d  2  −  v  u  2  )  + 2  g  Y X    g X   (  v  η  2  −  v   η ¯   2  )   +   v  u  2  2   Y  ν  2  +  m   L ˜   2  ,          m   ϕ l   ϕ r    =  1  2    v u   T ν  +  v u   v  η ¯     Y X   Y ν   −  1 2   v d   (  λ H   v S  +  2  μ )   Y ν  ,          m   ϕ r   ϕ r    =  1 8    (  g  Y X    g X  +  g  X  2  )   (  v  d  2  −  v  u  2  )  + 2  g  X  2   (  v  η  2  −  v   η ¯   2  )   +  v η   v S   Y X   λ C           +  m   ν ˜   2  +  1 2   v  u  2    |  Y ν  |  2  +  v  η ¯    ( 2  v  η ¯    Y X 2  +  2   T X  )  .     



(30)







To obtain the masses of sneutrinos, the rotation matrix   Z R   is used to diagonalize   M   ν ˜  R  2  .



We also deduce the mass matrix for a CP-odd sneutrino   (  σ l  ,  σ r  )  :


      M   ν ˜  I  2  =      m   σ l   σ l       m   σ r   σ l   T       m   σ l   σ r       m   σ r   σ r        ,     



(31)






        m   σ l   σ l    =  1 8    (  g  1  2  +  g  Y X  2  +  g  2  2  +  g  Y X    g X  )   (  v  d  2  −  v  u  2  )  + 2  g  Y X    g X   (  v  η  2  −  v   η ¯   2  )   +   v  u  2  2   Y  ν  2  +  m   L ˜   2  ,          m   σ l   σ r    =  1  2    v u   T ν  −  v u   v  η ¯     Y X   Y ν   −  1 2   v d   (  λ H   v S  +  2  μ )   Y ν  ,          m   σ r   σ r    =  1 8    (  g  Y X    g X  +  g  X  2  )   (  v  d  2  −  v  u  2  )  + 2  g  X  2   (  v  η  2  −  v   η ¯   2  )   −  v η   v S   Y X   λ C           +  m   ν ˜   2  +  1 2   v  u  2    |  Y ν  |  2  +  v  η ¯    ( 2  v  η ¯    Y X   Y X  −  2   T X  )  .     



(32)







We use   Z I   to diagonalize the mass-squared matrix of the sneutrino   M   ν ˜  I  2  .



On the basis of   (   e ˜  L  ,   e ˜  R  )  , the mass matrix for a slepton is shown and diagonalized by   Z E   through the formula    Z E   m  e ˜  2   Z  E , †   =  m  2 ,  e ˜    d i a g    ,


   m  e ˜  2  =      m    e ˜  L    e ˜  L ∗        1 2    2   v d   T  e  †  −  v u   (  λ H   v S  +  2  μ )   Y  e  †          1 2    2   v d   T e  −  v u   Y e   (  2  μ +  v S   λ H  )       m    e ˜  R    e ˜  R ∗        .  



(33)






        m    e ˜  L    e ˜  L ∗    =  m   L ˜   2  +  1 8    (  g  1  2  +  g  Y X  2  +  g  Y X    g X  −  g 2 2  )   (  v  d  2  −  v  u  2  )  + 2  g  Y X    g X   (  v  η  2  −  v   η ¯   2  )   +   v  d  2  2   Y  e  2  ,          m    e ˜  R    e ˜  R ∗    =  m   E ˜   2  −  1 8  (  [ 2  (  g  1  2  +  g  Y X  2  )  + 3  g  Y X    g X  +  g  X  2  ]   (  v  d  2  −  v  u  2  )           +  ( 4  g  Y X    g X  + 2  g  X  2  )   (  v  η  2  −  v   η ¯   2  )  ) +  1 2   v  d  2   Y  e  2  .     



(34)







The mass-squared matrix for a down-type squark is shown on the basis of     d ˜  L 0  ,   d ˜  R 0   :


   M  D ˜  2  =      m    d ˜  L 0    d ˜  L  0 , ∗        m    d ˜  R 0    d ˜  L  0 , ∗    †       m    d ˜  L 0    d ˜  R  0 , ∗        m    d ˜  R 0    d ˜  R  0 , ∗         ,  



(35)




where


        m    d ˜  L 0    d ˜  L  0 , ∗     =  1 24    ( 3  g  2  2  +  g  1  2  +  g  Y X  2  +  g  Y X    g X  )   (  v  u  2  −  v  d  2  )  + 2  g  Y X    g X   (  v   η ¯   2  −  v  η  2  )   +  m   Q ˜   2  +   v  d  2  2   Y  d  2  ,          m    d ˜  L 0    d ˜  R  0 , ∗     = −  1 2    2   ( −  v d   T d  +  v u   Y d  μ )  +  v u   v S   Y d   λ H   ,          m    d ˜  R 0    d ˜  R  0 , ∗     =  1 24    ( 2  g  1  2  + 2  g  Y X  2  + 5  g  Y X    g X  + 3  g  X  2  )   (  v  u  2  −  v  d  2  )  + 2  ( 2  g  Y X    g X  + 3  g  X  2  )   (  v   η ¯   2  −  v  η  2  )            +  m   D ˜   2  +   v  d  2  2   Y  d  2  .     



(36)







On the basis of     u ˜  L 0  ,   u ˜  R 0   , the mass-squared matrix for an up-type squark is


   M  U ˜  2  =      m    u ˜  L 0    u ˜  L  0 , ∗        m    u ˜  R 0    u ˜  L  0 , ∗    †       m    u ˜  L 0    u ˜  R  0 , ∗        m    u ˜  R 0    u ˜  R  0 , ∗         ,  



(37)




where


        m    u ˜  L 0    u ˜  L  0 , ∗     =  1 24    (  g  1  2  − 3  g  2  2  +  g  Y X  2  +  g  Y X    g X  )   (  v  u  2  −  v  d  2  )  +  g  Y X    g X   ( 2  v   η ¯   2  − 2  v  η  2  )   +  m   Q ˜   2  +   v  u  2  2   Y  u  2  ,          m    u ˜  L 0    u ˜  R  0 , ∗     = −  1 2    2   (  v d   Y u  μ −  v u   T u  )  +  v d   v S   Y u   λ H   ,          m    u ˜  R 0    u ˜  R  0 , ∗     =  1 24    ( 4  g  1  2  + 4  g  Y X  2  + 7  g  Y X    g X  + 3  g  X  2  )   (  v  d  2  −  v  u  2  )  + 2  ( 4  g  Y X    g X  + 3  g  X  2  )   (  v  η  2  −  v   η ¯   2  )            +  m   U ˜   2  +   v  u  2  2   Y  u  2  .     











On the basis of   (  λ  B ˜   ,   W ˜  0  ,   H ˜  d 0  ,   H ˜  u 0  ,  λ  X ˜   ,  η ˜  ,   η ¯  ˜  ,  s ˜  )  , the mass matrix for a neutralino is


   m   χ ˜  0   =      M 1    0    −   g 1  2   v d        g 1  2   v u      M  B  B ′      0   0   0     0    M 2      1 2   g 2   v d      −  1 2   g 2   v u     0   0   0   0      −   g 1  2   v d       1 2   g 2   v d      0      m    H ˜  u 0    H ˜  d 0       m   λ  X ˜     H ˜  d 0      0   0    −    λ H   v u    2           g 1  2   v u      −  1 2   g 2   v u      m    H ˜  d 0    H ˜  u 0      0    m   λ  X ˜     H ˜  u 0      0   0    −    λ H   v d    2         M  B  B ′      0    m    H ˜  d 0   λ  X ˜        m    H ˜  u 0   λ  X ˜        M  B L      −  g X   v η       g X   v  η ¯      0     0   0   0   0    −  g X   v η     0     1  2    λ C   v S       1  2    λ C   v  η ¯        0   0   0   0     g X   v  η ¯        1  2    λ C   v S     0     1  2    λ C   v η       0   0    −    λ H   v u    2       −    λ H   v d    2      0     1  2    λ C   v  η ¯         1  2    λ C   v η      m   s ˜   s ˜        ,  



(38)






        m    H ˜  d 0    H ˜  u 0    = −  1  2    λ H   v S  − μ ,         m    H ˜  d 0   λ  X ˜     = −  1 2   (  g  Y X   +  g X  )   v d  ,          m    H ˜  u 0   λ  X ˜     =  1 2   (  g  Y X   +  g X  )   v u  ,              m   s ˜   s ˜    = 2  M S  +  2  κ  v S  .     



(39)







This matrix is diagonalized by   Z N  


   Z  N ∗    m   χ ˜  0    Z  N †   =  m   χ ˜  0   d i a g   .  



(40)







On the basis of      W ˜  −  ,   H ˜  d −   ,    W ˜  +  ,   H ˜  u +    , the definition of the mass matrix for charginos is given by


   M   χ ˜  ±   =      M 2      1  2    g 2   v u         1  2    g 2   v d       1  2    λ H   v S  + μ      .  



(41)







This matrix is diagonalized by U and V:


      U ∗   M   χ ˜  ±    V †  =  M    χ ˜  ±    d i a g   .     



(42)







Here, we use the conditions at the one-loop level through the following formula:


          ∂  V  e f f     ∂  ϕ u     =    ∂  V  e f f     ∂  ϕ d     =    ∂  V  e f f     ∂  ϕ η     =    ∂  V  e f f     ∂  ϕ  η ¯      =    ∂  V  e f f     ∂  ϕ s     = 0 .     



(43)







The corresponding analytic results are very tedious, and we resolve the equations numerically. In order to save space in the text, we do not show the tedious analytic results here.



The mass-squared matrix of the CP-even Higgs is corrected by one-loop contributions from the effective potential   V  e f f   :


      M h 2  =  M  h , t r e e  2  + Δ  M h 2  .     



(44)







The elements of the corrected mass-squared matrix   M  h , i j  2   can be deduced from the one-loop effective potential   V  e f f    through the following formula:


      M  h , i j  2  =     ∂ 2   V  e f f     ∂  ϕ i  ∂  ϕ j     |   ϕ i  ,  ϕ j  =  ϕ d  ,  ϕ u  ,  ϕ η  ,  ϕ  η ¯   ,  ϕ s     .     



(45)







The lightest eigenvalue of   M h 2   should be the square of    m  h 0   ≃ 125   GeV.



Gluon fusion   ( g g →  h 0  )   [10,11] chiefly produces   h 0   at the LHC. With large Yukawa coupling, the virtual t-quark loop is the dominant contribution in the one-loop diagrams. Large couplings of new particles can lead to considerable corrections:


        Γ  N P    (  h 0  → g g )  =    G F   α s 2   m   h 0   3    64  2   π 3    |  ∑ q   g   h 0  q q    A  1 / 2    (  x q  )  +  ∑  q ˜    g   h 0   q ˜   q ˜      m  Z  2   m   q ˜   2    A 0   (  x  q ˜   )   | 2   ,     



(46)




with    x a  =  m   h 0   2  /  ( 4  m a 2  )   . Here, q represents a quark, and   q ˜   denotes a squark. The functions    A  1 / 2    ( x )    and    A 0   ( x )    are defined as


        A  1 / 2    ( x )  = 2  x + ( x − 1 ) g ( x )  /  x 2  ,       A 0   ( x )  =  g ( x ) − x  /  x 2  ,     



(47)






       g  ( x )  =       arcsin 2   x  ,  x ≤ 1       −  1 4    ln   1 +   1 − 1 / x     1 −   1 − 1 / x     − i π  2  ,   x > 1  .          



(48)







The concrete expressions for   g   h 0  q q    and   g   h 0   q ˜   q ˜     are


        g   h 0  q q   =   − v   m q    C   h 0  q q    ,       g   h 0   q ˜   q ˜    =   −  S W   C W    e  m Z     C   h 0   q ˜   q ˜     .     



(49)







Here,    S W  = sin  θ W    and    C W  = cos  θ W   , with   θ W   denoting the Weinberg angle. The coupling constants   C   h 0  q q    and   C   h 0   q ˜   q ˜     are defined as


       L ⊃  C   h 0  q q    (  h 0   q ¯  q )  +  C   h 0   q ˜   q ˜     (  h 0   q ˜   q ˜  )  ,     



(50)






        C   h 0  d d   = −  1  2    Y d   Z  b , 1  H   ,        C   h 0  u u   = −  1  2    Y u   Z  b , 2  H  .     



(51)







The couplings of the CP-even Higgs with scalar quarks   (  C   h 0    D ˜  j    D ˜  k ∗      and   C   h 0    U ˜  j    U ˜  k ∗    ) are deduced as


        C   h 0    D ˜  j    D ˜  k ∗    =  1 12   ∑  a = 1  3  {  Z  j a   D , ∗    Z   k a   D  ( − 12  v d   Y  d , a  2   Z   i 1   H  +  (  v d   Z   i 1   H  −  v u   Z   i 2   H  )   ( 3   g  2  2  +  g  Y X    g X  +  g  1  2          +  g  Y X  2   ) + 2   g  Y X    g X   (  v η   Z   i 3   H  −  v  η ¯    Z   i 4   H  )  ) +  Z  j 3 + a   D , ∗    Z   k 3 + a   D  ( 2  ( 2  g  Y X    g X  + 3  g  X  2  )   (  v η   Z   i 3   H  −  v  η ¯    Z   i 4   H  )          +  ( 2  g  1  2  + 2  g  Y X  2  + 3  g  X  2  + 5  g  Y X    g X  )   (  v d   Z   i 1   H  −  v u   Z   i 2   H  )  − 12  v d   Y  d , a  2   Z   i 1   H   ) + 6 ( (   Z  j a   D , ∗    Z   k 3 + a   D          +  Z  j 3 + a   D , ∗    Z   k a   D   )   [  Y  d , a    (  λ H   v S   Z   i 2   H  +  2  μ  Z   i 2   H  +  λ H   v u   Z   i 5   H  )  −  2   Z   i 1   H   T  d , a   ]  ) } ,     



(52)






        C   h 0    U ˜  j    U ˜  k ∗    =  1 12   ∑  a = 1  3  {  Z  j a   U , ∗    Z   k a   U  ( − 12  v u   Y  u , a  2   Z   i 2   H   (  v d   Z   i 1   H  −  v u   Z   i 2   H  )   + (   g  1  2  − 3  g  2  2  +  g  Y X    g X          +  g  Y X  2   ) + 2   g  Y X    g X   (  v η   Z   i 3   H  −  v  η ¯    Z   i 4   H  )  ) +  Z  j 3 + a   U , ∗    Z   k 3 + a   U  ( 2  ( 3  g  X  2  + 4  g  Y X    g X  )   (  v  η ¯    Z   i 4   H  −  v η   Z   i 3   H  )          +  ( 3  g  X  2  + 4  g  1  2  + 4  g  Y X  2  + 7  g  Y X    g X  )   (  v u   Z   i 2   H  −  v d   Z   i 1   H  )  − 12  v u   Y  u , a  2   Z   i 2   H   ) + 6 ( (   Z  j a   U , ∗    Z   k 3 + a   U          +  Z  j 3 + a   U , ∗    Z   k a   U   )   [  Y  u , a    (  2  μ  Z   i 1   H  +  λ H   v d   Z   i 5   H  +  λ H   v S   Z   i 1   H  )  −  2   T  u , a    Z   i 2   H  ]  ) ) } .     



(53)







For the decay    h 0  → γ γ  , the leading order contributions are from the one-loop diagrams. The decay width is written in the following form:


        Γ  U   ( 1 )  X     (  h 0  → γ γ )  =    G F   α 2   m   h 0   3    128  2   π 3    |  ∑ f   N c   Q  f  2   g   h 0  f f    A  1 / 2    (  x f  )  +  g   h 0   H ±   H ±      m  W  2   m   H ±   2    A 0   (  x  H ±   )          +  g   h 0  W W    A 1   (  x W  )  +  ∑  i = 1  2   g   h 0   χ i ±   χ i ±      m W   m  χ i     A  1 / 2    (  x  χ i   )  +  ∑  f ˜    N c   Q  f  2   g   h 0   f ˜   f ˜      m  Z  2   m   f ˜   2    A 0   (  x  f ˜   )   | 2   .     



(54)







The function    A 1   ( x )    is defined as


        A 1   ( x )  = −  2  x 2  + 3 x + 3  ( 2 x − 1 )  g  ( x )   /  x 2   .     



(55)







The relevant couplings are defined in the following form:


        g   h 0  W W   =   S W   e  m W     C   h 0  W W   ,         g   h 0  Z Z   =    C W   S W    e  m Z     C   h 0  Z Z   ,          g   h 0   χ i ±   χ i ±    =   − 2  S W   e   C   h 0   χ i ±   χ i ±   L  ,     g   h 0   H ±   H ±    =   − v   2  m W 2     C   h 0   H ±   H ±    ,          g   h 0   L ˜   L ˜    =   −  S W   C W    e  m Z     C   h 0   L ˜   L ˜    ,     



(56)






       L ⊃  C   h 0  W W    g  μ ν    h 0   W μ   W ν  +  C   h 0  Z Z    g  μ ν    h 0   Z μ   Z ν  +  C   h 0   L ˜   L ˜     h 0   L ˜   L ˜           +   χ ¯  i ±   (  C   h 0   χ i ±   χ j ±   L   P L  +  C   h 0   χ i ±   χ j ±   R   P R  )   χ j ±   h 0  +  C   h 0   H ±   H ±     h 0   H ±   H ±  .     



(57)







The couplings for    h 0  − W − W   and    h 0  − Z − Z   are


        C   h 0  W W   =  1 2   g  2  2   (  v d   Z   i 1   H  +  v u   Z   i 2   H  )  ,          C   h 0  Z Z   =  1 2  (   [  g 1  cos    θ ′   W   S W  +  g 2   C W  cos    θ ′   W  −  (  g  Y X   +  g X  )  sin    θ ′   W  ]  2           ×  (  v d   Z   i 1   H  +  v u   Z   i 2   H  )  + 4  g  X  2   sin 2     θ ′   W   (  v  η ¯    Z   i 4   H  +  v η   Z   i 3   H  )  ) .     



(58)







Then, the CP-even Higgs–slepton–slepton coupling   C   h 0   L ˜    L ˜  ∗     reads as


        C   h 0    L ˜  n    L ˜  m ∗    =  1 4   ∑  a = 1  3  {  Z  m , a   E , ∗    Z  n , a  E  (  (  g 2 2  −  g  Y X    g X  −  g 1 2  −  g  Y X  2  )   (  v d   Z  b 1  H  −  v u   Z  b 2  H  )  +  g  Y X    g X   (   v  η ¯    Z  b 4  H           −  v η   Z  b 3  H   ) ) +   Z  m , 3 + a   E , ∗    Z  n , 3 + a  E  (  ( 2  g 1 2  + 2  g  Y X  2  + 3  g  Y X    g X  +  g X 2  )   (  v d   Z  b 1  H  −  v u   Z  b 2  H  )           + 2  (  g  Y X    g X  +  g X 2  )   (  v η   Z  b 3  H  −  v  η ¯    Z  b 4  H  )  ) +   Z  m , a   E , ∗    Z  n , 3 + a  E  +  Z  m , 3 + a   E , ∗    Z  n , a  E            ×   Y  e , a    2  (  v S   λ H  +  2  μ )   Z  b 2  H  + 2  v u   λ H   Z  b 5  H   − 2  2   T  e , a    Z  b 1  H   } .     



(59)







The CP-even Higgs–  H ±  –  H ±   coupling   C   h 0   H m ±   H n  ± ∗      is


        C   h 0   H m ±   H n  ± ∗     =  1 4  {  ( −  Z  b 2  H   Z  m 2  +  −  Z  b 1  H   Z  m 1  +  )  (  [   (  g  Y X   +  g X  )  2  +  g 1 2  +  g 2 2  ]   (  v u   Z  n 2  +  +  v d   Z  n 1  +  )          +  (  g 2 2  − 2  λ H 2  )   (  v d   Z  n 1  +  −  v u   Z  n 2  +  )  ) +  (  Z  b 2  H   Z  m 1  +  +  Z  b 1  H   Z  m 2  +  )   ( [    (  g  Y X   +  g X  )  2  − 2  g 2 2  + 2  λ H 2          +  g 1 2   ]   (  v u   Z  n 1  +  +  v d   Z  n 2  +  )  ) − 2  Z  b 4  H   (  Z  m 2  +  −  Z  m 1  +  )  (  (  g  Y X    g X  +  g X 2  )   v  η ¯    (  Z  n 2  +  +  Z  n 1  +  )  +  λ c   v η   λ H          ×  (  Z  n 1  +  −  Z  n 2  +  )  ) +  Z  b 3  H   (  Z  m 2  +  +  Z  m 1  +  )   (  g  Y X    g X  +  g X 2  )   (  v η   Z  n 1  +  −  v η   Z  n 2  +  )  + [  Z  b 4  H   λ c   v  η ¯    λ H          +  Z  b 5  H    2   T  λ , H   + 2  λ H   ( κ  v s  +  2   M S  +  2  μ +  λ H   v S  )   ]  (  Z  m 2  +  +  Z  m 1  +  )   (  Z  n 2  +  +  Z  n 1  +  )  } .     



(60)







We show the left-handed coupling of    h 0  −  χ n ±  −  χ m ±   :


        C   h 0   χ n ±   χ m ±   L  = −  1  2     g 2   U  m 1  ∗   V  n 2  ∗   Z  b 2  H  +  U  m 2  ∗   (  g 2   V  n 1  ∗   Z  b 1  H  +  λ H   V  n 2  ∗   Z  b 5  H  )   .     



(61)







The formulae for    h 0  → Z Z ,  W W   are expressed as [24,25,26]:


       Γ  (  h 0  → W W )  =   3  e 4   m  h 0     512  π 3   S  W  4      |  g   h 0  W W   |  2  F  (   m W   m  h 0    )  ,          Γ  (  h 0  → Z Z )  =    e 4   m  h 0     2048  π 3   S  W  4   C  W  4      |  g   h 0  Z Z   |  2   7 −  40 3   S  W  2  +  160 9   S  W  4   F  (   m Z   m  h 0    )  .     



(62)







The concrete form of   F ( x )   is


       F  ( x )  = −  ( 1 −  x 2  )    47 2   x 2  −  13 2  +  1  x 2    − 3  ( 1 − 6  x 2  + 4  x 4  )  ln x          +   3 ( 1 − 8  x 2  + 20  x 4  )    4  x 2  − 1     cos  − 1      3  x 2  − 1   2  x 3      .     



(63)







We also study the processes of    h 0  →  l ¯  l Z   and    h 0  →   ν ¯  l   ν l  Z   ( with  l = e ,  μ ,  τ )   . The latter is simpler than the former and can be obtained by taking the limit    m l  → 0   from the former, where   m l   denotes the mass of a lepton. For the processes of    h 0   (  p 1  )  → l  (  p 2  )  +  l ¯   (  p 3  )  + Z  (  p 4  )   , the diagrams are shown in Figure 1.



The external particles all satisfy the on-shell condition:    p 1 2  =  m   h 0   2  ,   p 2 2  =  p 3 2  =  m l 2    and    p 4 2  =  m Z 2   . We use the Mandelstam invariants:   s =   (  p 2  +  p 3  )  2  ,  t =   (  p 3  +  p 4  )  2  ,  u =   (  p 2  +  p 4  )  2    and   s + t + u =  m   h 0   2  + 2  m l 2  +  m Z 2   . In our calculation, all lepton masses and the couplings of    l ¯  −  H 0   (  G 0  )  − l   are kept.



From the diagrams in Figure 1, we can obtain the decay width through the following formula [16]:


     Γ  (  h 0  → l  l ¯  Z )  =  1  256  π 3   m  h 0  3     ∫  4  m l 2     (  m  h 0   −  m Z  )  2   d s  ∫   t −    t +   ∑   | M |  2  .     



(64)







Here,  M  is the Feynman amplitude for Figure 1. The definitions of   t ±   are


      t ±  =  1 2    m   h 0   2  + 2  m l 2  +  m Z 2  − s ±   1 −   4  m l 2   s    1 / 2       (  m   h 0   2  +  m Z 2  − s )  2  − 4  m  h 0  2   m Z 2    1 / 2    .     



(65)








4. Numerical Results


To study the lightest CP-even Higgs   h 0   mass (   m  h 0   ≃  125 GeV) and   h 0   decays    h 0  → V V   ( with  V = γ ,  W ,  Z )   ,    h 0  → l  l ¯  Z  , and    h 0  →  ν l    ν ¯  l  Z   ( with  l = e ,  μ ,  τ )    in the   U   ( 1 )  X   SSM, we consider the mass constraint for the   Z ′   boson (   M  Z ′   > 5.1   TeV) [27] from LHC experiments. The constraints    M  Z ′   /  g X  ≥ 6  TeV   [28,29] and   tan  β η  < 1.5   [30] are also taken into account. The parameters are used to make the scalar lepton masses larger than 700 GeV and the chargino masses larger than 1100 GeV [31].



Some parameters are adopted here with   i = 1 , 2 , 3  :


       κ =  Y  X i i   = 1 ,   v S  = 3.6  TeV ,  μ =  M 1  =  T  d i i   = 1  TeV ,   M S  = 2.7  TeV ,         tan  β η  = 0.8 ,   B μ  =  B S  =  m    L ˜   i i    2  = 1   TeV 2  ,   l W  = 4   TeV 2  ,   l S  = − 300   TeV 3  ,          T κ  = 1.6  TeV ,   M 2  = 1.2  TeV ,   M  B L   = 0.3  TeV ,   T  X i i   =  T  e i i   = 0.5  TeV ,          T  ν i i   = 0.8  TeV ,   m    E ˜   i i    2  =  m    D ˜   i i    2  = 5   TeV 2  ,   m    ν ˜   i i    2  = 0.5   TeV 2  ,  ξ = 17  TeV .     



(66)







To simplify the numerical discussion, we use the following relations:


        T  u i i   =  T u  ,   m   U ˜  i i  2  =  M  U  2  ,   m   Q ˜  i i  2  =  M  Q  2  ,   ( i = 1 , 2 , 3 )  .     



(67)







The parameters    T u  ,  m  Q ˜    , and   m  U ˜    all emerge in the soft breaking terms and are included in   L  s o f t   M S S M   .   T u   is the coupling constant for the trilinear scalar coupling    T u   H u   Q ˜   U ˜   . For the scalar quark fields   Q ˜   and   U ˜  ,   m  Q ˜    and   m  U ˜    are, respectively, mass terms corresponding to    m   Q ˜  2     Q ˜  ∗   Q ˜    and    m   U ˜  2     U ˜  ∗   U ˜   .



To explore the parameter space better, we randomly scan the parameters as follows:


       5 ≤ tan β ≤ 50 ,    0.3 ≤  g X  ≤ 0.8 ,    0.01 ≤  g  Y X   ≤ 0.5 ,    − 1 ≤  λ C  ≤ 1 ,         − 1 ≤  λ H  ≤ 1 ,    − 2  TeV ≤  T  λ C   ≤ 2  TeV ,    − 2  TeV ≤  T  λ H   ≤ 2  TeV ,         − 5  TeV ≤  T u  ≤ 5  TeV ,  4    TeV  2  ≤  M  Q  2  ≤ 8    TeV  2  ,  4    TeV  2  ≤  M  U  2  ≤ 8    TeV  2  .     



(68)







In Figure 2 and Figure 3, a 🟦 denotes the lightest CP-even Higgs mass in the region   123  GeV ≤  m  h 0   ≤ 127  GeV  . A 🔴 represents the regions where   120  GeV ≤  m  h 0   < 123  GeV   and   127  GeV <  m  h 0   ≤ 130  GeV  . In the left diagram of Figure 2, the numerical results of   m  h 0    are plotted on the plane of   g X   versus   g  Y X   .   g X   is the gauge coupling constant of the   U   ( 1 )  X    group.   g  Y X    is the mixing gauge coupling constant of the   U   ( 1 )  Y    group and   U   ( 1 )  X    group. So, they should have considerable effects on the results. Most of 🟦 and 🔴 are concentrated at the bottom left, forming a triangle with two sides as   0.3 ≤  g X  ≤ 0.55   and   0 <  g  Y X   ≤ 0.35  . The points are sparse in the other region. For the right diagram, we show the results of   m  h 0    in the plane of   g X   versus   λ C  . There are more points in the region where    λ C  < 0   than in the region where    λ C  > 0  . The concentrated area of 🟦 and 🔴 is like a rectangle with   − 0.1 ≥  λ C  ≥ − 0.6   and   0.3 ≤  g X  ≤ 0.45  .



In the left diagram of Figure 3,   m  h 0    is shown on the plane of   λ C   versus   λ H  . Many points are in the first, second, and third quadrants. In the fourth quadrant, few points appear. This implies that the second and third quadrants are better for the 🟦. The numerical results of   m  h 0    versus   λ C   and   T  λ C    are plotted in the right diagram of Figure 3. Obviously, the first quadrant is blank. That is to say, as    λ C  > 0   and    T  λ C   > 0  , there is not any suitable result. Many 🟦 and 🔴 emerge in the second and third quadrants. In the fourth quadrant, the points are concentrated in the lower left corner. From Figure 2 and Figure 3, we can see that   λ C  ,   λ H  , and   T  λ C    are sensitive parameters for   m  h 0   .



The ratio   R  γ γ    is also researched, and the corresponding results are shown in Figure 4 and Figure 5, where the notations are 🔴  → 0.95 ≤  R  γ γ   ≤ 1.03   and 🟦   → 1.03 <  R  γ γ   ≤ 1.17  . These points (🟦 and 🔴) satisfy the constraint from   m  h 0    with   124  GeV ≤  m  h 0   ≤ 126  GeV  . The left diagram of Figure 4 exhibits   R  γ γ    in the plane of   g X   versus   T u  . Many points appear in the region where   0.3 ≤  g X  ≤ 0.5  , where the 🔴 points are concentrated in the   T u   range as   − 3000  GeV ≤  T u  ≤ 3000  GeV  , and the 🟦 points are distributed on the upper and lower sides of 🔴. The effects of   λ C   and   T u   on   R  γ γ    are studied in the right diagram of Figure 4, where 🟦 and 🔴 are distributed over almost the entire area of the graph. The 🟦 points mainly appear in the areas above, below, and to the right.



Both   tan β   and   g X   influence   R  γ γ   , which is shown by the left diagram of Figure 5. This implies that   tan β   is an insensitive parameter and that the effect from   tan β   is mild. The 🟦 and 🔴 are concentrated in the area   0.3 ≤  g X  ≤ 0.5  . In the right diagram of Figure 5, the numerical results of   R  γ γ    are plotted on the plane of   M  Q F    versus   M  U F   .   M  Q F    and   M  U F    affect the scalar quark mass, which affects   m  h 0    and   R  γ γ   . The 🔴 points are distributed throughout the region of the figure. In the upper right corner, there are almost no 🟦. Smaller values of   M  Q F    and   M  U F    produce relatively light scalar quarks, which can improve the scalar quarks’ contributions to   R  γ γ   . Therefore, many 🟦 emerge in the lower left corner.



Similarly, we calculate the decays    h 0  → W W   and    h 0  → Z Z  . From the numerical results, we find that   R  W W    is very close to   R  Z Z   . Therefore, we use    R  V V     ( with  V = W ,  Z )    to denote both ratios. In Figure 6, the results of   R  V V    are plotted with ⬧, 🔴, and 🟦. Here, the ⬧ represents   0.9 ≤  R  V V   < 1  , the 🔴 represents   1 ≤  R  V V   ≤ 1.03  , and the 🟦 denotes   1.03 ≤  R  V V   ≤ 1.20  . The left diagram of Figure 6 shows the relations between    R  V V   ,  g X   , and   λ H  . Most of the 🔴 and all 🟦 are concentrated in the region where   0.3 ≤  g X  ≤ 0.55  , which implies that a large   g X   is not favorable. The number of 🟦 is smaller than that of 🔴. For the right diagram, the points are concentrated in the region where   − 1 <  λ C  < 0   and   0 <  g  Y X   < 0.28  . As    λ C  > 0.5  , there is not a suitable point. For 🟦, the region where   − 0.7 <  λ C  < 0   and   0 <  g  Y X   < 0.15   is advantageous. In both diagrams, there are not many ⬧, and the 🔴 are dominant.



Here, we study the Higgs boson decays    h 0  → l  l ¯  Z   and   h →  ν l    ν ¯  l  Z   ( with  l = e ,  μ ,  τ )    with the parameters in Equation (66). The other parameters used are


       tan β = 10 ,     g X  = 0.37 ,     g  Y X   = 0.1 ,     λ C  = − 0.1 ,          λ H  = 0.6 ,     T  λ C   = − 0.1  TeV ,     T  λ H   = 0.3  TeV .     
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After the calculation, we obtain the corresponding numerical results in the   U   ( 1 )  X  S S M  :


       B r  (  h 0  → l  l ¯  Z )  = 8.1 ×  10  − 4   ,    l = e ,  μ ,         B r  (  h 0  → τ  τ ¯  Z )  = 8.5 ×  10  − 4   ,         B r  (  h 0  →  ν l    ν ¯  l  Z )  = 1.6 ×  10  − 3   ,    l = e ,  μ ,  τ .     
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For the above decays, the numerical results in Equation (70) are stable. The authors studied these decays in the SM and give the following numerical results [16]:


       B r  (  h 0  → l  l ¯  Z )  = 7.5 ×  10  − 4   ,    l = e ,  μ ,         B r  (  h 0  → τ  τ ¯  Z )  = 7.3 ×  10  − 4   ,         B r  (  h 0  →  ν l    ν ¯  l  Z )  = 1.5 ×  10  − 3   ,    l = e ,  μ ,  τ .     
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In comparison with the branching ratios in Equation (71), our numerical results are of the same order and a little greater than their results. This characteristic could be caused by the contributions of a new physics. From our numerical research, we find that the processes concerned are attainable in LHC experiments and may be detected in the near future.




5. Discussion and Conclusions


By introducing three Higgs singlets and right-handed neutrinos to the   U   ( 1 )  X    extension of the MSSM, we obtained the   U   ( 1 )  X   SSM. In the   U   ( 1 )  X   SSM, the neutral CP-even parts of two Higgs doublets (  H d   and   H u  ) and three Higgs singlets (  η ,   η ¯   , and S) mixed together, which constituted a   5 × 5   mass-squared matrix of the CP-even Higgs. The lightest eigenvalue corresponds to   m  h 0   , but at the tree level, it cannot reach 125 GeV. The loop corrections should be taken into account. In this work, we use the Higgs effective potential with one-loop corrections to study the Higgs mass   m  h 0   . The constraint from   m  h 0    near 125 GeV clearly confines the parameter space. The loop corrections from the scalar top quark are dominant among the SUSY loop corrections.



The Higgs boson decays    h 0  → γ γ   and    h 0  → V V   ( with  V = W ,  Z )    were calculated. From the numerical results for   R  γ γ    and   R  V V    (with   V = W , Z  ), we find that the contributions of the   U   ( 1 )  X   SSM are visible and can make these ratios larger than 1 in reasonable parameter spaces. Our numerical results are closer to the experimental data than the corresponding predictions of the SM. For the Higgs boson decays    h 0  → l  l ¯  Z   ( with  l = e ,  μ ,  τ )    studied here, the branching ratios are in the region    ( 8 ∼ 9 )  ×  10  − 4    . The branching ratios   R  (  h 0  →  ν l    ν ¯  l  Z )    ( with  l = e ,  μ ,  τ )    were also calculated, and their numerical results were around   1.6 ×  10  − 3    . For the Higgs boson decays    h 0  → l  l ¯  Z   and    h 0  →  ν l    ν ¯  l  Z   ( with  l = e ,  μ ,  τ )   , our numerical results of their branching ratios were a little greater than the results in [16]. In the order analysis, these branching ratios were not small, and they are in the detectable range of the LHC [16,32,33,34,35]. Studying the contributions of new physics to the rare decays of the Higgs boson is useful for testing the properties of the Higgs boson and searching for a new physics beyond the SM. We hope that these decays will be detected in the near future and that they will be beneficial for the study of the Higgs boson.
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Figure 1. The Feynman diagrams for    h 0  →  l ¯  l Z  . (a,b) have   h 0  -lepton-lepton vertex. (c) has    h 0  − Z − Z  (  Z ′  )    vertex and (d) has    h 0  − Z −  A 0    vertex. 
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Figure 2. For the left diagram, the lightest CP-even Higgs mass (  m  h 0   ) in the plane of   g X   versus   g  Y X   ; for the right diagram,   m  h 0    in the plane of   g X   versus   λ C  . 
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Figure 3. For the left diagram,   m  h 0    in the plane of   λ C   versus   λ H  ; for the right diagram,   m  h 0    in the plane of   λ C   versus   T  λ C   . 
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Figure 4. For the left diagram,   R  γ γ    in the plane of   g X   versus   T u  ; for the right diagram,   R  γ γ    in the plane of   λ C   versus   T u  . 
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Figure 5. For the left diagram,   R  γ γ    in the plane of   tan β   versus   g X  ; for the right diagram,   R  γ γ    in the plane of   M  Q F    versus   M  U F   . 
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Figure 6. For the left diagram,    R  V V     ( with  V = W ,  Z )    in the plane of   g X   versus   λ H  ; for the right diagram,   R  V V    in the plane of   g  Y X    versus   λ C  . 
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