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Abstract

:

The photon production by conversion of gluons   g g → γ   via quark loop in the framework of the mean-field approach to the QCD (quantunm chromodynamics) vacuum is studied here. According to the domain model of QCD vacuum, the confinement phase is dominated by Abelian (anti-)self-dual gluon fields, while the deconfinement phase is characterized by a strong chromomagnetic field. In the confinement phase, photon production is impossible due to the random spacial orientation of the statistical ensemble of vacuum fields. However, the conditions of Furry theorem are not satisfied in the deconfinement phase, the conversion of gluons is nonzero and, in addition, photon distribution has a strong angular anisotropy. Thus, the photon production in the discussed process acts as one of the important features of transition in quark-gluon plasma to the deconfinement phase.
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1. Introduction


An extremely high photon signal was detected for the first time in CERN (the European Organization for Nuclear Research, Geneva, Switzerland) experiment during heavy ion collisions [1]. The photon excess became one of the first experimental indication of quark–gluon plasma (QGP) in hadronic matter under extreme conditions. The experimental data were confirmed and refined later by PHENIX [2] and ALICE [3] experiments. In addition, photons had strong angular anisotropy which had not been predicted. This effect is called direct photon flow puzzle. In Refs. [4,5], it was shown that the strong short-living magnetic field with a singled direction is generated in collision processes of relativistic heavy ions which can lead to various observed effects. Among these effects, there are additional photonic sources which have been discussed in [6,7,8,9,10].



Here, we calculate the photon production in the conversion process of gluons,   g g → γ  , via quark loop (see Figure 1) in the presence of a homogeneous Abelian gauge field. Our calculation is based on the mean-field approach within the domain model of QCD (quantum chromodynamics) vacuum and hadronization [11,12,13]. According to this approach, in the confinement phase, the entire space is filled by the domain-structured Abelian that is almost entirely made up of homogeneous (anti-)self-dual gluon fields, whereas the chromomagnetic field dominates in the walls that separate (anti-)self–dual space areas. The quasiparticles with a color charge exist in the chromomagnetic field, and these quasiparticles are interpreted as quarks and gluons that correspond to the deconfinement phase. The described interpretation seems to be consistent with studies of lattice QCD [14]. Importantly, the short-living strong magnetic field with a singled space direction generated in heavy ion collisions is a catalyst for deconfinement [11]; that is, the magnetic field induces the long-living chromomagnetic field with the same space direction. This paper is mainly based on our earlier study [15], for which the results are outlined below.




2. Gluon Conversion in the Confinement Phase


Let us discuss the photon production in the confinement phase. According the domain model of a QCD vacuum and hadronization, this phase is dominated by a random ensemble of the Abelian (anti-)self-dual gluon field:


       B ˜   μ ν   =  1 2   ϵ  μ ν α β    B  α β   = ±  B  μ ν   ,    B ^   ρ μ     B ^   ρ ν   = 4  v 2   B 2   δ  μ ν   ,    f ^   α β   =   n ^   2 v B    B  α β   ,       v = diag   1 6  ,  1 6  ,  1 3   ,   n ^  =  t 8  =   λ 8  2  ,     



(1)




where   λ 8   is the Gell-Mann matrix and field strength B sets the scale related to the value of the scalar gluon condensate. The Greek letters denote the temporal (0) and spacial (1, 2, and 3) components.   ϵ  μ ν α β    is the Levi-Civita symbol and   δ  μ ν    is the Kronecker delta. The quark propagator with mass   m f   in the presence of the field (1) has the form [12]


      S f   ( x , y )  = exp   i 2   x μ    B ^   μ ν    y ν    H f   ( x − y )  ,        H f   ( z )  =   v B   8  π 2     ∫ 0 1    d s   s 2   exp  −   v B   2 s    z 2       1 − s   1 + s      m f 2   4 v B          ×  − i   v B  s   z μ    γ μ  ± i s   f ^   μ ν    γ ν   γ 5   +  m f    P ±  +   1 +  s 2    1 −  s 2     P ∓  +  i 2   γ μ    f ^   μ ν    γ ν   s  1 −  s 2      ,     



(2)




where the anti-Hermitean representation of Dirac matrices (  γ μ  ) in Euclidean space-time is used. x, y, and z are the space coordinates, and    P ±  = ( 1 ±  γ 5  ) / 2  , where    γ 5  = i  γ 0   γ 1   γ 2   γ 3   . Sign “±” corresponds to (anti-)self-duality of the background field (1). The invariant part   H f   of the propagator is an entire analytical function in the complex momentum plane; thus, the propagator demonstrates confinement. The amplitudes for diagrams (I,II) in Figure 1 are given by


      M  ( I )   = i e  g 2    ( 2 π )  4   δ  ( 4 )    ( p + k − q )  ∫  d 4  x  d 4  y   e  − i ( p x + k y )         ×  Tr   e  − i v B  y μ    f ^   μ ν    x ν     γ ν   t b  H  ( x )  Q  γ ρ  H  ( − y )    γ μ   t a  H  ( y − x )     ϵ μ a   ( k )   ϵ ν b   ( p )   ϵ ρ   ( q )  ,        M  ( II )   = i e  g 2    ( 2 π )  4   δ  ( 4 )    ( p + k − q )  ∫  d 4  x  d 4  y   e  − i ( p x + k y )         ×  Tr   e  − i v B  x μ    f ^   μ ν    y ν    H  ( x − y )   γ μ   t a  H  ( y )  Q  γ ρ  H  ( − x )   γ ν   t b     ϵ μ a   ( k )   ϵ ν b   ( p )   ϵ ρ   ( q )  .     











Here, g is the strong coupling constant, p and k are momenta of gluons, q is the photon momentum, e is the electron charge, Q is diagonal matrix of quark charges in units of e, vectors  ϵ  define the polarization of the gluons and photon (not to be confused with the Levi-Civita tensor   ϵ  μ ν α β   .). “Tr” denotes trace with respect to color, Dirac and flavor indices, and   〈 … 〉   denotes averaging of the amplitude over different random configurations of the background vacuum field, (anti-)self-duality and spacial orientation.



The expressions for amplitudes   M  ( I )    and   M  ( II )    differ in the sign of the phase factor:   e  i   f ^   μ ν    J  μ ν      for diagram (I) and   e  − i   f ^   μ ν    J  μ ν      for diagram (II), where   J  μ ν    is an arbitrary antisymmetric tensor. Integration over spacial direction of the background field is achieved by using the master formula [12]:


       ∏  j = 1  n   f   α j   β j     e  ± i  f  μ ν    J  μ ν      =    ( ± 1 )  n    ( 2 i )  n    ∏  j = 1  n   ∂  ∂  J   α j   β j        sin   2   J  μ ν    J  μ ν   ±  J  μ ν     J ˜   μ ν         2   J  μ ν    J  μ ν   ±  J  μ ν     J ˜   μ ν       ,     



(3)




where     J ˜   μ ν   =  1 2   ϵ  μ ν α β    J  α β     and the results of averaging over the spacial direction of the vacuum field are related to the phase sign as follows:


       ∏  j = 1  n   f   α j   β j     e  − i  f  μ ν    J  μ ν      =   ( − 1 )  n    ∏  j = 1  n   f   α j   β j     e  i  f  μ ν    J  μ ν      ,     








where n denotes the quantity of tensor    f ^   μ ν    in terms of amplitudes   M  ( I )    and   M  ( II )   .



As a consequence, the terms in the amplitude   M =  M  ( I )   +  M  ( II )     with an odd number of the field tensors    f ^   μ ν    cancel each other out because of averaging over the background vacuum field direction, while the terms with an even number of    f ^   μ ν    cancel each other out according to the Furry theorem (or charge parity). Therefore, in the confinement phase the gluon conversion does not lead to photon production.




3. Gluon Conversion and Photon Production in the Deconfinement Phase


The strong short-living magnetic field generated in relativistic heavy ion collisions is a trigger for the deconfinement phase transition, which is characterized by the long-living chromomagnetic field [11,12]. The lifetime and strength of the chromomagnetic field are related to the scalar gluon condensate,   〈  F 2  〉  . A relevance of nonzero absolute value of topological charge density (or, equivalently, the condensate   〈   ( F  F ˜  )  2  〉  ) to confinement has been discussed in recent lattice QCD studies [16,17]. Let us estimate the photon production due to the gluon conversion in the constant background chromomagnetic field. The long-living chromomagnetic field and initially generated magnetic field are co-directed [11]. For clarity, we select the third spacial axis,   x 3  , along the direction of the background (chromo)magnetic field:


       B ^   μ ν   =  n ^   B  μ ν   =  n ^  B  f  μ ν   ,   f 12  = −  f 21  = 1 ,     








all other components of   f  μ ν    are equal to zero. Respectively, we denote spacial transverse ⊥ and longitudinal ‖ coordinates and momenta (in Euclidean space-time):


      x ⊥  =   x 1  ,  x 2  , 0 , 0  ,   x  | |   =  0 , 0 ,  x 3  ,  x 4   ,   p ⊥  =   p 1  ,  p 2  , 0 , 0  ,   p  | |   =  0 , 0 ,  p 3  ,  p 4   ,     








respectively.



The quark propagator with mass   m f   including the contribution of all Landau levels in the presence of an external chromomagnetic field has the form,


     S  ( x , y )  = exp  −  i 2   x ⊥ μ    B ^   μ ν    y ⊥ ν    H f   ( x − y )  ,        H f   ( z )  =    B |   n ^   |    16  π 2     ∫ 0 ∞    d s  s    coth ( B |   n ^   | s )  −  σ  ρ λ    f  ρ λ    exp  −  m f 2  s −  1  4 s    z  | |  2  −  1  8 s     B |   n ^   | s coth ( B |   n ^   | s )  + 1   z  ⊥  2           m f  −  i  2 s    γ μ   z  | |  μ  −  1 2   γ μ    B ^   μ ν    z  ⊥  ν  −  i  4 s     B |   n ^   | s coth ( B |   n ^   | s )  + 1   γ μ   z ⊥ μ   ,        σ  ρ λ   =  i 2    γ ρ  ,  γ λ   .     



(4)







After the evaluation of trace and integration over spacial variables, one obtains the expression for the amplitude   M =  M  ( I )   +  M  ( II )    :


     M =  M  ( I )   +  M  ( II )   = i   ( 2 π )  4   δ  ( 4 )    ( p + k − q )   g 2  e  ∑ l   F  μ ν ρ  l   ( p , k )   F l   ( p , k )   δ  a 8    δ  b 8    ϵ μ a   ( k )   ϵ ν b   ( p )   ϵ ρ   ( q )  ,     



(5)




where    F  μ ν ρ  l   ( p , k )    denotes the tensor structure,    F l   ( p , k )    denotes the form factor (some of   F l   are shown in Figure 2). The full expression for each of the tensors and form factors can be found in our recent study [15].



The details of the calculation of the on-shell amplitude squared   T  ( p , k )  =   | M |  2    (analytical continuation to Minkowsky space, integration of quark proper time s) are given in Ref. [15]. Let us now turn attention to a brief description of the results. The squared amplitude   T ( p , k )   for photon production by gluon conversion   g g → γ   in the limit of a strong field, alongside massless quarks with the lowest (LLL) and first Landau levels (1LL) as the propagators [8] take the form


     T  ( p , k )  =   2 α  α  s  2     N c  π    q f 2    Tr  n ^    2  p  ⊥  2  +  k  ⊥  2  +  p ⊥   k ⊥   exp  −    p  ⊥  2  +  k  ⊥  2  +  p ⊥   k ⊥     |   q f   B el  +  n ^   B |     ,     



(6)




where   B el   is the strength of the magnetic field, B is the strength of the chromomagnetic field,  α  and   α s   are the electromagnetic and strong coupling constants, respectively,   N c   is the colors quantity,   Tr  n ^    denotes the color trace, and   q f   is the quark charge in units of electron charge. As one can see from the dependence of the squared amplitude,   T ( p , k )  , in Figure 3, the chromomagnetic field (dotted line) enhances the conversion at small transverse momenta,   p ⊥  , in comparison with the pure magnetic field (dashed line). As mentioned above, the strength of the chromomagnetic field is much greater than the magnetic one [11] since the lifetime and strength of chromofield are related to the scalar gluon condensate,   〈  F 2  〉  . Therefore, we also expect an increase in the photon production probability for a wide range of momenta (solid line).



One can check the dependence of the squared amplitude   T ( p , k )   for massive and massless quarks in the specific range of gluon momenta    k ⊥ 2  =  p ⊥ 2  < 3  m f 2  / 2  . The full expression for   T ( p , k )   in the case of massive quarks and the details related to the limit of gluon momenta can be found in Ref. [15]. From Figure 4, One can see that an increase in the quark mass leads to a result that differs from the massless case. Additionally, the expansion of the propagator in Landau levels is not correct for the strange quark.



The invariant photon energy distribution in the presence of chromomagnetic and magnetic fields takes the form [8]:


      1  2 π  ω q      d N   d  ω q    = ν Δ τ   α  α s 2  π   2  N c    ( 2 π )  6   ω q     q f 2    Tr  n ^    ∫ 0  ω q   d  ω p   2  ω p 2  +  ω q 2  −  ω p   ω q     e  −  g f B   (  ω p  ,  ω q  )            I 0    g f B   (  ω p  ,  ω q  )   −  I 1    g f B   (  ω p  ,  ω q  )     n  (  ω p  )   n ( |   ω q  −  ω p   | )   ,     



(7)




where


   g f B   (  ω p  ,  ω q  )  =    ω p 2  +  ω q 2  −  ω p   ω q     2 |   n ^  B +  q f   B el   |    ,  n  ( ω )  =  η   e  ω /  Λ s    − 1   ,  








and   I 0   and   I 1   are the modified Bessel functions of the first kind.  η  represents the high gluon occupation factor and   Λ s   is the   Λ QCD  . The factor   ν Δ τ   is obtained by squaring the delta function for energy-momentum conservation in the amplitude. Some arguments and comments about the numerical values of the parameters   ν ,  Δ τ ,  η ,   Λ s    can be found in Ref. [10]. The comparison of the differential energy distribution (7) for generated photons in the background magnetic,   B el  , and chromomagnetic, B, fields is shown in Figure 5. One can see that the chromomagnetic field (dotted line) enhances the effect in comparison with the pure magnetic field (dashed line) with the same strength. We also expect a significant increase in the photon signal due to the high strength of the chromomagnetic field, which is determined by gluon condensate (solid line).




4. Conclusions


In conclusion, we notice that the gluon conversion process   g g → γ   via quark loop is a feature of the confinement–deconfinement transition in hadronic matter under extreme conditions, QGP. In the confinement phase, the production of photons is impossible due to the random spacial orientation of the statistical ensemble of (anti-)self-vacuum gluon fields. However, the conditions of the Furry theorem are not satisfied in the deconfinement phase and the gluon conversion is nonzero. In addition, photon distribution has a strong angular anisotropy since the production amplitude retains the singled direction of the external magnetic and chromomagnetic fields. This anisotropy may be related to the direct photon flow puzzle.



As shown in Figure 3 and Figure 5, the chromomagnetic field enhances photon production in comparison with the pure magnetic field with the same strength. We also expect a significant increase in the photon signal due to the high strength and longer lifetime of the chromomagnetic field in comparison with the magnetic one. It is clearly seen from Figure 4 that an increase in the quark mass leads to a result which is very different from the case of massless quarks, and the expansion of the propagator in Landau levels is not correct for the strange quark.
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Figure 1. The diagrams of process   g g → γ   via quark loop in the presence of homogeneous Abelian gauge field. p and k are momenta of gluons   Q b   and   Q a   respectively, q is the photon (  A ρ  ) momentum. The closed arrows inside the triangle diagrams (I,II) indicate the direction of quark loop momentum. See text for more details. 
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Figure 2. Some form factors, such as the function of transverse gluon momenta,    p ⊥ 2  =  k ⊥ 2   , for longitudinal momenta,    p  | |  2  =  k  | |  2  = 1  . Dimensionless notations    p 2  =  p 2  / B   and    k 2  =  k 2  / B   are used, form factors    F l   ( p , k )    are dimensionless. See [15] for the detailed form of    F  μ ν ρ  l   ( p , k )    and    F l   ( p , k )   . 
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Figure 3. The squared amplitude,   T ( p , k )   (6), as a function of gluon momenta for    k ⊥ 2  =  p ⊥ 2   . The dashed line corresponds to the pure magnetic field,   B el   [8], dotted and solid lines represent the case of a pure chromomagnetic field B with different strengths. The mass of the pion,   m π  , is chosen as the scale. Dimensionless notation    p ⊥ 2  =  p ⊥ 2  / B   is used. The quarks are considered massless. 
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Figure 4. The squared amplitude (6) taking into account all Landau levels for different quark masses   m f   [15] at gluon momenta    k ⊥ 2  =  p ⊥ 2  < 3  m f 2  / 2   and the case of massless quarks. The chromomagnetic field strength   B = 4  m π 2    and magnetic field    B  e l   = 0  . Dimensionless notation    p ⊥ 2  =  p ⊥ 2  / B   is used. 
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Figure 5. Differential energy distribution of the generated photons for a pure magnetic field   B el   (dashed line) and pure chromomagnetic field B (the dotted and solid lines). 
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