arXiv:1306.1239v1 [hep-th] 5 Jun 2013

Preprint typeset in JHEP style - HYPER VERSION

Self-energies on deformed spacetimes

R. Horvat^1, A. Ilakovac^2, J. Trampetić^{1,3} and J. You^1

1. Rudjer Bošković Institute, P.O.Box 180, HR-10002 Zagreb, Croatia 2. Faculty of Science, University of Zagreb, Bijenička 32 Zagreb, Croatia 3. Max-Planck-Institut für Physik, (Werner-Heisenberg-Institut), Föhringer Ring 6, D-80805 München, Germany E-mail: raul.horvat@irb.hr, ailakov@rosalind.phy.hr, josipt@rex.irb.hr ,

youjiangyang@gmail.com

Abstract: We study one-loop photon and neutrino self-energies on spaces deformed by the spacetime noncommutativity, in U(1) gauge-theory in four and two dimensions. Closed form results in four-dimensions show that both self-energies contain a hard ultraviolet divergence, different power ultraviolet/infrared mixing terms, as well as a softened logarithmic infrared divergent term of the type ln(μ^2(θp)^2). In two-dimensional space, all divergences from certain planar plus non-planar graphs for both the photon and neutrino two-point functions are eliminated with the unique choice of deformation freedom parameter κ_f = 1. In this case for photon self-energy we have found solely finite planar diagram contribution: −2e^2/π, while the contribution to the neutrino self-energy does vanish.

Keywords: Nonperturbative Effects, Photon and Neutrino Physics, Non-Commutative Geometry.

Contents

1. Introduction 1

2. Actions and Feynman rules 3

3. One-loop self-energies 4 3.1 Photon two-point function: Fermion-loop contribution 4 3.1.1 Two-point function in the D → 4 limit 5 3.1.2 Two-point function in the D → 2 limit 5 3.2 Neutrino two-point function 6 3.2.1 Loop in the D → 4 limit 7 3.2.2 Loop in the D → 2 limit 8

4. Discussion and conclusions 8

5. Acknowledgment 10

A. Integral parametrization 10

1. Introduction

Following the suggestions from string theory it becomes interesting to study gauge invariant couplings of the known fields together with a certain antisymmetric background tensor θ^{μν} . Specific subset is found for D-Brane effective action through the observation of the invariance under a deformed gauge symmetry where normal product of fields is replaced by the noncommutative (NC) star(⋆)-product [1]. So one can say that noncommutative deformation is implemented by replacing the usual dotted product of a pair of fields ϕ(x) and ψ(x) by a ⋆-product (ϕ ⋆ ψ)(x) in any action. The specific Moyal-Weyl ⋆-product is relevant for the case of a constant antisymmetric noncommutative deformation tensor θ^{μν} and is defined as follows: (ϕ ⋆ ψ)(x) = e^{i2 θμν ∂ημ ∂ξν} ϕ(x + η)ψ(y + ξ) | η,ξ→0 . (1.1) Considering coordinates x^μ as the hermitian operators x̂^μ [2], the coordinate commutation relation is then realized by the following ⋆-commutator

[x̂^μ, x̂^ν ] = [x^{μ ⋆}, x^ν ] = iθ^{μν} , |θ^{μν} | = 1 Λ^2_{NC}

, (1.2)

with Λ^2_{NC} being the scale of noncomutativity. Such a structure arises naturally from geometrical motivations in the branch known as noncommutative geometry [3, 4]. It is

– 1 – reasonable to expect that the new underlying mathematical structures in noncommutative field theories could lead to profound observable consequences for low energy physics. This is realized by the perturbative loop computation first proposed by Filk [11]. Consider famous examples of running of the coupling constant in the U(1) NCGFT in the ⋆-product formalism [5], and the exhibition of fascinating dynamics due to the celebrated ultraviolet/infrared (UV/IR) phenomenon, without [6, 7], and with the Seiberg-Witten map (SW) [8, 9, 10] included. Precisely, in [6, 7] it was shown for the first time how UV short distance effects, considered to be irrelevant, could alter the IR dynamics, thus becoming known as the UV/IR mixing. Some significant progress on UV/IR mixing and related issues has been achieved [12, 13, 14, 15, 16] while a proper understanding of loop corrections is still sought for.

Since local gauge transformations do not commute with ⋆-products, it is important to note that the above procedure introduces field operator ordering ambiguities and also breaks ordinary gauge invariance in the naive sense. However both the commutative gauge symmetry and the deformed noncommutative gauge symmetry describe the same physical system, therefore they are expected to be equivalent. This disagreement is remedied by a set of nonlocal and highly nonlinear field redefinitions called Seiberg-Witten map [1]. It appeared then relevant to study ordinary gauge theories with the additional couplings inspired by the SW map included. To include a reasonably relevant part of all SW map inspired couplings, one normally calls for an expansion and cut-off procedure, that is, to expansion of the action in powers of θ^{μν} [17, 18, 19, 20]. Next follows theoretical studies of one loop quantum properties [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32], as well as studies of some new physical phenomena, like breaking of Landau-Yang theorem, [33, 34, 35, 36, 37, 38, 39, 40], etc.

In this work, however, we formulate the model employing formal powers of fields [41, 42, 43, 44, 45, 46, 47], aiming, at the same time, at keeping the nonlocal nature of the modified theory. Introduction of a nonstandard momentum dependent quantity of the type sin^2(pθk/2)/(pθk/2)^2 into the loop integrals makes these theories drastically different from their θ-expanded cousins, being thus interesting for pure field theoretical reasons. We also introduce deformation freedom parameters (ratios) in our action for their effects on certain divergence cancelations shown in θ-expanded models [26, 27].

In this article we obtain closed form results for one-loop fermionic-contributions to the photon and neutrino propagators in the adjoint representation of U_⋆(1) gauge group [9]. In the evaluation using dimensional regularization technique we combine parametrization of Schwinger, Feynman, and modified heavy quark effective theory parameterization (HQET) [48]. Neutrino and photon two-point functions are functions of the unspecified number of integration dimensions D. We explore subsequently the two limits, D → 4 and D → 2.

Two-dimensional noncommutative gauge field theories (2d NCGFT) deserve nonetheless special attention. They are interesting in their own right because of relative simplicity and because in two-dimensions noncommutativity does not break gauge and Lorentz invariance:

[x̂^μ, x̂^ν ] = [x^{μ ⋆}, x^ν ] = iθ^{μν} = i ε^{μν} Λ^2_{NC}

. (1.3)

– 2 –

Hence gauge bosons stay massless. Two-dimensional noncommutative Schwinger model [49] was analyzed recently [50]. Results at one-loop show that the mass spectrum of commutative and noncommutative theories is the same.

The article is structured as follows: In the following section we describe SW map freedom induced actions, giving also the relevant Feynman rules. Section 3 is devoted to computation of the one-loop fermionic contribution to the photon and neutrino selfenergies. Section 4 is devoted to discussion and conclusions. Computational scheme of the nontrivial loop-integrals is given in the appendix.

2. Actions and Feynman rules

We consider a U(1) gauge theory with a neutral fermion which decouples from the gauge boson in the commutative limit. The minimal gauge invariant nonlocal interaction includes the gauge boson self-coupling as well as the fermion-gauge boson coupling, denoted here as S_g and S_f , respectively:

S = S_{U(1)} + S_g + S_f . (2.1)

Expressing all gauge fields in the action in terms of commutative U(1) field strengths f_{μν} = ∂_μa_ν − ∂_ν a_μ, we obtain the following manifestly gauge invariant expressions:^1

S_{U(1)} = ∫ − 1 4 f_{μν} f^{μν} + iψ̄/∂ψ , (2.2) S_g = ∫ θ^{ij}f^{μν} (κ_g 4 f_{ij} ⋆_2 f_{μν} − f_{μi} ⋆_2 f_{νj} ) , (2.3)

S_f = − ∫ iθ^{ij}ψ̄γ^μ ( 1 2 f_{ij} ⋆_2 ∂_μψ − κ_f f_{μi} ⋆_2 ∂_j ψ ) , (2.4)

with the ⋆_2-product being defined as functional ⋆-commutator:

ϕ(x) ⋆_2 ψ(x) = [ϕ(x)^⋆, ψ(x)] = sin^{∂1θ∂2}_2

∂_1θ∂_2 2 ϕ(x_1)ψ(x_2) | | x_1=x_2=x

. (2.5)

Note that the above interactions could be obtained by a θ-exact gauge-invariant extraction from the U_⋆(1) model. Two parameters κ_g and κ_f are introduced as a measure of the deformation freedom in S_g and S_f respectively. Since S_g and S_f are both gauge invariant by themselves, one can incorporate either or both of them into the full Lagrangian. In the rest of this work, we choose to turn off S_g, for simplicity.

From S_f the fermion-photon vertex reads as follows

Γ^μ_{κf} (k, p) = sin^{kθp}_2 kθp 2 V^μ_{κf} (k, p) = sin^{kθp}_2 kθp 2 [ κ_f ( /k(θp)^μ − (kθp)γ^μ ) − /p(θk)^μ ] , (2.6)

where k is the photon incoming 4-momenta, and the fermion 4-momentum p flows through the vertex, as it should.

1In the following we discuss the model construction for the massless case, and set e = 1. To restore the coupling constant one simply substitutes aμ by eaμ and then divides the gauge-field term in the Lagrangian by e^2. Coupling constant e, carries (mass) dimension (4 − d)/2 in d dimensions.

– 3 –

Figure 1: Fermion-loop contribution to the photon two-point function

3. One-loop self-energies

3.1 Photon two-point function: Fermion-loop contribution The fermion loop contribution (Fig. 1) as a function of κ_f reads

Π^{μν}_{κf} (p) = −tr μ^{4−D} ∫ d^Dk (2π)^D Γ^μ_{κf} (−p, p + k) i(/p + /k) (p + k)^2 Γ^ν_{κf} (p, k) i/k k^2

. (3.1)

The momentum structure is encoded in tr μ^{4−D} V^μ_{κf} (−p, p + k)(/p + /k)V^ν_{κf} (p, k)/k. (3.2) After considerable amount of computation we have found the following structure:

Π^{μν}_{κf} (p) = 1 (4π)^2 [ (g^{μν} p^2 − p^μp^ν )F_1(κ_f ) + (θp)^μ(θp)^ν F_2(κ_f ) ] , (3.3)

with the loop-coefficients F_i(κ_f )

F_1(κ_f ) = −16κ^2_f (4πμ^2)^{2− D2} [ Γ ( 2 − D 2 )(Γ( D_2 ))^2

Γ(D)

(p^2)^{D2 −2}

− 2^{D2 −1} ( (θp)^2 p^2

)_{1−} D_4 ∫_1 0 dx ( x(1 − x) ) D_4 K D_{2 −2} ( X ) ] , (3.4)

F_2(κ_f ) = κ_f (4πμ^2)^{2− D2} [ 4 ( κ_f − 1 )( 4 (θp)^2

) D_2 2Γ( D_2 ) D − 1 − κ_f 2^{3+ D2} ( (θp)^2 p^2

)_− D_4 ∫_1 0 dx ( x(1 − x) ) D_4 K D_2 ( X ) ] , (3.5)

and X is a new dimensionless variable, X = √ x(1 − x)p^2(θp)^2. (3.6)

– 4 –

The single finite term in (3.5), presenting an additional correction from the SW map induced deformation, vanishes only for κ_f = 1.

It is straightforwardly to see that the tensor structure (3.3) does satisfy the Ward (Slavnov-Taylor) identity by itself, therefore

p_μΠ^{μν}_{κf} (p) = p_ν Π^{μν}_{κf} (p) = 0. (3.7)

3.1.1 Two-point function in the D → 4 limit In the limit D → 4, the loop-coefficients can be expressed in the following closed forms:

F_1(κ_f ) = − κ^2_f 8 3 [ 2 ϵ + γ_E + ln π + ln ( μ^2(θp)^2 ) ]

+ 4k^2_f p^2(θp)^2 ∞∑ k=0 (k + 2)(p^2(θp)^2)^k 4^kΓ[2k + 6] · [ (k + 2) ( ln ( p^2(θp)^2 ) − ψ(2k + 6) − ln 4 ) + 2 ] ,

(3.8)

F_2(κ_f ) =κ_f 8 3 p^2 (θp)^2 [ κ_f − 8 ( κ_f + 2 ) 1 p^2(θp)^2 ]

− 4κ^2_f p^4 ∞∑ k=0 (p^2(θp)^2)^k 4^kΓ[2k + 6] · [ (k + 1)(k + 2) ( ln ( p^2(θp)^2 ) − 2ψ(2k + 6) − ln 4 ) + 2k + 3 ] .

(3.9)

The above expressions for F_i(κ_f )’s contain contributions both from the planar as well as from the non-planar integrals. All of the above divergences could be removed by the choice κ_f = 0, as in that case the whole general amplitude vanishes.

3.1.2 Two-point function in the D → 2 limit By setting the D → 2 instead of the D → 4 limit in (3.4) and (3.5), we are able to compare our results with the results of [52], obtained in a simple model of 2d NCGFT.

In two dimensions the totally antisymmetric tensor is up to a constant factor unique and rotationally invariant, so the two tensor structures appearing in (3.3) coincide g^{μν} p^2 − p^μp^ν p^2 = (θp)^μ(θp)^ν (θp)^2

. (3.10)

Summing the two terms in (3.3) makes the modified Bessel function integrals from (3.4) and (3.5) to cancel each other for arbitrary κ_f , leaving the total amplitude with the term^2

Π^{μν}_{κf} (p) = 1 (4π)^2 ( g^{μν} p^2 − p^μp^ν ) [ 4π 8 p^2 κ_f ( κ_f − 2 ) ] . (3.11)

2When extrapolating dimension D to D → 2 in Eq’s (3.4) and (3.5), due to the change of Clifford algebra dimension, the loop-coefficients Fi(κ_f ) have to be divided by two.

– 5 –

Figure 2: Bubble-graph contribution to the neutrino two-point function

In the limit κ_f → 0, we clearly have g_{μν} Π^{μν}_0 (p) = 0.

Taking the limit κ_f → 1, and restoring the coupling constant e, we have found vacuum polarization to be finite:^3

g_{μν} Π^{μν}_{κf} (p) | |_{κf =1} = −

2e^2 π . (3.12)

Considering non-planar contributions from the fermion-loop to the photon self-energy, our analysis shows a cancellation of the modified Bessel function integrals from (3.4) and (3.5) for arbitrary κ_f . This actually represents a cancellation of non-planar graphs.

3.2 Neutrino two-point function

One-loop contributions as a function of κ_f receive the same Lorentz structure as in [10, 53]. We now reconfirm that by using the action (2.1) together with the Feynman rule (2.6), out of four diagrams in Fig. 2 of [10], only the bubble graph (Fig. 2) gives nonzero contribution. In the present scenario its contribution reads

Σ_{κf} (p) = − 1 (4π)^2 [ γ_μp^μ N_1(κ_f ) + γ_μ(θθp)^μ N_2(κ_f ) ] . (3.13)

3A factor −2 difference between the result of our work and that in [52] comes from slightly different definitions of planar graph employed.

– 6 –

3.2.1 Loop in the D → 4 limit

For arbitrary κ_f in the limit D → 4 we have obtained the following loop-coefficients:

N_1(κ_f ) = κ_f {{[ 2κ_f + ( κ_f − 1 )(2 ϵ + γ_E + ln π + ln ( μ^2(θp)^2 ))]

− p^2(θp)^2 4 ∞∑ k=0 (p^2(θp)^2)^k 4^kk(k + 1)(2k + 1)^2(2k + 3)Γ[2k + 4] · [ k(k + 1)(2k + 1)(2k + 3) ( κ_f (2k + 3) − 1 )( ln ( p^2(θp)^2 ) − 2ψ(2k) − ln 4 )

+ 3 + 28k + 46k^2 + 20k^3 − κ_f ( 2k + 3

)_2(

1 + 8k + 8k^2 ) ]}

+ (trθθ) { p^2 (θp)^2 [ 2 ϵ + 2 + γ_E + ln π + ln ( μ^2(θp)^2 ) + 8 ( κ_f − 1 ) 3κ_f (θp)^2p^2 ]

− p^4 4 ∞∑ k=0 (p^2(θp)^2)^k 4^kk(k + 1)(2k + 1)^2(2k + 3) [ k(k + 1)(2k + 1)(2k + 3) · ( ln ( p^2(θp)^2 ) − 2ψ(2k) − ln 4 ) − 2k ( 14 + k(23 + 10k) ) − 3 ]}

+ (θθp)^2 { 2 p^2 (θp)^4 [ 2 ϵ + 1 + γ_E + ln π + ln ( μ^2(θp)^2 ) + 16 ( κ_f − 1 ) 3κ_f (θp)^2p^2 ]

+ p^4 2(θp)^2 ∞∑ k=0 k(p^2(θp)^2)^k (k + 1)(2k + 1)^2(2k + 3)Γ[2k + 4] [( (k + 1)(2k + 1)(2k + 3)

· ( ln ( p^2(θp)^2 ) − 2ψ(2k) − ln 4 ) + 16k^2 − 34k − 17 )]}} , (3.14)

N_2(κ_f ) = − κ_f p^2 (θp)^2 { 4 + ( κ_f − 1 )[2 ϵ + γ_E + ln π + ln ( μ^2(θp)^2 )] − 16 ( κ_f − 1 ) 3(θp)^2p^2 − p^2(θp)^2 4 ∞∑ k=0 (p^2(θp)^2)^k 4^kk(k + 1)(2k + 1)^2(2k + 3)Γ[2k + 4] { k(1 + k)(1 + 2k)(3 + 2k) · ( 1 + 3k_f + 2 ( k_f + 1 ) k )( ln ( p^2(θp)^2 ) − 2ψ(2k) − ln 4 ) − [ 3 + 9κ_f

+ 4k ( 7 + 21κ_f + ( 20 + 43κ_f + 2k ( 11 + 4k + 4κ_f (4 + k) )) k )]}} . (3.15)

In the expressions for N_i(κ_f )’s contributions from both the planar as well as the non-planar graphs are present. For any κ_f ≠ 1 our neutrino self energy receive hard UV, and power as well as logarithmic UV/IR mixing terms. Choosing κ_f = 1 eliminates some of divergences, but not all of them.

– 7 –

3.2.2 Loop in the D → 2 limit In the D → 2 limit, we can employ the following identities

p^μ = − p^2 (θp)^2 (θθp)^μ, trθθ = −2 (θθp)^2 (θp)^2

, (3.16)

and, after restoring the coupling constant e, obtain the following neutrino self-energy

Σ_{κf} (p) = − 1 (4π)^2 γ_μp^μ [ 4π −e^2 p^2

N(κ_f ) ] . (3.17)

For arbitrary κ_f the above loop-coefficient N(κ_f ) has the IR safe structure:

N(κ_f ) = − 4 ( κ_f − 1 ){( κ_f − 2 ) + 4 ( κ_f − 1 ) p^2 (θp)^2 ∞∑ k=1 (k + 1)(p^2)^k((θp)^2)^k 4^k(2k + 1)^2(2k + 3)^2Γ[2k + 3] · [ (k + 1)(2k + 1)(2k + 3) ( ln ( p^2(θp)^2 ) − 2ψ(2k + 2) − ln 4 ) − ( 4k^2 + 8k + 5 ) ]} . (3.18)

Here we observe that the commutative limit is safe, the IR divergence can be removed when κ_f = 2, and the whole amplitude vanishes for κ_f = 1.

4. Discussion and conclusions

In this article we present a θ-exact evaluation of the fermion-part contribution to the photon and neutrino propagators, i.e. the fermion-part of the one-loop photon and neutrino selfenergies. In particular we have evaluated both two-point functions as a function of the deformation freedom parameter κ_f in the fermion sector. Our method, as an extension of the modified Feynman rule procedure [11] yields the one-loop quantum corrections in closed form as functions of κ_f as well as momentum p^μ and noncommutative parameter θ^{μν} . We observe the following general behavior of one-loop two-point functions in the D → 4 limit: The expressions for both the photon (3.3) and the neutrino (3.13) self-energy contain a hard 1/ϵ ultraviolet term, the celebrated ultraviolet/infrared mixing power terms as well as a logarithmic (soft) UV/IR mixing term. The 1/ϵ divergence is always independent of the noncommutative scale. The logarithmic terms from the ϵ-expansion and the modified Bessel function integral sum into a common term ln(μ^2(θp)^2), which is divergent both in the |p| → 0 and θ → 0 limit.

Our results for fermion-loop contribution to the photon self-energy (3.3) contain tensor structures identical to [54, 55]. The loop-coefficients F_{1,2}(κ_f ), on the other hand, exhibit nontrivial κ_f dependence. Namely, in the limit κ_f → 0 =⇒ F_1 = F_2 = 0, thus the photon self-energy (3.3) vanishes. For general κ_f , we observe the existence of 1/ϵ divergence in F_1(κ_f ) only, which is by default absorbed by suitable counter-terms, as in the commutative QED. The loop-coefficient F_2(κ_f ) is only IR divergent, with the leading order power IR divergence removable for κ_f = −2.

– 8 – κ_f = 0 κ_f = 1 κ_f = 2

g_{μν} Π^{μν}_{κf} (p) 0 −2e^2π 0

/p Σ_{κf} (p) −2e^2π − f(p, θ) 0 −f(p, θ)

Table 1: Photon (Π) and neutrino (Σ) self-energies in 2d NCGFT given for three typical values of the deformation parameter κ_f . The function f(p, θ) can be easily deduced from Eqs (3.17) and (3.18).

Considering neutrino self-energy (3.13), we have already discussed questions regarding unitarity [56], as well as UV/IR mixing [9]. Discussions regarding behavior in the commutative limit (θ → 0), the IR limit (|p| → 0) and the vanishing size-of-the-object limit (|θp| → 0), including neutrino propagation properties, were presented in [10]. Here we discuss some novel behaviors associated with general κ_f . The neutrino self-energy does posses power UV/IR mixing phenomenon for any value of κ_f , except κ_f = 1. In the limit κ_f → 0 all UV, IR divergent terms as well as constant terms in N_{1,2}(κ_f ) vanish; what remains are only the power UV/IR mixing terms. The UV divergence can be localized using the special θ value [9, 10] in N_1 but not in N_2. The UV and the power IR divergence in N_2 can be removed by setting κ_f = 1.

Employing a simple massless on-shall constraint p^2 = 0 on our loop-coefficients for both photon and neutrino self-energies, we found that all the expressions (3.8,3.9) and (3.14,3.15) get simplified. However all pathological terms remain, suggesting the inclusion of the counter-terms. Consequently, dispersion relations are expected to be modified.

Following the idea of noncommutative two-dimensional gauge theories [49, 50, 52] we have also studied the integration dimension D dependence of the loop integrals. The analysis for the photon two-point function reveals a result for g_{μν} Π^{μν} which is finite: −2e^2/π or zero, for the freedom parameter κ_f = 1 or κ_f = 0, 2, respectively. Cancellation of the modified Bessel function integrals in (3.4) and (3.5) represents in fact the cancellation of non-planar graphs. The nontrivial variation with respect to κ_f is however a consequence of summing over additional special function integrals which generalize the non-planar graphs in [52].

Analysis of two-dimensional behavior of the neutrino two-point function shows that Eq. (3.17) is divergent in the infrared (|p| → 0) for arbitrary κ_f . However, for arbitrary κ_f the commutative limit (θ → 0) and the size-of-the-object limit (|θp| → 0) are both smooth. Also there is no UV/IR mixings for any κ_f ≠ 1. In this case, as we have already mentioned Σ_{κf} (p) exhibits a singular behavior in the infrared (|p| → 0), which could be eliminated for κ_f = 2.

All above 2d NCGFT properties are summarized in Table 1. Note that the function f(p, θ) behaves regularly in all limits: the IR (|p| → 0), the commutative one θ → 0, and

– 9 – in the size-of-the-object limit (|θp| → 0). In total, as we expected in the D → 2 limit, all divergences from planar plus non-planar graphs to both the photon and the neutrino two-point functions are eliminated by choosing κ_f = 1. In the photon self-energy case only a single finite term −2e^2/π remains. This way we have shown explicitly the influence of the deformation freedom to the noncommutative quantum-loop effects even in two dimensions. The profound structures in 2d NCGFT suggest certain worthiness of follow-on studies. Besides other possibilities it may be interesting to study it in the gauge/gravity duality framework [57], like what has been done in four dimensions [58, 59, 60].

At the end notice that we have not yet included a photon-loop contribution to the photon self-energy, where we do expect another deformation freedom dependence, manifesting through a different parameter κ_g. Since the deformed pure U(1) gauge theory is nontrivial by itself due to the presence of gauge boson self-interaction, the bosonic one-loop contribution to the photon self-energy is going to be presented in an independent article coming soon. The existence of new tensor/spinor structures and nontrivial loop-coefficients also suggests that there may be certain modification to the particle dispersion relation(s). However, owing to the limited scope of this paper, an analysis of photon dispersion, and an extension of the analysis of neutrino propagation in [10], is going to be given elsewhere.

5. Acknowledgment

J.T. would like to acknowledge support of Max-Planck-Institute for Physics, Munich, for hospitality, and J. Erdmenger and W. Hollik for fruitful discussions. We would like to thank D. Kekez for computer support, C.P. Martin and P. Schupp for various helpful comments on the manuscript. A great deal of computation was done by using Mathematica 8.0 [62] plus tensor algebra package xAct [63]. The work of R.H., J.T. and J.Y. are supported by the Croatian Ministry of Science, Education and Sports under Contract Nos. 098-0982930- 2872. The work of A.I. is supported by the Croatian Ministry of Science, Education and Sports under Contracts Nos. 119-0982930-1016.

A. Integral parametrization

In this part we illustrate the way we have performed the computation of the integrals which differ from regular ones by the existence of a non-quadratic kθp denominators. The key point was to introduce the HQET parametrization [48], represented as follows 1 a^{n1}_1 a^{n2}_2 = Γ(n_1 + n_2) Γ(n_1)Γ(n_2) ∫_∞ 0 i^{n1} y^{n1−1}dy (ia_1y + a_2)^{n1+n2}

. (A.1)

To perform computations of our integrals, we first use the Feynman parametrization on the quadratic denominators, then the HQET parametrization help us to combine the quadratic and linear denominators. For example 1 k^2(p + k)^2 1 kθp = 2i 1∫ 0 dx ∞∫ 0 dy 1 [ (k^2 + iϵ)(1 − x) + ( (p + k)^2 + iϵ ) x + iy(kθp) ]_3 .(A.2)

– 10 –

After employing the Schwinger parametrization, the phase factors from (2.6) can be absorbed by redefining the y integral. This way we obtain 2 − e^{ikθp} − e^{−ikθp} k^2(p + k)^2(kθp)

· {numerator} = 2i 1∫ 0 dx 1 λ∫ 0 dy ∞∫ 0 dλλ^2e^{−λ} (_{l2+x(1−x)p2+ y2} 4 (θp)^2 )

· {y odd terms of the numerator}, (A.3)

with loop-momenta being l = k + xp +^i_2 y(θp). By this means the y-integral limits take the places of planar/nonplanar parts of the loop integral. For higher negative power(s) of kθp, the parametrization follows the same way except the appearance of the additional y-integrals which lead to finite hypergeometric functions [61].

References

[1] N. Seiberg and E. Witten, String theory and noncommutative geometry, JHEP 09 (1999) 032, [hep-th/9908142].

[2] R. Jackiw and S. Y. Pi, Covariant coordinate transformations on noncommutative space, Phys. Rev. Lett. 88 (2002) 111603, [arXiv:hep-th/0111122].

[3] A. Connes, Noncommutative Geometry, Academic Press London (1994).

[4] J. Madore, An Introduction to Noncommutative Differential Geometry and its Physical Applications, 2nd Eddition (Cambridge University Press, 1999).

[5] C.P. Martin, D. Sanchez-Ruiz, The One-loop UV Divergent Structure of U(1) Yang-Mills Theory on Noncommutative R^4, Phys. Rev. Lett. 83 (1999) 476–479, [hep-th/9903077].

[6] S. Minwalla, M. Van Raamsdonk and N. Seiberg, Noncommutative perturbative dynamics, JHEP 0002, 020 (2000).

[7] A. Matusis, L. Susskind, and N. Toumbas, The IR/UV connection in the non-commutative gauge theories, JHEP 12 (2000) 002, [hep-th/0002075].

[8] P. Schupp and J. You, UV/IR mixing in noncommutative QED defined by Seiberg-Witten map, JHEP 08 (2008) 107, [0807.4886].

[9] R. Horvat, A. Ilakovac, J. Trampetic and J. You, On UV/IR mixing in noncommutative gauge field theories, JHEP 12 (2011) 081, arXiv:1109.2485 [hep-th].

[10] R. Horvat, A. Ilakovac, P. Schupp, J. Trampetic and J. You, Neutrino propagation in noncommutative spacetimes, JHEP 1204 (2012) 108 [arXiv:1111.4951 [hep-th]].

[11] T. Filk, Divergencies in a field theory on quantum space, Phys. Lett. B376 (1996) 53–58.

[12] H. Grosse and R. Wulkenhaar, Renormalization of ϕ^4 theory on noncommutative R^4 in the matrix base, Commun. Math. Phys. 256 (2005) 305–374, [hep-th/0401128].

[13] J. Magnen, V. Rivasseau and A. Tanasa, Commutative limit of a renormalizable noncommutative model, Europhys. Lett. 86 (2009) 11001, [arXiv:0807.4093 [hep-th]].

[14] D. N. Blaschke, H. Grosse, E. Kronberger, M. Schweda and M. Wohlgenannt, Loop Calculations for the Non-Commutative U^⋆(1) Gauge Field Model with Oscillator Term, Eur. Phys. J. C 67 (2010) 575 [arXiv:0912.3642 [hep-th]].

– 11 –

[15] D. N. Blaschke, A New Approach to Non-Commutative U_⋆(N) Gauge Fields, Europhys.

Lett. 91 (2010) 11001 [arXiv:1005.1578 [hep-th]].

[16] S. Meljanac, A. Samsarov, J. Trampetic and M. Wohlgenannt, Scalar field propagation in the ϕ^4 kappa-Minkowski model, JHEP 12 (2011) 010, arXiv:1111.5553 [hep-th].

[17] X. Calmet, B. Jurco, P. Schupp, J. Wess, and M. Wohlgenannt, The standard model on non-commutative space-time, Eur. Phys. J. C23 (2002) 363–376, [hep-ph/0111115].

[18] W. Behr, N. Deshpande, G. Duplančić, P. Schupp, J. Trampetić, and J. Wess, The Z → γγ, gg decays in the noncommutative standard model, Eur. Phys. J. C29 (2003) 441–446, [hep-ph/0202121].

[19] P. Aschieri, B. Jurco, P. Schupp, and J. Wess, Non-commutative GUTs, standard model and C, P, T, Nucl. Phys. B651 (2003) 45–70, [hep-th/0205214].

[20] C. P. Martin, The Minimal and the New Minimal Supersymmetric Grand Unified Theories on Noncommutative Space-time, arXiv:1302.3732 [hep-th].

[21] A. A. Bichl, J. M. Grimstrup, L. Popp, M. Schweda and R. Wulkenhaar, Perturbative analysis of the Seiberg-Witten map, Int. J. Mod. Phys. A 17 (2002) 2219, [hep-th/0102044].

[22] A. Bichl, J. Grimstrup, H. Grosse, L. Popp, M. Schweda, and R. Wulkenhaar, Renormalization of the noncommutative photon self-energy to all orders via Seiberg-Witten map, JHEP 0106, 013 (2001), [arXiv:hep-th/0104097].

[23] J. M. Grimstrup and R. Wulkenhaar, Quantisation of theta-expanded non-commutative QED, Eur. Phys. J. C 26 (2002) 139 [arXiv:hep-th/0205153].

[24] R. Banerjee and S. Ghosh, Seiberg Witten map and the axial anomaly in noncommutative field theory, Phys. Lett. B 533, 162 (2002), [arXiv:hep-th/0110177].

[25] C. P. Martin, The gauge anomaly and the Seiberg-Witten map, Nucl. Phys. B652 (2003) 72–92, [hep-th/0211164].

[26] M. Buric, V. Radovanovic, and J. Trampetic, The one-loop renormalization of the gauge sector in the noncommutative standard model, JHEP 03 (2007) 030, [hep-th/0609073].

[27] D. Latas, V. Radovanovic, and J. Trampetic, Non-commutative SU(N) gauge theories and asymptotic freedom, Phys. Rev. D76 (2007) 085006, [hep-th/0703018].

[28] M. Buric, D. Latas, V. Radovanovic and J. Trampetic, The absence of the 4ψ divergence in noncommutative chiral models, Phys. Rev. D 77 (2008) 045031, [arXiv:0711.0887 [hep-th]].

[29] C. P. Martin, C. Tamarit, Noncommutative GUT inspired theories and the UV finiteness of the fermionic four point functions, Phys. Rev. D80, 065023 (2009), [arXiv:0907.2464 [hep-th]].

[30] C. P. Martin and C. Tamarit, Renormalisability of noncommutative GUT inspired field theories with anomaly safe groups, JHEP 0912 (2009) 042, [arXiv:0910.2677 [hep-th]].

[31] M. Buric, D. Latas, V. Radovanovic and J. Trampetic, Chiral fermions in noncommutative electrodynamics: renormalisability and dispersion, Phys. Rev. D 83 (2011) 045023, arXiv:1009.4603 [hep-th].

[32] M. Buric, D. Latas, B. Nikolic and V. Radovanovic, The role of the Seiberg-Witten field redefinition in renormalization of noncommutative chiral electrodynamics, arXiv:1304.4451 [hep-th].

– 12 –

[33] P. Schupp, J. Trampetic, J. Wess, and G. Raffelt, The photon neutrino interaction in non-commutative gauge field theory and astrophysical bounds, Eur. Phys. J. C36 (2004) 405–410, [hep-ph/0212292].

[34] P. Minkowski, P. Schupp, and J. Trampetic, Neutrino dipole moments and charge radii in non- commutative space-time, Eur. Phys. J. C37 (2004) 123–128, [hep-th/0302175].

[35] T. Ohl and J. Reuter, Testing the noncommutative standard model at a future photon collider, Phys. Rev. D70 (2004) 076007, [hep-ph/0406098].

[36] B. Melic, K. Passek-Kumericki and J. Trampetic, Quarkonia decays into two photons induced by the space-time non-commutativity, Phys. Rev. D 72 (2005) 054004, [arXiv:hep-ph/0503133].

[37] C. Tamarit and J. Trampetic, Noncommutative fermions and quarkonia decays, Phys. Rev.

D 79, 025020 (2009), [arXiv:0812.1731 [hep-th]].

[38] A. Alboteanu, T. Ohl, and R. Ruckl, Probing the noncommutative standard model at hadron colliders, Phys. Rev. D74 (2006) 096004, [hep-ph/0608155].

[39] A. Alboteanu, T. Ohl, and R. Ruckl, The Noncommutative standard model at the ILC, Acta Phys. Polon. B38 (2007) 3647, [0709.2359].

[40] M. Buric, D. Latas, V. Radovanovic, and J. Trampetic, Nonzero Z → γγ decays in the renormalizable gauge sector of the noncommutative standard model, Phys. Rev. D75 (2007) 097701, hep-ph/0611299.

[41] T. Mehen and M. B. Wise, Generalized *-products, Wilson lines and the solution of the Seiberg-Witten equations, JHEP 12 (2000) 008, [hep-th/0010204].

[42] B. Jurco, P. Schupp, and J. Wess, Nonabelian noncommutative gauge theory via noncommutative extra dimensions, Nucl. Phys. B604 (2001) 148–180, [hep-th/0102129].

[43] Y. Okawa and H. Ooguri, An exact solution to Seiberg-Witten equation of noncommutative gauge theory, Phys. Rev. D64 (2001) 046009, [hep-th/0104036].

[44] G. Barnich, F. Brandt, and M. Grigoriev, Local BRST cohomology and Seiberg-Witten maps in noncommutative Yang-Mills theory, Nucl. Phys. B677 (2004) 503–534, [hep-th/0308092].

[45] J. Zeiner, Noncommutative quantumelectrodynamics from Seiberg-Witten Maps to all orders in Theta(mu nu). (Wurzburg U.). Jul 2007. 139 pp. PhD thesis.

[46] R. Horvat, D. Kekez, J. Trampetic, Spacetime noncommutativity and ultra-high energy cosmic ray experiments, Phys. Rev. D83 (2011) 065013, [arXiv:1005.3209 [hep-ph]].

[47] R. Horvat, D. Kekez, P. Schupp, J. Trampetic, J. You, Photon-neutrino interaction in theta-exact covariant noncommutative field theory, Phys. Rev. D84 (2011) 045004, [arXiv:1103.3383 [hep-ph]].

[48] A. G. Grozin, Lectures on perturbative HQET. I, hep-ph/0008300.

[49] J. S. Schwinger, Gauge Invariance and Mass. 2., Phys. Rev. 128 (1962) 2425.

[50] F. Ardalan, M. Ghasemkhani and N. Sadooghi, On the mass spectrum of noncommutative Schwinger model in Euclidean R^2 space, Eur. Phys. J. C 71 (2011) 1606, [arXiv:1011.4877 [hep-th]].

– 13 –

[51] R. Horvat, A. Ilakovac, P. Schupp, J. Trampetić, and J. You, Yukawa couplings and seesaw neutrino masses in noncommutative gauge theory, Phys. Lett. B715, 340-347 (2012),

arXiv:1109.3085

[52] A. Armoni, Noncommutative Two-Dimensional Gauge Theories, Phys. Lett. B 704 (2011) 627, [arXiv:1107.3651 [hep-th]].

[53] M. M. Ettefaghi and M. Haghighat, Massive Neutrino in Non-commutative Space-time, Phys. Rev. D77 (2008) 056009, [0712.4034].

[54] M. Hayakawa, Perturbative analysis on infrared aspects of noncommutative QED on R**4, Phys. Lett. B 478, 394 (2000), [arXiv:hep-th/9912094].

[55] F. T. Brandt, A. K. Das, J. Frenkel, General structure of the photon self-energy in noncommutative QED, Phys. Rev. D65 (2002) 085017, [hep-th/0112127].

[56] J. Gomis and T. Mehen, Space-time noncommutative field theories and unitarity, Nucl.

Phys. B 591, 265 (2000), [arXiv:hep-th/0005129].

[57] J. Erdmenger, Introduction to gauge/gravity duality, Lect. Notes Phys. 851 (2012) 99. [58] A. Hashimoto and N. Itzhaki, Noncommutative Yang-Mills and the AdS/CFT correspondence, Phys. Lett. B 465 (1999) 142, [hep-th/9907166].

[59] J. M. Maldacena and J. G. Russo, Large-N limit of noncommutative gauge theories, Class.

Quant. Grav. 17 (2000) 1189.

[60] K. Landsteiner and J. Mas, The Shear viscosity of the non-commutative plasma, JHEP 0707 (2007) 088, [arXiv:0706.0411 [hep-th]].

[61] http://functions.wolfram.com/HypergeometricFunctions/

HypergeometricPFQRegularized/06/02/02/0003/.

[62] Wolfram Research, Inc., Mathematica, Version 8.0, Champaign, IL (2010). [63] J. Martin-Garcia, xAct, http://www.xact.es/.

– 14 –