arXiv:hep-ph/0311261 v1 20 Nov 2003

Strong CP problem, Neutron EDM and Thermal QCD sum rules

Mohamed Chabab

LPHEA, Physics Department, Faculty of Science-Semlalia, Cadi Ayyad University, P.O. Box 2390, Marrakech, Morocco mchabab@ucam.ac.ma

Abstract

The behaviour of the broken CP symmetry at finite temperature is examined. This is achieved through the investigation of the neutron electric dipole moment d_n induced by θ-term. By using thermal QCD sum rules, we find that below the critical temperature, the ratio |^{dn}_{θ̄} | slightly decreases but survives at temperature effects. This evolution implies that CP remains broken at finite temperature as required by Baryogenesis [1].

1 Introduction

Recently the finite temperature behaviour of symmetries has gained considerable interest. The question of symmetry restoration is a non trivial phenomenon, since it has been shown in [23, 24] that more heat does not necessarily imply more symmetry. Besides, the breaking of the symmetries has a profound implications in a particle physics and cosmology. The CP symmetry is certainly one of the most fundamental symmetries in nature. Besides its role in solving domain wall problem [25], it is a crucial ingredient to understand the matter-antimatter asymmetry [26].

In the three generation Standard Model, CP violation originates from the more obscure sector of the SM: the scalar part. It is parameterized, in the electroweak sector, by a single phase occuring in the Cabbibo-Kobayashi-Maskawa (CKM) quark mixing matrix [2]. CP violation could also originate from additional CP-odd four dimensional operator embedded in the following topological term ”θ-term” in the QCD Lagrangian:

L_θ = θ α_s 8π G_{μν}G̃^{μν} , (1) which breaks P, T and CP. G_{μν} is the gluonic field strength, G̃^{μν} denotes its dual and α_s is the strong coupling constant. The G_{μν} G̃^{μν} quantity is a total derivative which contributes to the physical observables only through non perturbative effects, induced by instantons. A non zero value of θ may generate, in particular, a sizable neutron electric dipole moment (NEDM) which is related to the θ̄-angle by the following equation obtained within the framework of Chiral perturbation theory:

d_n ∼ e M_n ( m_q M_n )θ̄ ∼ { 2.7 × 10^{−16}θ [3] 5.2 × 10^{−16}θ [4] (2) High precision Experiments have constrained the NEDM to d_n < 1.1×10^{−25}ecm [5], providing a stringent upper limit to θ̄ < 2 × 10^{−10} [6]. The difficulty to explain the smallness of θ̄ in the standard model is usually known as the ”strong CP problem”. In this regard, several scenarios were suggested. The most elegant explanation is due to Peccei and Quinn [7], who identified θ̄ to the axion, a very light pseudo scalar boson arising from the spontaneous breaking of a global U_A(1) symmetry. This particle may well be important to explain dark matter puzzle providing a peace of information on the missing mass of the universe [8].

Our aim in this work is to investigate the behaviour of the CP symmetry breaking at finite temperature and the thermal effects on the restoration of the strong CP problem. This is motivated by the possibility to restore some broken symmetries by increasing the temperature.

In section 2, we perform the the calculations of the the θ̄ induced NEDM using thermal QCD sum rules. Section 3 is devoted to the discussion and qualitative analysis of the thermal effects on the CP symmetry restoration.

2 NEDM from thermal QCD sum rules

In order to derive the NEDM through the QCD sum rules techniques [9, 10, 11], we consider a Lagrangian containing the following P and CP violating operators: L_{P,CP} = −θ_qm_∗ ∑ f q̄_f iγ_5q_f + θ α_s 8π G_{μν}G̃^{μν} . (3) θ_q and θ are respectively two angles coming from the chiral and the topological terms while m_∗ is the quark reduced mass given by m_∗=^{mu md}_{mu +md} . the physical phase is θ̄ = θ + θ_q. We usually start from the two points correlators in QCD background with a non-vanishing θ in the presence of a constant external electomagnetic field F^{μν} :

Π(q^2) = i ∫ d^4xe^{iqx} < 0|T {η(x)η̄(0)}|0 >_{θ,F} . (4) where η(x) is the neutron interpolating current [12]:

η = 2ϵ_{abc}{(d^T_a Cγ_5u_b)d_c + β(d^T_a Cu_b)γ_5d_c}, (5)

and β is a mixing parameter. To select the appropriate Lorentz structure, Π(q^2) is expanded in terms of the electromagnetic charge as:

Π(q^2) = Π^{(0)}(q^2) + eΠ^{(1)}(q^2, F^{μν} ) + O(e^2). (6)

The first term Π^{(0)}(q^2) is the nucleon propagator which includes only the CP-even parameters, while the second term Π^{(1)}(q^2, F^{μν} ) is the polarization tensor which may be expanded through Wilson OPE as: ∑ C_n < 0|q̄Γq|0 >_{θ,F} , where Γ is an arbitrary Lorentz structure and C_n are the Wilson coefficient functions calculable in perturbation theory [13, 14]. From this expansion, we keep only the CP-odd contribution part. The electromagnetic dependence of these matrix elements is determined in terms of the magnetic susceptibilities κ, χ and ξ [14], defined as: < 0|q̄σ^{μν} q|0 >_F = χe_qF^{μν} < 0|q̄q|0 > (7) g < 0|q̄G^{μν} q|0 >_F = κe_qF^{μν} < 0|q̄q|0 > (8) 2g < 0|q̄G̃^{μν} q|0 >_F = ξe_qF^{μν} < 0|q̄q|0 > (9) Moreover, the θ dependence of < 0|q̄Γq|0 >_θ matrix elements may be traced by considering the anomalous axial current [10]:

m_q < 0|q̄Γq|0 >_θ = im_∗θ < 0|q̄Γq|0 > +O(m^2_q ) (10) where the correction O(m^2_q ) is negligible since m_η >> m_π.

Putting altogether the above ingredients and after a straightforward calculation [11], the following expression of Π^{(1)}(q^2, F^{μν} ) for the neutron is derived:

Π(−q^2) = − θ̄m_∗ 64π^2 < 0|q̄q|0 > {F̃ σ, q̂}[χ(β + 1)^2(4e_d − e_u) ln( Λ^2 −q^2 ) −4(β − 1)^2e_d(1 + 1 4 (2κ + ξ))(ln( −q^2 μ^2_{IR} ) − 1) 1 −q^2 − ξ 2 ((4β^2 − 4β + 2)e_d + (3β^2 + 2β + 1)e_u) 1 −q^2 ...], (11) with q̂ = q_μγ^μ.

The QCD expression (11) is confronted to the phenomenological parameterization Π^{P hen}(−q^2) written in terms of the Neutron hadronic properties. The latter is given by:

Π^{P hen}(−q^2) = {F̃ σ, q̂}( λ^2d_nm_n (q^2 − m^2_n)^2 + A (q^2 − m^2_n) + ...), (12) where m_n is the neutron mass, e_q is the quark charge. the parameters A and λ^2, which originate from the phenomenological side of the sum rule, represent respectively a constant of dimension 2 and the neutron coupling constant to the interpolating current η(x). This coupling is defined via a spinor v as < 0|η(x)|n >= λve^{αγ5} . In the framework of QCD sum rules, the correlators at finite temperature are expressed in terms of the thermal Gibbs average of Wilson operator expansion [15, 18]. At relatively low temperature, where the system can be regarded as a non interacting gas of bosons, the thermal dependence of the vacuum condensates can be written as :

< O^i >_T =< O^i > + ∫ d^3p 2ϵ(2π)^3 < π(p)|O^i|π(p) > n_B( ϵ T ) (13)

where ϵ = √ p^2 + m^2_π , n_B =^1_{ex −1} is the Bose-Einstein distribution and < O^i > is the standard vacuum condensate (i.e. at T=0). In this approximation, we only kept the pion contributions, since in the low temperature region, the effects of heavier resonances (Γ = K, η, ..etc) are dumped by their distibution functions ∼ e^{−mΓ}T [17]. To compute the pion matrix elements, we apply the soft pion theorem given by: < π(p)|O^i|π(p) >= − 1 f^2_π

< 0|[Q^a_5, [Q^a_5, O^i]]|0 > +O( m^2_π Λ^2

), (14)

where Λ is a hadron scale and Q^a_5 is the isovector axial charge defined by:

Q^a_5 = ∫ d^3xq̄(x)γ_0γ_5 τ^a 2 q(x). (15)

Direct application of the above formula to the quark and gluon condensates shows the following features [16, 17]:

(i) Only < q̄q > is sensitive to temperature. Its behaviour at finite T is given by: < q̄q >_T ≃ (1 − φ(T ) 8 ) < q̄q >, (16) where φ(T ) =^{T 2}_{f 2π} B(^{mπ}_T ), B(z) =^6_{π2} ∫_∞ z dy √_{y2 −z2} e^y −1 and fπ is the pion decay constant

(f_π ≃ 93MeV ). The variation with temperature of the quark condensate < q̄q >_T results in two different asymptotic evolutions, namely: < q̄q >_T ≃ (1 − T^2 8f^2_π ) < q̄q > for^{mπ}_T ≪ 1, < q̄q >_T ≃ (1 − √_{πmp i} 2T T^2 8f^2_π e^{−mπT} ) < q̄q > for^{mπ}_T ≫ 1.

(ii) The gluon condensate is nearly constant at low temperature and a T dependence occurs only at order T^8.

The determination of the ratio^{dn}_{θ̄} sum rules at non zero temperature is now easily performed by applying Borel operator to both parameterizations of the Neutron correlation function shown in (11) and (12). Then finite temperature effects are introduced via the procedure discussed above. Finally, by invoking the quarkhadron duality, we deduce the final sum rules of the θ̄ induced NEDM at finite temperature:

d_n θ̄ (T ) = −

M^2m_∗ 16π^2 1 λ^2_n(T )M_n(T ) (1− φ(T ) 8 ) < q̄q > [4χ(4e_u−e_d)− ξ 2M^2

(4e_u+8e_d)]e^M 2 n M 2 , (17) where M represents the Borel parameter.

In order to get rid of the infrared divergence, the value of β has been set to 1 in (17). The Thermal evolution of the coupling constant and the mass of the neutron were determined from the thermal nucleon sum rules [17].

Within the dilute pion gas approximation, Eletsky has shown that the contribution induced the pion-nucleon scattering has to be considered [19]. It enters the nucleon sum rules through the coupling constant g_{πN N} , whose values lie within the range 13.5-14.3 [20].

Numerical analysis is performed with the following input parameters: the Borel mass has been chosen within the values M^2 = 0.55 − 0.7GeV^2 which correspond to the optimal range (Borel window) in the^{dn}_{θ̄} sum rule at T = 0 [11]. For the χ and ξ susceptibilities we take χ = −5.7 ± 0.6GeV^{−2} [22] and ξ = −0.74 ± 0.2 [?]. As to the vacuum quark condensate appearing in (17), we use its standard values [9].

3 Analysis and Conclusion

We have established the relation between the NEDM and θ̄ angle at non zero temperature from QCD sum rules. We find that the behaviour of the ratio^{dn}_{θ̄} is connected to the thermal evolution of the pion parameters f_π , m_π and of g_{πN N} . By analyzing the ratio as a function of T in the region of validity of thermal sumrules [0, T_c], we learn that |^{dn}_{θ̄} | decreases smoothly with T (about 16% variation for temperature values up to 200 MeV) but survives at finite temperature. This means that either the NEDM value decreases or θ̄ increases. Consequently, for a fixed value of θ̄ the NEDM decreases but it does not exhibit any critical behaviour. Furthermore, if we start from a non vanishing θ̄ value at T = 0, it is not possible to remove it at finite temperature. We also note that |^{dn}_{θ̄} | grows as M^2 or χ susceptibility increases. It also grows with quark condensate rising. However this ratio is insensitive to both the ξ susceptibility and the coupling constant g_{πN N} . We notice that for high temperatures, the analysis of |^{dn}_{θ̄} |= f(^T_{Tc} ) exhibits a brutal increase justified by the fact that for T beyond the critical value T_c, at which the chiral symmetry is restored, the constants f_π and g_{πN N} become zero and consequently the ratio^{dn}_{θ̄} behaves as a non vanishing constant. The large discrepancy between the values of the ratio for T < T_c and T > T_c may originate from the other contributions to the the spectral function which have been neglected, such as the scattering process N + π → Δ. These contributions, which are of the order T^4, are negligible in the low temperature region but become substantial for T ≥ T_c. Moreover, this difference may also be due to the use of soft pion approximation which is valid essentially for low T (T < T_c). Therefore it is clear from this qualitative analysis, which is based on the soft pion approximation, that temperature does not play a fundamental role in the suppression of the undesired θ-term and hence the broken CP symmetry is not restored [1]. Indeed, some exact symmetries can be broken by increasing temperature [23, 24]. The symmetry non restoration phenomenon, which means that a broken symmetry at T=0 remains broken even at high temperature, is essential for discrete symmetries, CP symmetry in particular. Indeed, the symmetry non restoration is a crucial ingredient in solving the domain wall problem [25] and to create the baryon asymmetry in the early universe (BAU) [26].

This work is partially supported by the convention de cooperation between CNRST-Morocco/GRICES-Portugal 681.02/CNR, and by the PROTARS III’ grant D16/04.

References

[1] Chabab, M., El Biaze, N., and Markazi, R., J. Phys. G27, 2275 (2001). [2] Cabibbo, N., Phys. Rev. Lett. 10, 531 (1963);

Kobayashi, M and Maskawa, T., Prog. Theor. Phys. 49, 652 (1973). [3] Baluni, V, Phys. Rev D19, 2227 (1979).

[4] Crewther, R., Di Vecchia, P., Veneziano, G. and Witten, E., Phys. Letters B88, 123 (1979).

[5] Barnett, R. M., and al, Phys. Rev. D54, 1 (1996). [6] Peccei, R. D., hep-ph/9807516.

[7] Peccei, R. D., and Quinn, H. R., Phys. Rev. D16, 1791 (1977). [8] Lazarides, G., and Shafi, Q., ”Monopoles, Axions and Intermediate Mass Dark Matter”, hep-ph/0006202.

[9] Shifman, M. A., Vainshtein, A. I., and Zakharov, V. I., Nucl. Phys. B147, 385 (1979).

[10] Pospelov, M. and Ritz, A., Nucl. Phys. B558, 243 (1999). [11] Pospelov, M., and Ritz, A., Phys. Rev. Letters 83, 2526 (1999). [12] Ioffe, B. L., Nucl. Phys. B188, 317 (1981);

Chung, Y. and al, Phys. Lett.B102, 175 (1981); Nucl. Phys. B197, 55 (1982). [13] Shifman, M.A., Vainshtein, A. I., and Zakharov, V. I., Nucl. Phys. B166, 493 (1980).

[14] Ioffe, B. L., and Smilga, A. V., Nucl. Phys. B232, 109 (1984). [15] Bochkarev, A. I., and Shaposhnikov, M. E., Nucl. Phys. B268, 220 (1986). [16] Gasser, J., and Leutwyler, H., Phys. Letters B184, 83 (1987);

Leutwyler, H., in QCD 20 years later, edited by . P.M. Zerwas and H.A. Kastrup, World scientific Proceedings, Singapore, 1992. 1993).

[17] Adami, C., and Zahed, I., Phys.Rev D45, 4312 (1992);

Hatsuda, T., Koike, Y., and Lee, S. H., Nucl. Phys. B394, 221 (1993). [18] Mallik, S., and Mukherjee, K., Phys. Rev. D58, 096011 (1998). [19] Eletsky, V. L., Phys. Lett. B245, 229 (1990); Phys. Lett. B352, 440 (1995).

[20] Blomgten, J., in A critical issue in the determination of the pion nucleon decay constant, Phys. Scripta T87, 53 (2000).

[21] Belyaev, V. M., and Kogan, Y. I., Sov. J. Nucl. Phys. 40, 659 (1984). [22] Kogan, Y. I., and Wyler, D., Phys. Lett. B274, 100 (1992). [23] Weinberg, S., Phys. Rev D9, 3357 (1974).

[24] Mohapatra, R. N., and Senjanovic, G., Phys. Rev. D20, 3390 (1979) ;

Dvali, G., Melfo, A., and Senjanovic, G., Phys.Rev. D54, 7857 (1996). [25] Zeldovich, Y. B., Kobzarev, I. Y., and Okun, L., JETP. 40, 1 (1974);

Kibble, T. W., J. Phys. A9, 1987 (1976); Phys. Rep. 67, 183 (1980). [26] Sakharov, A., JETP Letters 5, 24 (1967).