arXiv:hep-ph/0406009 v3 7 Sep 2004

PION NUCLEON COUPLING CONSTANT, GOLDBERGER-TREIMAN DISCREPANCY AND πN σ TERM

Miroslav Nagy^1 Institute of Physics, Slovak Academy of Sciences, 845 11 Bratislava, Slovakia Michael D. Scadron^2 Physics Department, University of Arizona, Tucson, Arizona 85721,USA Gerald E. Hite^3 Texas A&M University at Galveston, TX 77553, USA

Abstract

We start by studying the Goldberger-Treiman discrepancy (GTd) Δ = (2.259 ± 0.591)%. Then we look at the πN σ term, with the dimensionless ratio σ_N /2m_N = 3.35%. Finally we return to predicting (via the quark model) the πN coupling constant, with GTd Δ → 0 as m_q → m_N /3.

PACS: 12.39.Ki, 12.39.Mk, 13.25.-k, 14.40.-n

Given the recent new value of the πNN coupling constant [1]

g^2_{πN N} /4π = 13.80 ± 0.12 or g_{πN N} = 13.169 ± 0.057, (1)

along with the observed axial current coupling [2]

g_A = 1.267 ± 0.004, (2)

combined with the measured pion decay constant [2]

f_π = (92.42 ± 0.26)MeV, (3)

the Goldberger-Treiman discrepancy (GTd) is then

Δ = 1 − m_N g_A f_πg_{πN N} = (2.259 ± 0.591)%. (4)

Here we have used the mean nucleon mass m_N = 938.9 MeV and have computed the overall mean square error.

To verify this GTd in Eq.(4), we employ the constituent quark loop with imaginary part [3]

Imf_π (q^2) = 3g_{πqq} 2 4m̂ 8π ( 1 − 4m̂^2 q^2 )_{1/2} Θ(q^2 − 4m̂^2). (5)

1E-mail address: fyzinami@savba.sk 2E-mail address: scadron@physics.arizona.edu 3E-mail address: hiteg@tamug.edu

This follows from unitarity with the inclusion of a factor of 3 from colour. Following ref. [3] using the quark level Goldberger-Treiman relation f_π g_{πqq} = m̂, the GTd to fourth order in q^{′2} predicts for a once-subtracted dispersion relation assuming a quark-level GTR:

f_π(q^2) − f_π (0)

f_π (0) = q^2 π ∫_∞ 4m̂^2 dq^{′2} ( 1 −^{4m̂2}_{q′2} )_{1/2} q^{′2}(q^{′2} − q^2) 3g^2_{πqq} 4π , (6)

or for q^2 = m^2_π, the integral in Eq.(6) gives a discrepancy for f_π

Δ̄ = f^π (m^{2π}) f_π (0)

− 1 = 3g^2_{πqq} 2π^2 [ 1 − rtan^{−1} (1 r )] (7) for r^2 =^{4m̂2}_{m2π} − 1 ≥ 0. Since m^2_π/4m̂^2 ≪ 1, a Taylor series expansion leads to

1 − rtan^{−1} ( 1 r ) = 1 3r^2 − 1 5r^4 + ... = m^2_π 12m̂^2 ( 1 + 1 10 m^2_π m̂^2 + ... )

and a discrepancy^4

Δ̄ = f^π (m^{2π})

f_π (0)

− 1 = m^2_π 8π^2f^2_π ( 1 + 1 10 m^2_π m̂^2 ) ≈ 2.946%. (8)

The first term on the rhs is independent of m̂, while in the small second term we take m̂ = m_N /3. This then leads to a net 2.946% correction in Eq.(8).

Since the physical GT relation becomes exact (f_π g_{πN N} = m_N g_A) when m_π → 0 for a conserved axial current, it should not be surprising that the measured GTd in Eq.(4) of (2.259 ± 0.591)% is within 1.16 standard deviations from the dispersion-theoretical ḠTd Δ̄ = 2.946% in Eq.(8). Appreciate that g_A is measured at q^2 = 0 while f_π is measured at q^2 = m^2_π but f_π(0) is inferred at q^2 = 0 via Eq.(8).

Just as the chiral-breaking SU(2) GTd is 2–3%, the SU(2) × SU(2) πN σ term of 63 MeV corresponds to a dimensionless ratio of about 3%: σ_N 2m_N = 63 MeV 2 × 938.9 MeV

≈ 3.35%. (9)

Alternatively the chiral-limiting (CL) nucleon mass is related to the πN σ term as [4]

m^2_N = (m^{CL}_N )^2 + m_N σ_N , or with σ_N = 63 MeV, (10) m_N m^{CL}_N − 1 = 3.53%, with m^{CL}_N = 906.85 MeV. (11)

Note the many 3% CL relations in Eqs. (4),(8),(9),(11) above. Now we justify the σ term σ_N = 63 MeV.

The explicit SU(2) × SU(2) chiral-breaking σ term is the sum of the perturbative GMOR [5] or quenched APE [6] part σ^{GM OR} N = (m_Ξ + m_Σ − 2m_N ) m^2_π m^2_K − m^2_π

= 26 MeV, (12)

4From Dwight Integral tables, Eq.(7) above stems from Eq.122.1 on p.31, and the needed Taylor series of Eq.505.1, p.118: tan^{−1}x = x −^{x3}_3 +^{x5}_5 + ..., for x < 1.

σ^{AP E}_N = (24.5 ± 2) MeV, (13)

plus the nonperturbative linear σ model (LσM) nonquenched part [7] due to σ tadpoles for the chiral-broken m^2_π and σ_N , with ratio predicting σ^{LσM}_N = (m_π m_σ )_2

m_N ≈ 40 MeV (14)

for m_σ ≈ 665 MeV [8], a model-independent coupled channel dispersion theory and parameter-free relation. Specifically, Eq.(14) stems from semi-strong LσM tadpole graphs generating σ_N and m^2_π. Their ratio cancels out the ⟨σ|H_{ss}|0⟩ factor. The LσM couplings 2g_{σππ} =m^2_σ/f_π and f_π g_{σN N} = m_N then give σ^{LσM}_N = (m_π/m_σ)^2m_N as found in Eq.(14). Since the σ(600) has been observed [2], with a broad width, but the central modelindependent value [8] is known to be 665 MeV, the chiral LσM mass ratio in Eq.(14) is expected to be quite accurate - while being free of model-dependent parameters. The authors of [9] find the σ meson between 400 MeV and 900 MeV, with the average mass 650 MeV near 665 MeV from [8]. Then the sum of (12,13) plus (14) is σ_N = σ^{GM OR,AP E} N + σ^{LσM}_N ≈ (25 + 40) MeV = 65 MeV. (15)

Rather than add the perturbative plus nonperturbative parts as in Eq.(15), one can instead work in the infinite momentum frame (IMF) requiring squared masses [10] and only one term (tadpole terms → 0 in the IMF) [11] σ^{IM F}_N = m^2_Ξ + m^2_Σ − 2m^2_N 2m_N ( m^2_π m^2_K − m^2_π ) = 63 MeV. (16)

Note that Eqs.(15) and (16) are both very near the observed value [12] (65 ± 5) MeV.

With hindsight, we can also deduce the πN σ term via PCAC (partially conserved axial current) at the Cheng-Dashen (CD) point [13] with background isospin-even πN amplitude F̄^+(ν = 0, t = 2m^2_π) = σ_N /f^2_π + O(m^4_π). (17)

At this CD point, a recent Karlsruhe data analysis by G. Höhler [12] finds

F̄^+(0, 2m^2_π ) = σ_N /f^2_π + 0.002m^{−1}_π = 1.02m^{−1}_π , (18)

implying σ_N = 63 MeV for f_π = 93 MeV, m_π = 139.57 MeV.

We can unify the earlier parts of this paper by first inferring from Eq.(8) the chiral limit (CL) pion decay constant

f^{CL}_π = f_π/1.02946 ≈ 89.775 MeV (19)

using Eq.(8) and the observed [2] f_π = (92.42 ± 0.26) MeV. Then the quark-level GTr using the meson-quark coupling g = 2π/ √ 3 [14] predicts the nonstrange quark mass in the CL as m̂^{CL} = f^{CL}_π g = 325.67 MeV, (20)

close to the expected m̂^{CL} = m_N /3 ≈ 313 MeV. This in turn predicts the scalar σ mass in the CL as [7, 15] m^{CL}_σ = 2m̂^{CL} = 651.34 MeV (21) and then the on-shell LσM σ mass obeys

m^2_σ − m^2_π = (m^{CL}_σ )^2 ≈ (651.34 MeV)^2 or m_σ ≈ 665.76 MeV, (22)

almost exactly the model-independent σ mass found in ref. [8], also predicting σ^{LσM}_N in Eq.(14).

In this letter we have linked the GT discrepancy Eqs.(4),(8) and the πN σ term Eqs.(15),(16) with the LσM values Eqs.(19)-(22). The predicted LσM value of g_{πN N} is g_{πN N} = N_cgg_A = 3(2π/ √ 3)1.267 ≈ 13.79, (23)

near the observed value in Eq.(1) with meson-quark coupling g. Substituting Eq.(23) into the GTd (Eq.(4)) in turn predicts in the quark model

Δ = 1 − m_N 3m_q → 0 as m_q → m_N /3. (24)

However meson-baryon couplings for pseudoscalars (P), axial-vectors (A) and SU(6)- symmetric states are known [16] to obey

(d/f)_P ≈ 2.0, (d/f)_A ≈ 1.74, (d/f)_{SU (6)} = 1.50, (25)

where the scales of d, f characterize the symmetric, antisymmetric SU(3) structure constants. Note that the ratio remains the same: (d/f)_A (d/f)_P = 1.74 2.0 = 0.87, (d/f)_{SU (6)} (d/f)_A = 1.50 1.74

≈ 0.86. (26)

Thus to predict the quark-based πNN coupling constant we weight Eq.(23) by the scale factor of Eq.(26) in order to account for the SU(6) quark content of g_A: g_{πN N} = 3 × 2π/ √ 3 × 1.267 × 0.87 ≈ 12.00 (27)

and this predicted coupling constant is near 13.169 from ref. [1], or 13.145 from ref. [17], or nearer still to 13.054 from ref. [18]. One could alter this 0.87 reduction of g_A in Eq.(27) by using the quark-based factor 3/5=0.6, where the SU(6) factor for g_A of 5/3 becomes inverted for quarks as suggested in [19]. In any case the predicted πNN coupling lies between 12.00 and 13.79 in Eqs.(27),(23), midway near the recent data in Eq.(1).

In passing, we note that the large model-independent [8] scalar σ mass of m_σ ≈ 665 MeV is recovered via the LσM combined with the CL quark-level GTR Eqs.(19)-(22). Also the large almost model-independent interior dispersion relation version of the πN σ term [20, 21] is between 65-80 MeV. While this σ term follows from the two GMOR + LσM terms in Eq.(15) or from the IMF term in Eq.(16), original chiral perturbation theory (ChPT) of the 1970s suggested [22] σ_N ≈ 25 MeV near the GMOR value.

Modern ChPT now predicts [23] a σ_N of 45 MeV at t = 0 extended up to the above presumably measured value of 60 MeV according to [23, 24]

60 MeV = σ^{GMOR}_N (25 MeV) + σ^{higher order ChPT}

N (10 MeV) + σ^{t−dep.}_N (15 MeV) + σ^{s̄s}_N (10 MeV) (28) and the latter ”three pieces happen to have the same sign as σ^{GMOR}_N ” [24].

In summary, as m_π → 0, ∂A_π → 0, the quark-level GT relation requires the observed 2 − 3% GTd and 3% σ term ratio to predict g_{πN N} , with Δ → 0 as m_q → m_N /3 or Δ̄ → 0 when m2_π → 0. We have computed the πN σ term in many. different ways to find approximately σ_N = 63 MeV.

Acknowledgements: One of us (MDS) appreciates D.V. Bugg’s help in first obtaining Eq.(8) via a computer. Nonetheless the reader may be more convinced with Eq.(8) using the Dwight integral solution combined with the Taylor series in footnote 4. This work is in part supported by the Slovak Agency for Science, Grant 2/3105/23.

References

[1] D.V. Bugg: Eur. Phys. J. C 33 (2004) 505

[2] Particle Data Group (PDG), K. Hagiwara et al.: Phys. Rev. D 66 (2002) 1

[3] S.A. Coon, M.D. Scadron: Phys. Rev. C 23 (1981) 1150

[4] J.F. Gunion, P.C. McNamee, M.D. Scadron: Phys. Lett. B 63 (1976) 81; Nucl. Phys.

B 123 (1977) 445

[5] M. Gell-Mann, R. Oakes, B. Renner [GMOR]: Phys. Rev. 175 (1968) 2195

[6] APE Collab., S. Cabasino et al.: Phys. Lett. B 258 (1991) 202

[7] For LσM see e.g. M. Gell-Mann, M. Levy: Nuovo Cim. 16 (1960) 706. For quarklevel LσM see R. Delbourgo, M.D. Scadron: Mod. Phys. Lett. A 10 (1995) 251, hep-ph/9910242. For a recent summary, see M.D. Scadron, G. Rupp, F. Kleefeld, E. van Beveran: Phys. Rev. D 69 (2004) 014010, hep-ph/0309109

[8] Yu.S. Surovtsev, D. Krupa, M. Nagy: Eur. Phys. J. A 15 (2002) 409

[9] N. Törnqvist, M. Roos: Phys. Rev. Lett. 76 (1996) 1575

[10] For IMF see e.g. M.D. Scadron: Mod. Phys. Lett. A7 (1992) 669

[11] G. Clement, M.D. Scadron, J. Stern: Jour. Phys. G 17 (1991) 199, Zeit. Phys. C 60 (1993) 307; S.A. Coon, M.D. Scadron: Jour. Phys. G 18 (1992) 1923; S. Fubini, G. Furlan: Physics 1 (1965) 229

[12] R. Koch: Zeit. Phys. C15 (1982) 161; G. Höhler: πN Scattering, (Springer 1983)

[13] T.P. Cheng, R.F. Dashen: Phys. Rev. Lett. 26 (1971) 594

[14] For g = 2π/ √ 3, see infrared QCD, V. Elias, M.D. Scadron: Phys. Rev. Lett. 53 (1984) 1129; L.R. Baboukhadia, V. Elias, M.D. Scadron: J. Phys. G 23 (1997) 1065. Also see LσM ref. [7] and the Z = 0 compositeness condition A. Salam: Nuovo Cimento 25 (1962) 234; S. Weinberg: Phys. Rev. 130 (1963) 776; M.D. Scadron: Phys. Rev. D 57 (1998) 5307

[15] Y. Nambu, G. Jona-Lasinio: Phys. Rev. 122 (1961) 345

[16] M.M. Nagels et al.: Nucl. Phys. B 109 (1979) 1; Z. Dziembowski, J. Franklin: J.

Phys. G 17 (1991) 213; F.E. Close: Phys. Rev. Lett. 64 (1990) 361; R.L. Jaffe, A.V. Manohar: Nucl. Phys. B 337 (1990) 509

[17] R.A. Arndt, R.L. Workman, M. Pavan: Phys. Rev. C 49 (1994) 2729

[18] V. Stoks, R. Timmermans, J.J. deSwart: Phys. Rev. C 47 (1993) 512

[19] T.N. Pham: Phys. Rev. D 25 (1982) 2955

[20] G.E. Hite, R.J. Jacob, M.D. Scadron: Phys. Rev. D 14 (1976) 1306

[21] W.B. Kaufmann, G.E. Hite: Phys. Rev. C 60 (1999) 055204. Also see TRIUMF Conf.

MENU 1997, πN Newsletter, W.B. Kaufmann, G.E. Hite: p.16, M.D. Scadron: p. 362 [22] H. Pagels: Phys. Rep. C 16 (1975) 219

[23] J. Gasser, H. Leutwyler, M. Sainio: Phys. Lett. B 253 (1991) 260. However the ChPT paper of J. Gasser, H. Leutwyler: Ann. Phys. (NY) 158 (1984) 142 attempts to rule out the LσM in App. B.

[24] H. Leutwyler: XXVI Int. Conf. on High Energy Physics, Dallas 1992. The 15 MeV in Eq.(28) was found not to occur in our c-number σ_N analysis, since the t-dependence is minimal in Eqs.(17),(18). The latter σ^{s̄s}_N of 10 MeV in (28) is 8 MeV higher than the y ≤ 6 % value in refs. [25] with σ^{s̄s}_N = (1 − y)^{−1}σ^{GMOR}_N - σ^{GMOR}_N ≤ 2 MeV. Lastly the σ^{ChPT}_N correction of 10 MeV in (28) does not apply to our LσM σ_N addition to σ^{GMOR} N . [25] C. Foudas et al.: Phys. Rev. Lett. 64 (1990) 1207; S.A. Rabinowitz et al.: ibid. 70 (1993) 134