arXiv:hep-ph/0308193 v1 19 Aug 2003

Learning about the chiral structure of the proton from the hyperfine splitting^∗

A. Pineda^a

aDept. d’Estructura i Constituents de la Matèria, U. Barcelona Diagonal 647, E-08028 Barcelona, Catalonia, Spain

The complete analytical O(m^3_l α^5/m^2_p × (logm_π , logΔ, logm_l)) contribution to the Hyperfine splitting is given. It can explain about 2/3 of the difference between experiment and the pure QED prediction when setting the renormalization scale at the ρ mass. The suppression of the polarizability piece with respect the Zemach one seems to be, to a large extent, a numerical accident. We give an estimate of the matching coefficient of the spin-dependent proton-lepton operator in heavy baryon effective theory.

High precision measurements in atomic physics provide with a unique place to determinate some hadronic parameters related with the proton elastic and inelastic electromagnetic form factors, like the proton radius and magnetic moment, polarization effects, etc.... One complication in this program comes from the fact that widely separated scales are involved in these physical processes. Therefore, it becomes important to relate the physics at these disparate scales in a model independent way. Effective field theories (EFT’s) are a natural approach to this problem. In particular, we need an EFT at atomic scales. We will use potential NRQED [1]. Its effective Lagrangian for QED weakly bound systems at O(mα^5) can be found in Ref. [2]. It basically reduces to a Schrödinger equation interacting with ultrasoft photons. Here we are concerned with the hadronic contributions to this EFT (see [3]). They are encoded in the matching coefficients, i.e. in the potentials. Moreover, we will focus on the logarithmically enhanced hadronic effects to the hyperfine splitting, which, at the order of interest, only appear in the delta potential^2:

δV = 2 c^{pl}_{4,NR} m^2_p

S^2δ^{(3)}(r) . (2)

The point here is to obtain the coefficient c^{pl}_{4,NR} from QCD in a controlled way. In practice, what one can do is to compute its chiral structure due to energies of O(m_π ) and to parameterize the effects due to energies of O(m_ρ ) with matching coefficients inherited from Heavy Baryon Effective Theory [4].

∗Supported in part by MCyT and Feder (spain), FPA2001-3598, by CIRIT (Catalonia), 2001SGR-00065 and by EURIDICE, HPRN-CT2002-00311.

2We will not consider here the hadronic effects inherited from the anomalous magnetic moment of the proton, μ_p, due to the tree level potential:

δV =

4πα(1 + μ_p) 3m_pm_l

S^2δ^{(3)}(r) , (1)

a) b) Figure 1. Figure a) corresponds to Eq. (3). Figure b) corresponds to Eq. (6).

The first non-vanishing contribution to c_{4,NR} appears at O(α^2). Its leading order expression reads (an infrared cutoff larger than m_lα is understood and the expression for the integrand should be generalized for an eventual full computation in D dimensions)

c^{pl}_{4,NR} = − ig^4 3 ∫ dDk

(2π)^D 1 k^2 1 k^4 − 4m^2_l k^2_0 { A_1(k_0, k^2)(k^2_0 + 2k^2) + 3k^2 k_0 m_p

A_2(k_0, k^2) } , (3)

consistent with the expressions obtained long ago as in Ref. [5]. It is symbolically depicted in Fig. 1a). The bubble is meant to represent the hadronic structure of the proton, which, at the order of interest, is represented by the forward virtual-photon Compton tensor (needed at O(1/F^2_0 ) [6,3] for the spin-dependent terms),

T^{μν} = i ∫ d^4x e^{iq·x}⟨p, s|T J^μ(x)J^ν (0)|p, s⟩ , (4)

which has the following structure (ρ = q · p/m):

T^{μν} = ( −g^{μν} + q^μ q^ν q^2 ) S_1(ρ, q^2) + 1 m^2_p ( p^μ − m_pρ q^2 q^μ )( p^ν − m_pρ q^2 q^ν ) S_2(ρ, q^2) − i m_p ε^{μνρσ} q_ρ s_σ A_1(ρ, q^2) − i m^3_p ε^{μνρσ} q_ρ ( (m_pρ)s_σ − (q · s)p_σ ) A_2(ρ, q^2). (5)

In many cases only the so called Zemach correction [7] is considered. It corresponds to the Born approximation of the above expressions (see Fig. 1b)). It reads (for the definitions see [3])

δ c^{pl}_{4,Zemach} = (4πα)^2m_p 2 3 ∫ dD−1k

(2π)^{D−1} 1 k^4

G^{(0)}_E G^{(2)}_M . (6)

It turns out to be the dominant contribution even if, formally, the other pieces are equally important from the power counting point of view.

The total sum in the SU(2) case reads (including point-like, Zemach and polarizability effects) [3]^3

δ c^{pl}_{4,NR} ≃ ( 1 − μ^2_p 4 ) α^2 ln m^2_l ν^2 + b^2_{1,F} 18 α^2 ln

Δ^2 ν^2 + m^2_p (4πF_0)^2 α^2 2 3 ( 2 3 + 7 2π^2 ) π^2g^2_A ln m^2_π ν^2 + m^2_p (4πF_0)^2 α^2 8 27 ( 5 3 − 7 π^2 ) π^2g^2_{πNΔ} ln

Δ^2 ν^2

, (7)

since μ_p is known with very high precision from other sources.

3Note that a dipole parameterization of the form factors (see, for instance, [8,9]) would be unable to give the chiral logs, since they do not incorporate the correct non-analytical behavior in the momentum dictated by the chiral symmetry.

where we have used (the definition of C can be found in the Appendix of Ref. [3]) C = π^3 12 − 7 8 π = −0.165037 , (8)

for the polarizability corrections (see [3]). We can see that there appears to be a numerical cancellation compared with the natural size of each term in C. This is consistent with the fact that, experimentally, polarizability corrections seem to be small [10]. It is also interesting to consider the large N_c limit of Eq. (7), it reads (we neglect ln(Δ/m_π ) terms for consistency)

δ c^{pl}_{4,NR}(N_c → ∞) ≃ α^2 ln m^2_l ν^2 + m^2_p (4πF_0)^2 α^2π^2g^2_A ln m^2_π ν^2

. (9)

With Eq. (7), one can obtain the leading hadronic contribution to the hyperfine splitting. It reads (μ_{l p} is the reduced mass)

E_{HF} = 4 c^{pl}_{4,NR} m^2_p 1 π (μ_{l p}α)^3 . (10)

By fixing the scale ν = m_ρ we obtain the following number for the total sum in the SU(2) case:

E_{HF,logarithms}(m_ρ ) = −0.031 MHz . (11)

Equation (11) accounts for approximately 2/3 of the difference between theory (pure QED) [8] and experiment [11]. What is left gives the expected size of the counterterm. Experimentally what we have is c^{pl}_{4,NR} = −48α^2 and c^{pl}_{4,R}(m_ρ ) ≃ c^p_{4,R}(m_ρ ) ≃ −16α^2. This last figure gives the expected size of the matching coefficient that appears in the heavy baryon effective Lagrangian:

δ L_{(N,Δ)l} = 1 m^2_p ∑_l c^{pl}_{4,R}N̄_pγ^jγ_5N_p l̄γ_jγ_5l . (12)

REFERENCES

1. A. Pineda and J. Soto, Nucl. Phys. (Proc. Suppl.) 64, 428 (1998). 2. A. Pineda and J. Soto, Phys. Lett. B420, 391 (1998); Phys. Rev. D59, 016005 (1999). 3. A. Pineda, Phys. Rev. C67, 025201 (2003).

4. E. Jenkins and A.V. Manohar, Phys. Lett. B255, 558 (1991). 5. S.D. Drell and J.D. Sullivan, Phys. Rev. 154, 1477 (1967).

6. V. Bernard, N. Kaiser, J. Kambor and U.-G. Meissner, Nucl. Phys. B388, 315 (1992); H.W.

Fearing, R. Lewis, N. Mobed and S. Scherer, Phys. Rev. D56, 1783 (1997); V. Bernard, H.W. Fearing, T.R. Hemmert and U.-G. Meissner, Nucl. Phys. A635, 121 (1998); E-ibid., A642, 563 (1998); X.-D. Ji and J. Osborne, J. Phys. G27, 127 (2001).

7. A.C. Zemach, Phys. Rev. 104, 1771 (1956).

8. G.T. Bodwin and D.R. Yennie, Phys. Rev. D37, 498 (1988). 9. S.G. Karshenboim, Phys. Lett. A225, 97 (1997).

10. E. De Rafael, Phys. Lett. B37, 201 (1971); R.N. Faustov, E.V. Cherednikova and A.P.

Martynenko, Nucl. Phys. A703, 365 (2002).

11. H. Hellwig, R.F.C. Vessot, M.W. Levine et al., IEEE Trans. IM-19, 200 (1970); L. Essen, R.W. Donaldson, M.J. Bangham et al., Nature 229, 110 (1971).