arXiv:hep-ph/0606108 v1 9 Jun 2006

HISKP-TH-06/15, FZJ-IKP(TH)-2006-16

K^−p scattering length from scattering experiments

B. Borasoy^{1a}, U.-G. Meißner^{2a,b}, R. Nißler^{3a}

aHelmholtz-Institut für Strahlen- und Kernphysik (Theorie), Universität Bonn, Nußallee 14-16, D-53115 Bonn, Germany

bInstitut für Kernphysik (Theorie), Forschungszentrum Jülich, D-52425 Jülich, Germany

Abstract

The strong K^−p scattering length is extracted within chiral SU(3) unitary approaches from a very large variety of fits to low-energy K^−p scattering data. Very good overall agreement with available scattering data is obtained and the resulting scattering length is compared with the new accurate kaonic hydrogen data from DEAR. The pole structures of the obtained fits to experiment are critically examined.

1email: borasoy@itkp.uni-bonn.de 2email: meissner@itkp.uni-bonn.de 3email: rnissler@itkp.uni-bonn.de

1 Introduction

The approximate chiral symmetry of the light quarks u, d, s in quantum chromo dynamics plays a crucial role in describing low-energy hadronic processes. Chiral SU(3) symmetry is exact in the limit of vanishing light quark masses, but finite quark masses, m_u, m_d, m_s, induce explicit symmetry-breaking. While for the very light quarks u, d the symmetry-breaking corrections are in general small, it remains unclear whether the strange quark is still light enough to be in the chiral regime.

In this respect, the K̄N system provides a good testing ground for chiral SU(3) dynamics and the role of explicit chiral symmetry-breaking due to the strange quark mass. High-precision K^−p threshold data, such as K^−p scattering, the πΣ mass spectrum and the precisely measured K^−p threshold decay ratios set important constraints for theoretical approaches. Recently they have been supplemented by the new accurate results for the strong interaction shift and width of kaonic hydrogen from the DEAR experiment [1] which reduced both the mean values and error ranges of the previous KEK experiment [2].

The existence of the Λ(1405) resonance in the K^−p channel just below its threshold makes the loop expansion of chiral perturbation theory (ChPT) inapplicable. In this regard, the combination of ChPT with non-perturbative coupled-channel techniques based on driving terms of the chiral SU(3) effective Lagrangian has proven useful by generating the Λ(1405) dynamically as an I = 0 K̄N quasibound state and a resonance in the πΣ channel.

However, the recent and precise DEAR measurement appears to be in disagreement with the K^−p scattering length derived from scattering data as pointed out in [3]. A thorough investigation of the low-energy K^−p interaction within chiral unitary approaches has reinforced the question of consistency of the DEAR experiment with K^−p scattering data [4]. In contrast, it was claimed very recently in [5, 6] that within a chiral unitary approach both the scattering and the DEAR data can be accommodated.

It is evident from these recent investigations that the K^−p system remains a topic of great interest and is under lively discussion, see also [7, 8]. The aim of the present work is to shed some more light on this issue by providing a conservative range for the K^−p scattering length constrained solely from K^−p scattering data. This is accomplished within different variants of chiral unitary approaches and by performing a very large number of fits to experiment, in order to reduce the inherent model-dependence of these frameworks. The obtained realistic range for the K^−p scattering length is then compared with the one derived from the DEAR and KEK experiments.

This work is organized as follows. In the following section we present the basic formalism. Our results for K^−p scattering are shown in Section 3. Section 4 contains an overview of the pole structures of the obtained solutions in the Λ(1405) region. We summarize our findings in Sec. 5. Some of the detailed results of this investigation are collected and displayed in the appendix.

2 Formalism

In this section we illustrate the underlying features of the approach. Details of the formalism have already been presented in previous works [4] and will not be repeated here. The starting point is the chiral effective Lagrangian L = L_ϕ + L_{ϕB} which describes the coupling of the

(a) (b) (c) (d)

Figure 1: Shown are the leading order contact interaction (a), the direct (b) and crossed (c) Born term as well as the next-to-leading order contact interaction (d). Solid and dashed lines represent baryons and pseudoscalar mesons, respectively.

pseudoscalar meson octet (π, K, η) to the ground state baryon octet (N, Λ, Σ, Ξ). Both the purely mesonic piece L_ϕ and the meson-baryon Lagrangian L_{ϕB} are employed up to second chiral order.

Due to the nearby Λ(1405) resonance unitarity effects from final state interactions are important for K̄N scattering and must be included in a non-perturbative fashion. To this aim, the relativistic effective Lagrangian is utilized to compute the tree level amplitude V_{jb,ia}(s, Ω; σ, σ^′) of the meson-baryon scattering processes ϕ_iB^σ_a → ϕ_j B^{σ′}_b (with spin indices σ, σ^′) at invariant energy squared s. This amplitude is the driving term in the coupled-channels integral equation determining the meson-baryon T -matrix.

In the literature, the effective meson-baryon Lagrangian has been used as interaction kernel at different levels of sophistication. While only the Weinberg-Tomozawa term from the covariant derivative is taken, e.g., in [9], the Born terms are included in [10]. In [11], on the other hand, the Lagrangian of second chiral order is added which yields additional contact interactions. In order to provide an estimate of the model-dependence of such approaches, we will discuss the following three different choices for the amplitude V_{jb,ia}(s, Ω; σ, σ^′). First, only the leading order contact (Weinberg-Tomozawa) term is taken into account, see Figure 1a. Subsequently, the Born diagrams are included, see Figs. 1b and c. In the third approach we add the contact interactions from the Lagrangian of second chiral order, L^{(2)}_{ϕB} (Fig. 1d). For brevity, we will refer to these variants as “WT” (Weinberg-Tomozawa), “WTB” (Weinberg-Tomozawa + Born diagrams) and “full” (including also the higher order contact terms), respectively.

For each partial wave l unitarity imposes a restriction on the (inverse) T -matrix above the pertinent thresholds

ImT^{−1}_l = − |q_{cm}| 8π √ s (1) with q_{cm} being the three-momentum in the center-of-mass frame of the channel under consideration. Since we are primarily concerned with a narrow center-of-mass energy region around the K̄N threshold, it is sufficient to restrict ourselves to the s-wave (matrix) amplitude V (s). We write the inverse of the T -matrix as (suppressing the subscript l (= 0) for brevity)

T^{−1} = V^{−1} + G , (2)

which yields after inversion T = [1 + V · G]^{−1} V. (3)

The quantity G is the finite part of the scalar loop integral G̃

G̃(q^2) = ∫ d^dp (2π)^d i [(q − p)^2 − M^2_B + iϵ][p^2 − m^2_ϕ + iϵ]

, (4) where M_B and m_ϕ are the physical masses of the baryon and the meson, respectively. In dimensional regularization one obtains for the finite part G of G̃ [4, 10],

G(q^2) = a(μ) + 1 32π^2q^2 { q^2 [ ln (m2_ϕ μ^2 ) + ln (M 2_B μ^2 ) − 2 ]

+(m^2_ϕ − M^2_B) ln ( m^2_ϕ M^2_B ) − 8 √ q^2 |q_{cm}| artanh ( 2 √ q^2 |q_{cm}| (m_ϕ + M_B )^2 − q^2 ) } , (5)

where μ is the regularization scale. The subtraction constant a(μ) cancels the scale dependence of the chiral logarithms and simulates higher order contributions with the value of a(μ) depending on the respective channel. Stated differently, this introduces some additional SU(3) breaking beyond the use of the physical masses in the kinematics and loop functions. Eq. (3) is a matrix equation with the diagonal matrix G collecting the loop integrals in each channel. This amounts to a summation of a bubble chain to all orders in the s-channel, equivalent to solving a Bethe-Salpeter equation with V as driving term, where all momenta in V are set to their on-shell values. This so-called on-shell scheme reduces the full Bethe-Salpeter equation to the simple matrix equation (3). (Note, however, that in the presence of the crossed Born term (Fig. 1d) this simplification must be treated with care due to the appearance of unphysical subthreshold cuts [4].)

Moreover, the Coulomb interaction has been shown to yield sizable contributions to the elastic K^−p scattering amplitude up to kaon laboratory momenta of 100-150 MeV/c [14]. We have thus taken into account the electromagnetic interactions as well, cf. [4] for details.

3 Results

In this section, we present our results for K^−p scattering and the resulting prediction for the K^−p scattering length, a_K−_p. Low-energy antikaon-nucleon scattering and reactions have been studied experimentally decades ago [15–20]. The available data (admittedly with large errors) are mostly restricted to K^− momenta above 100 MeV/c. Further tight constraints are imposed by the accurately determined threshold branching ratios into the inelastic channels πΣ and π^0Λ [21, 22]: γ = Γ(K^−p → π^+Σ^−) Γ(K^−p → π^−Σ^+)

= 2.36 ± 0.04,

R_c =

Γ(K^−p → π^+Σ^−, π^−Σ^+) Γ(K^−p → all inelastic channels)

= 0.664 ± 0.011,

R_n =

Γ(K^−p → π^0Λ) Γ(K^−p → neutral states)

= 0.189 ± 0.015 , (6)

and by the πΣ invariant mass spectrum in the isospin I = 0 channel [23].

In our analysis we have restricted ourselves to pure meson-baryon scattering and have not included the processes K^−p → γΛ(1405) [24], γp → K^∗Λ(1405) [25] which is now experimentally under investigation at Spring8/Osaka [26] and, in the near future, also at ELSA (Bonn), and K^−p → π^0π^0Σ^0 [27] which is already measured [28]. Reactions including the coupling to an external photon such as K^−p → γΛ(1405) and γp → K^∗Λ(1405) require substantial extension of the chiral unitary approach applied here as illustrated, e.g., in [29], whereas the three-body final state in K^−p → π^0π^0Σ^0 introduces additional model-dependence. Hence, these processes are beyond the scope of the present investigation.

Our approaches have six subtraction constants a(μ) in the different channels and up to eight parameters which are varied in the fits within generous limits: the decay constant f and in the full approach the higher order couplings b_i, d_i. The axial vector couplings D, F which enter the Born diagrams (Fig. 1b and c) are kept fixed at the values D = 0.80, F = 0.46 extracted from semileptonic hyperon decays [30]. We have purposely chosen ample ranges for the parameters of our approach, in order to be able to take into account a large variety of qualitatively different fits to K^−p scattering data. Since our concern here is to predict the strong K^−p scattering length only from K^−p scattering data, we do not impose additional phenomenological constraints, e.g., the analysis of [31] which includes η photoproduction as a high quality data set. In addition, the framework chosen in [31] does not exactly coincide with any of the approaches considered in the present work. We can therefore not expect the same values for the coupling constants.

We perform an overall least-squares fit to available low-energy K^−p scattering data for the three different approaches, “WT”, “WTB” and “full”. To this end, we first calculate the individual χ^2_i for the i-th observable and divide by the number of pertinent data points n_i. The total χ^2 per degree of freedom (d.o.f.) is then defined as [32]

χ^2 d.o.f. = ∑ i n_i N( ∑ i n_i − p) ∑ i χ^2_i n_i , (7)

where N is the number of observables and p the number of free parameters in the approach. This definition of the χ^2/d.o.f. function generalizes the standard χ^2/d.o.f. for a single observable and has the advantage that all observables are weighted equally regardless of the number of data points. If one were to use instead the definition χ^2/d.o.f. = ∑ i χ^2_i /( ∑ i n_i − p) in which all data points from different observables have the same weight then single-valued observables (such as branching ratios) would be dominated by observables with many data points (such as scattering data). Note that the definition in Eq. (7) reduces to the latter one if all observables have the same number of data points.

With respect to the work [4] we have significantly improved our fitting procedure which now involves the combination of a Monte Carlo routine with a conjugate gradient method [33]. This allows us to perform a large number of different fits to data distributed in parameter space so that the model dependence of the results is reduced and a realistic error range for the K^−p scattering length derived from scattering experiments can be provided.

We obtain a large number of fits which describe the low-energy K^−p scattering data very well with the minimum χ^2/d.o.f. values given by 1.28, 0.88 and 0.71 for the different approaches “WT”, “WTB” and “full”, respectively. In general, if χ^2 is a function of n parameters θ = (θ_1, . . . , θ_n) the standard error range of these parameters is given by the condition [34]

χ^2(θ) = χ^2_{min} + Δχ^2 (8)

and Δχ^2 is derived from the p-value of the χ^2 probability distribution function with the pertinent number of degrees of freedom. Strictly speaking, this relation only holds if the method of least squares is applied to one single experiment and the associated fit function depends linearly on the parameters θ. In the present investigation the situation is more involved: the free parameters of the approach enter in a highly non-linear way into the calculation of observables and the χ^2-function which is minimized combines a variety of measurements of different quantities. Nevertheless, we will adopt the standard definition of a confidence region, Eq. (8), since one can expect it to be a reasonable approximation—at least in the vicinity of the minimum of the χ^2-function, where its shape should be nearly parabolic. Our fit includes a total number of 171 data points and either 7 (“WT”, “WTB”) or 14 (“full”) parameters. The region of one standard deviation (i.e. 68.27% confidence level) is then found by adding Δχ^2/d.o.f. = 1.05 to the minimal χ^2/d.o.f. as defined in Eq. (7) regardless of the approach (“WT”, “WTB” or “full”) since the difference in the number of parameters causes only tiny modifications in Δχ^2/d.o.f..

As it turns out, we also obtain fits that although having a relatively low overall χ^2/d.o.f. fail miserably in one or two observables and can thus not be classified as “good fits”. In addition to the bound on the overall χ^2/d.o.f. we thus demand that each individual observable be reproduced with a χ^2_i /n_i value which does not exceed the overall χ^2/d.o.f. by more than a factor of four. Fits which do not meet this additional criterion are grouped instead with fits with the lowest χ^2/d.o.f. value which satisfies this constraint. This specific choice has proved useful in practice. These two goodness-of-fit criteria, a bound on the overall χ^2 and on the individual χ^2_i , determine the error regions specified in the following for all parameters and observables, while the presented central values correspond to the fits with minimal χ^2. We also investigate analytic properties of the fits, in order to sort out solutions with unphysical pole structures. This issue will be discussed in detail in the next section.

The scattering length a_K−_p is given by the strong interaction T matrix at threshold

a_K−_p = 1 8π √ s T_K−_{p→K}−_p(s) | | |_{s=(mK− +Mp )2} . (9) The values corresponding to the best fits in the three approaches are

“WT”: a_K−_p = (−0.73 + i 0.91) fm , “WTB”: a_K−_p = (−1.09 + i 0.84) fm , “full”: a_K−_p = (−1.05 + i 0.75) fm .

(10)

The errors of the real and imaginary parts are, of course, correlated and the 1σ regions in the complex a_K−_p plane are depicted in Fig. 2. While the absolute minimum of χ^2/d.o.f. is the lowest in the full approach, the χ^2 function rises steeper in the “WT” and “WTB” approaches leading to a smaller 1σ confidence region in the a_K−_p plane.

We also extract the K̄N s-wave scattering lengths a_0, a_1 in the isospin limit of equal up- and down-quark masses. Since we neglect isospin-breaking corrections in the Lagrangian from which the interaction kernel of the coupled-channels calculation is derived, taking the isospin limit amounts to replacing the physical masses of the particles that enter all kinematic quantities and the scalar loop integrals G by a common mass for each isospin multiplet and we disregard any electromagnetic effect. For the different approaches we obtain the central values

“WT”: a_0 = (−1.45 + i 0.85) fm , a_1 = (0.65 + i 0.76) fm , “WTB”: a_0 = (−1.72 + i 0.77) fm , a_1 = (0.09 + i 0.76) fm , “full”: a_0 = (−1.64 + i 0.75) fm , a_1 = (−0.06 + i 0.57) fm .

(11)

In Fig. 3 we show the error ranges and compare the results with values found in similar chiral unitary approaches [5,6,9,10] and a multichannel dispersion relation analysis of K̄N scattering

“WT” “WTB”

Re a_K−_p (fm)

Im a_K−_p (fm)

Re a_K−_p (fm)

Im a_K−_p (fm)

“full”

Re a_K−_p (fm)

Im a_K−_p (fm)

Figure 2: Real and imaginary parts of the scattering length a_K−_p for the three approaches. The circles indicate the result of the best fits, the shaded areas represent the 1σ confidence region.

“WT” “WTB”

Re a_i (fm)

Im a_i (fm)

a_0 a_1

Re a_i (fm)

Im a_i (fm)

a_0 a_1

“full”

Re a_i (fm)

Im a_i (fm)

a_0 a_1

Figure 3: Real and imaginary parts of the isospin K̄N scattering lengths a_0 and a_1 for the three approaches. The circles indicate the result of the best fits, the shaded areas represent the 1σ confidence regions. Our results are compared to the values found in [35] (triangle up), [9] (star, the value a_0 = (−2.24 + 1.94i) fm is not shown), [10] (triangle down), [5] (filled diamond for fit A^+_4 , empty diamond for fit B^+_4 ), [6] (filled square for fit I, empty square for fit II).

data [35]. One observes consistency of all three approaches (“WT”, “WTB”, “full”) within error bars and agreement with most of the values from previous investigations. However, our results do not agree with fit A^+_4 in [5] (as already discussed in [7]) and the similar fit I in [6]. They also disagree with the a_1 value in [9], where a variant of the “WT” approach was employed. The approach utilized in [10] nearly coincides with “WTB” in the present work, however only one common subtraction constant for all channels was employed in [10], while in the present work we have the freedom to vary six (isospin symmetric) subtraction constants. This explains why the imaginary part of a_0 in [10] is larger and outside the 1σ range of the present calculation.

Due to the very high statistics of the present investigation our results provide a realistic error range for the isospin scattering lengths a_0 and a_1 within chiral unitary approaches. As shown in [36] these quantities are an important input in the theoretical analysis of the upcoming spectroscopy study of kaonic deuterium [37] and further anticipated experiments with even more complex light kaonic nuclei [38] at DAΦNE.

In the presence of electromagnetic corrections the ground state strong energy shift ΔE and width Γ of kaonic hydrogen are related to the K^−p scattering length a_K−_p via [3] ΔE − i 2 Γ = −2α^3μ^2_c a_K−_p [1 − 2αμ_c (ln α − 1)a_K−_p] , (12)

where μ_c is the reduced mass of the K^−p system and α is the fine-structure constant. The obtained predictions for ΔE and Γ, which are solely based on K^−p scattering data and the πΣ invariant mass spectrum, are presented in Fig. 4 for the three different approaches. They are compared to the recent experimental determination of kaonic hydrogen observables by both the KEK [2] and the DEAR [1] collaborations. Figure 4 constitutes together with Figs. 2 and 3 the main result of the present work. The shaded areas in the plots of Fig.4 represent smoothened areas which correspond to different upper limits of the overall χ^2/d.o.f. (with the additional constraint that each individual observable is reproduced by the fit with χ^2_i /n_i of at most four times the upper limit of χ^2/d.o.f.) and are drawn on the basis of several thousands of fits (e.g. more than 7000 for the full approach). We point out that a comparable statistical exploration of parameter space in chiral unitary approaches for K̄N interactions has not been attempted before; it provides for the first time a realistic estimate of theoretical uncertainties within this framework.

Regardless of the chosen approach the fits with minimal overall χ^2 agree nicely with the result of the KEK experiment, while the 1σ confidence region, which is bordered by the dashed line in the plots of Fig. 4, has no overlap with the error ranges given by the DEAR experiment. As discussed above the standard definition of the 1σ confidence region by means of Eq. (8) is not strictly applicable in the present investigation, where the fit function is non-linear in the parameters and the fit incorporates a variety of different observables. Therefore we refrain from showing 2σ and 3σ confidence regions since application of the standard error estimation seems more questionable in these cases.

Instead we plot regions that correspond to quadratically increasing upper limits of the overall χ^2. Note that fits which are compatible with the error ranges given by DEAR have an overall χ^2/d.o.f. of at least 6.1, 5.5, 3.3 in the “WT”, “WTB”, “full” approach, respectively, with elastic K^−p scattering being the largest source of disagreement. Finally, for the best fit of each approach we present in Table 1 the numerical values of the fitted low energy constants f, b_0, b_D, b_F , d_1, d_2, d_3, d_4 and the subtraction constants in the loop integrals G. Note that in the fits we have allowed for broad ranges for the subtraction constants a_{ϕB}. In fact, in the “WT” and “WTB” approaches the resulting a_{KΞ} are roughly one order of magnitude larger than the remaining subtraction constants. However, the fits are not very sensitive to variations in this parameter such that the χ^2 value is only slightly increased if a_{KΞ} is reduced to the same size as the other a_{ϕB}. The detailed comparison of experimental input from K̄N and πΣ scattering with our fits is compiled in the appendix.

4 Resonance poles

In order to cover a substantial region in parameter space we put only very loose constraints on the numerical values of the low energy parameters of the chiral effective Lagrangian, i.e., we solely fix the order of magnitude as motivated by the naturalness assumption of couplings in the effective field theory. The subtraction constants in the loop integrals G are permitted to vary in even larger ranges. Starting from randomized initial values of the parameters the

“WT” approach

ΔE (eV)

Γ (eV)

χ^2/d.o.f. < 1.4 1.4 < χ^2/d.o.f. < 1.6 1.6 < χ^2/d.o.f. < 2.33 2.33 < χ^2/d.o.f. < 4.0 4.0 < χ^2/d.o.f. < 6.0 6.0 < χ^2/d.o.f. < 9.0

“WTB” approach

ΔE (eV)

Γ (eV)

χ^2/d.o.f. < 0.95 0.95 < χ^2/d.o.f. < 1.15 1.15 < χ^2/d.o.f. < 1.93 1.93 < χ^2/d.o.f. < 3.0 3.0 < χ^2/d.o.f. < 5.0 5.0 < χ^2/d.o.f. < 8.0

“full” approach

ΔE (eV)

Γ (eV)

χ^2/d.o.f. < 0.8 0.8 < χ^2/d.o.f. < 1.0 1.0 < χ^2/d.o.f. < 1.76 1.76 < χ^2/d.o.f. < 3.0 3.0 < χ^2/d.o.f. < 5.0 5.0 < χ^2/d.o.f. < 8.0

Figure 4: Strong energy shift ΔE and width Γ of kaonic hydrogen for the three approaches. The shaded areas represent different upper limits of the overall χ^2/d.o.f. The 1σ confidence region is bordered by the dashed line. See text for further details.

“WT” “WTB” “full” f (MeV) 120.9 86.0 77.3 b_0 (GeV^{−1}) — — −0.01 b_D (GeV^{−1}) — — −0.27 b_F (GeV^{−1}) — — −0.11 d_1 (GeV^{−1}) — — −0.14 d_2 (GeV^{−1}) — — −0.05 d_3 (GeV^{−1}) — — −0.25 d_4 (GeV^{−1}) — — −0.45 a¯_{KN} (10^{−3}) −1.8 1.9 1.0 a_{πΛ} (10^{−3}) −12.4 2.0 −6.2 a_{πΣ} (10^{−3}) −2.9 2.4 1.9 a_{ηΛ} (10^{−3}) −1.7 −0.9 −2.3 a_{ηΣ} (10^{−3}) −1.4 −3.7 −1.5 a_{KΞ} (10^{−3}) 72.9 20.0 −5.2 χ^2/d.o.f. 1.28 0.88 0.71 Table 1: Numerical values of the fitted couplings and subtraction constants corresponding to the best fits in the three approaches. The empirical value of the average meson decay constant is f ≃ 100 MeV.

Monte Carlo routine utilized in the present investigation generates a vast number of fits and for all of them the poles of the T -matrix in the complex W = √ s plane are determined. Although we work in the physical basis, where isospin is broken by the physical masses of the particles in the loop integrals, we can classify the poles as being mainly of isospin I = 0, 1, 2 by their impact on channels (or channel combinations) which contain only one isospin component (e.g. ηΛ, ηΣ^0). The pole positions of the fits will serve as an additional constraint to rule out certain fits which must be considered as unphysical as we will explain in the following.

While resonances are generally associated with poles in unphysical Riemann sheets of the complex W plane, the solutions should be free of poles in the physical Riemann sheet as required by the postulate of maximal analyticity. Since it is not possible to numerically explore the entire upper half-plane, we must choose a finite region to search for poles in the physical sheet. To this end, we dismiss all fits which exhibit a pole at a distance of less than 250 MeV from the real axis in the relevant energy region (1.25 – 1.50 GeV). This selection criterion ensures that, even if such pathological poles were to exist, their influence on the real axis would be negligible. In particular, it guarantees that the Wigner bound, which is based on causality and sets a lower limit for the derivative of the phase shift with respect to energy, is not violated [7,39]. Note that in a similar manner the Wigner condition has been employed in [40] to constrain the numerical values of parameters in the context of unitarized chiral effective field theory.

Secondly, we reject fits which have a resonance pole on the relevant unphysical Riemann sheet that is located less than 2.5 MeV below the real axis and thus corresponds to a resonance with a width of less than 5 MeV. Such resonances would be one or two orders of magnitude narrower than what one would expect from the characteristic time-scale of the strong interactions of about 10^{−23} s. Lifetimes of this order correspond to widths of several tens to hundreds of MeV, in agreement with typically observed hadronic resonances in this energy region. At present, there is no experimental indication for an exotically long-lived stated in the energy interval under consideration and we can safely ignore such fits.

The third item concerns the πΣ event distribution [23] which clearly shows a peak corresponding to the Λ(1405) resonance. We adopt the approach advocated in [10] which describes the experimental π^−Σ^+ event distribution as originating from a generic I = 0 source made up of unknown shares of πΣ and K̄N states. As it happens we observe fits which do not exhibit a true resonance structure around 1.4 GeV, but merely show a broad bump that is generated by the intricate superposition of the two source states, πΣ and K̄N. As the πΣ event distribution is not normalized, the normalization constant in the fit can be tuned in such a way that the χ^2 of the pertinent fit can have a relatively low value. However, these fits do not have an isospin zero pole on the unphysical sheet at a position which could be associated with the Λ(1405). In fact, if the πΣ event distribution were simply approximated by the invariant mass distribution of I = 0 πΣ states, see e.g. [9, 41], one would observe no peak structure at all for these fits. Taking the well-established four star resonance Λ(1405) for granted, one should identify at least one pole of the T -matrix in the near vicinity, and fits without a nearby pole must be dropped.

Finally, there is no experimental indication for an S = −1, I = 1 s-wave baryon resonance below K̄N threshold, the lowest possible candidates being Σ(1480) (one star resonance) and Σ(1560) (two star resonance) which are listed as “bumps” in [34]. While spin and parity of both states have not been determined yet, recent experiments [42,43] yield controversial results even on the existence of Σ(1480). If, however, these low lying I = 1 resonances should be confirmed in the future and have the required quantum numbers, their position is still above the relevant energy region considered here. Therefore we drop fits which entail a pronounced I = 1 resonance pole position (MeV) first pole second pole

“WT” 1420^{+19}_{−16} − i ( 20^{−8}_{+22} ) 1440^{+56}_{−227} − i ( 76^{−51}_{+51} ) “WTB” 1423^{+10}_{−12} − i ( 15^{−8}_{+20} ) 1366^{+122}_{−20} − i ( 84^{−37}_{+121} ) “full” 1418^{+60}_{−38} − i ( 31^{−24}_{+34} ) 1348^{+293}_{−86} − i ( 62^{−58}_{+212} ) Table 2: Positions of the first and second I = 0 pole in the complex W plane. The central values correspond to the best fit in each approach, while the error ranges include all fits in the 1σ confidence region.

structure below W = 1.44 GeV caused by an isospin one pole close and immediately connected to the real axis. More precisely, fits with I = 1 poles located at Im(W ) > −50 MeV, i.e. less than twice as far from the real axis as typical Λ(1405) poles, are not taken into account.

We observe fits which agree with the DEAR results at a lower overall χ^2/d.o.f. than indicated in Fig. 4 (but still outside the 1σ confidence region) if the above mentioned criteria are omitted, e.g., a χ^2/d.o.f. = 2.0 value is obtained in the full approach. All of these fits have an isospin one pole in common which is very close to the K̄N thresholds and either a few MeV above (i.e. on the physical sheet) or below (i.e. on an unphysical sheet) the real axis. Solutions of this type have been reported on in [5, 6]. However, such fits clearly violate one of the criteria discussed above and are not considered here.

In the remainder of this section we will focus on the resonance pole structure of the Λ(1405), i.e., the I = 0 poles that are located on the unphysical sheet which is directly connected to the physical real axis between the πΣ and K̄N thresholds. The nature of the Λ(1405) has recently attracted considerable interest. It has been claimed that instead of the usual appearance of one resonance pole the Λ(1405) results from a pronounced two-pole structure with both poles being very close to the physical region [13]. While only the Weinberg-Tomozawa contact interaction was taken into account in [13], the inclusion of the next-to-leading order contact terms destroyed the pronounced two-pole structure, as one pole was shifted further away from the real axis and its contribution to the physical region dissolved in the background [4]. As already pointed out in [4], the position of this pole depends very sensitively on the values of the parameters, whereas the other one remains relatively fixed and close to the physical axis. In [5], e.g., which also includes the next-to-leading order contact interactions the pole is located at 1321 − i 43.5 MeV, i.e., even below the πΣ threshold(s) and hence not immediately connected to the physical region, whereas in the “WT” approach a pole around a mass of 1390 MeV was found in [13].

For most fits in the 1σ confidence interval we observe two isospin zero poles in the region Re W = (1250 . . . 1600) MeV, Im W = (−2.5 . . . −250) MeV. In some cases, however, it happens that there is only one I = 0 pole in this region. We then extend the pole search beyond the chosen limits until a second I = 0 pole is found. The observed pole positions are compiled in Table 2, where “first pole” refers to the pole which is closer to the real axis at 1.405 GeV, i.e., the position of the Λ(1405) peak. While the variation of the position of this first pole is remarkably small in all three approaches, “WT”, “WTB”, “full”, the position of the second I = 0 pole scatters over a wide range in the complex W plane and consequently does not have in all fits a significant impact on physical observables.

We also observe very few fits with a third I = 0 pole which appears either at Re W > 1.5 GeV and thus well above the K̄N threshold(s) (recall that the pertinent Riemann sheet is connected to the real axis below these thresholds) or deep in the complex W plane (Im W < −150 MeV). In these fits, the third pole is thus not expected to have much influence on physical observables.

From the discussions above it becomes clear that the analytic continuation to the complex energy plane and the resulting pole positions depend sensitively on the dynamical input of the chiral SU(3) effective Lagrangian. A rigorous extraction of the pole positions, in particular the second one, appears therefore very unlikely from the experimental data considered in the present investigation. Additional experimental input, however, may help to further constrain the position of the second pole, see e.g. Ref. [27]. But in any case, as illustrated above, the pole positions can very well serve as an additional constraint to rule out some fits.

5 Conclusions

In this work, we have provided an extraction of the strong K^−p scattering length derived within chiral unitary approaches from fits to available low-energy K^−p scattering data. To this end, we have utilized three variants of such chiral unitary approaches which differ in the choice of the interaction kernel. In the first approach, the interaction kernel is derived from the Weinberg- Tomozawa contact interaction at leading chiral order which is successively supplemented by the Born terms and the contact interactions of next-to-leading chiral order in the second and third framework, respectively. The usage of three different interaction kernels helps to estimate the inherent model dependence of such approaches.

For all three approaches a least-squares fit to low-energy data in S = −1 meson-baryon channels is performed. These are in detail K^−p scattering, the πΣ mass spectrum and the precisely measured K^−p threshold decay ratios. Fits with the lowest χ^2/d.o.f. value are found in the full approach including the higher order couplings, while the χ^2/d.o.f. value is largest in the Weinberg-Tomozawa approach.

Based on a very large variety of different fits to data we can provide an error range for the strong K^−p scattering length which is related to the strong interaction shift and width in kaonic hydrogen. We obtain an energy shift and width in kaonic hydrogen which is in agreement with the KEK experiment, but disagrees with DEAR. The present analysis confirms the findings of [4] by pointing on questions of consistency of the recent DEAR measurement with previous K^−p scattering data. The conservative error range for a_K−_p derived from chiral unitary approaches is in clear disagreement with the one deduced from the DEAR experiment.

Furthermore, we have critically investigated the pole structure of the fits. The first isospin zero pole remains relatively fixed in all fits and close to the physical axis, whereas the second pole is quite sensitive to the chosen parameters of the approach. In particular, the influence of the second pole on physical observables is substantially reduced, if it is further away from the real axis, and can even dissolve in the background. Although the pole positions depend sensitively on the dynamical input of the chiral SU(3) effective Lagrangian, we have illustrated that the general pole structure of a fit can serve as an additional criterion to consider the fit as unphysical. In this respect, we look very much forward to the electromagnetic production data of the Λ(1405) from the ELSA accelerator at Bonn which may help to further clarify the pole structure of the K^−p scattering amplitude below threshold.

Acknowledgments

We thank U. Raha and A. Rusetsky for useful discussions. Special thanks go to M. Belushkin for his valuable help and assistance with the implementation of the minimization routines. Partial financial support by Deutsche Forschungsgemeinschaft (SFB/TR 16, “Subnuclear Structure of Matter”, and BO 1481/6-1) is gratefully acknowledged. This research is part of the EU Integrated Infrastructure Initiative Hadron Physics under contract number RII3-CT-2004-506078.

A Results of the fit to scattering data

In the appendix, we present the results of the fits to scattering data. The overall agreement with the experimental data is very good. In Figs. 5, 6, 7 we plot the elastic and inelastic K^−p scattering cross sections for the three approaches “WT”, “WTB”, and “full”, respectively, while the πΣ event distribution is shown in Fig. 8. For the accurately determined threshold branching ratios γ, R_c, R_n defined in Eq. 6 we obtain:

“WT” “WTB” “full” exp. [21, 22]

γ 2.35^{+0.07}_{−0.06} 2.36^{+0.03}_{−0.03} 2.36^{+0.10}_{−0.09} 2.36 ± 0.04

R_c 0.655^{+0.001}_{−0.018} 0.664^{+0.022}_{−0.024} 0.663^{+0.016}_{−0.018} 0.664 ± 0.011

R_n 0.191^{+0.027}_{−0.031} 0.193^{+0.009}_{−0.017} 0.190^{+0.026}_{−0.036} 0.189 ± 0.015

The central values correspond to the best fit in each approach, while the errors indicate the 1σ confidence region.

σ[K^−p → K^−p] (mb)

σ[K^−p → K̄^0n] (mb) σ[K^−p → π^+Σ^−] (mb)

σ[K^−p → π^−Σ^+] (mb) σ[K^−p → π^0Σ^0] (mb) incident K^− lab. momentum (MeV/c) σ[K^−p → π^0Λ] (mb) incident K^− lab. momentum (MeV/c)

Figure 5: Total cross sections for K^−p scattering into various channels calculated in the “WT” approach. The best fit is represented by the solid line while the shaded area indicates the 1σ confidence region. The data are taken from [15] (empty squares), [16] (empty triangles), [17] (filled circles), [18] (filled squares), [19] (filled triangles), [20] (stars).

σ[K^−p → K^−p] (mb)

σ[K^−p → K̄^0n] (mb) σ[K^−p → π^+Σ^−] (mb)

σ[K^−p → π^−Σ^+] (mb) σ[K^−p → π^0Σ^0] (mb) incident K^− lab. momentum (MeV/c) σ[K^−p → π^0Λ] (mb) incident K^− lab. momentum (MeV/c)

Figure 6: Total cross sections for K^−p scattering into various channels calculated in the “WTB” approach. The best fit is represented by the solid line while the shaded area indicates the 1σ confidence region. The data are taken from [15] (empty squares), [16] (empty triangles), [17] (filled circles), [18] (filled squares), [19] (filled triangles), [20] (stars).

σ[K^−p → K^−p] (mb)

σ[K^−p → K̄^0n] (mb) σ[K^−p → π^+Σ^−] (mb)

σ[K^−p → π^−Σ^+] (mb) σ[K^−p → π^0Σ^0] (mb) incident K^− lab. momentum (MeV/c) σ[K^−p → π^0Λ] (mb) incident K^− lab. momentum (MeV/c)

Figure 7: Total cross sections for K^−p scattering into various channels calculated in the “full” approach. The best fit is represented by the solid line while the shaded area indicates the 1σ confidence region. The data are taken from [15] (empty squares), [16] (empty triangles), [17] (filled circles), [18] (filled squares), [19] (filled triangles), [20] (stars).

“WT” approach arbitrary units

√ s (GeV)

“WTB” approach arbitrary units

√ s (GeV)

“full” approach arbitrary units

√ s (GeV)

Figure 8: π^−Σ^+ event distribution for the three different approaches. The best fit is represented by the solid line, while the shaded area indicates the 1σ confidence region. The data are taken from [23] and supplemented by statistical errors following [44].

References

[1] G. Beer et al. [DEAR Collaboration], Phys. Rev. Lett. 94 (2005) 212302; M. Cargnelli et al. [DEAR Collaboration], Int. J. Mod. Phys. A 20 (2005) 341.

[2] M. Iwasaki et al., Phys. Rev. Lett. 78 (1997) 3067;

T. M. Ito et al., Phys. Rev. C 58 (1998) 2366.

[3] U.-G. Meißner, U. Raha and A. Rusetsky, Eur. Phys. J. C 35 (2004) 349 [arXiv:hepph/0402261].

[4] B. Borasoy, R. Nißler and W. Weise, Phys. Rev. Lett. 94 (2005) 213401 [arXiv:hepph/0410305]; Eur. Phys. J. A 25 (2005) 79 [arXiv:hep-ph/0505239]; AIP Conf. Proc. 796 (2005) 145.

[5] J. A. Oller, J. Prades and M. Verbeni, Phys. Rev. Lett. 95 (2005) 172502 [arXiv:hepph/0508081].

[6] J. A. Oller, arXiv:hep-ph/0603134.

[7] B. Borasoy, R. Nißler and W. Weise, Phys. Rev. Lett. 96 (2006) 199201 [arXiv:hepph/0512279].

[8] J. A. Oller, J. Prades and M. Verbeni, Phys. Rev. Lett. 96 (2006) 199202 [arXiv:hepph/0601109].

[9] E. Oset, A. Ramos, Nucl. Phys. A635 (1998) 99.

[10] J. A. Oller and U.-G. Meißner, Phys. Lett. B 500 (2001) 263 [arXiv:hep-ph/0011146]. [11] N. Kaiser, P. B. Siegel, and W. Weise, Phys. Lett. B362 (1995) 23;

N. Kaiser, T. Waas, and W. Weise, Nucl. Phys. A612 (1997) 297; J. Caro Ramon, N. Kaiser, S. Wetzel, and W. Weise, Nucl. Phys. A672 (2000) 249.

[12] M. F. M. Lutz and E. E. Kolomeitsev, Nucl. Phys. A 700 (2002) 193 [arXiv:nuclth/0105042].

[13] D. Jido, J. A. Oller, E. Oset, A. Ramos, and U.-G. Meißner, Nucl. Phys. A725 (2003) 181.

[14] J. C. Jackson and H. W. Wyld, Phys. Rev. Lett. 8 (1959) 355;

R. H. Dalitz and S. F. Tuan, Ann. Phys. 10 (1960) 307. [15] W. E. Humphrey and R. R. Ross, Phys. Rev. 127 (1962) 1305. [16] M. Sakitt et al., Phys. Rev. 139 (1965) B719.

[17] J. K. Kim, Phys. Rev. Lett. 14 (1965) 29; Columbia University Report, Nevis 149 (1966);

Phys. Rev. Lett. 19 (1967) 1074.

[18] W. Kittel, G. Otter, and I. Wacek, Phys. Lett. 21 (1966) 349. [19] D. Evans et al., J. Phys. G9 (1983) 885. [20] J. Ciborowski et al., J. Phys. G8 (1982) 13. [21] R. J. Nowak et al., Nucl. Phys. B139 (1978) 61. [22] D. N. Tovee et al., Nucl. Phys. B33 (1971) 493. [23] R. J. Hemingway, Nucl. Phys. B253 (1985) 742.

[24] J. C. Nacher, E. Oset, H. Toki and A. Ramos, Phys. Lett. B 461 (1999) 299 [arXiv:nuclth/9902071].

[25] T. Hyodo, A. Hosaka, M. J. Vicente Vacas and E. Oset, Phys. Lett. B 593 (2004) 75 [arXiv:nucl-th/0401051].

[26] J. K. Ahn [LEPS Collaboration], Nucl. Phys. A 721 (2003) C715.

[27] V. K. Magas, E. Oset and A. Ramos, Phys. Rev. Lett. 95 (2005) 052301 [arXiv:hepph/0503043].

[28] S. Prakhov et al. [Crystall Ball Collaboration], Phys. Rev. C 70 (2004) 034605. [29] B. Borasoy, P. C. Bruns, U.-G. Meißner and R. Nißler, Phys. Rev. C 72 (2005) 065201 [arXiv:hep-ph/0508307].

[30] F. E. Close and R. G. Roberts, Phys. Lett. B316 (1993) 165;

B. Borasoy, Phys. Rev. D 59 (1999) 054021.

[31] B. Borasoy, E. Marco and S. Wetzel, Phys. Rev. C66 (2002) 055208. [32] G. Höhler, E. Pietarinen, I. Sabba Stefanescu, F. Borkowski, G. G. Simon, V. H. Walther and R. D. Wendling, Nucl. Phys. B 114 (1976) 505.

[33] M. Galassi et al., “GNU Scientific Library Reference Manual” (2nd Ed.), ISBN 0954161734.

http://www.gnu.org/software/gsl/ [34] S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592 (2004) 1. [35] A. D. Martin, Nucl. Phys. B179 (1981) 33.

[36] U.-G. Meißner, U. Raha and A. Rusetsky, Eur. Phys. J. C (in print) [arXiv:nuclth/0603029].

[37] M. Cargnelli et al. [SIDDHARTA Collaboration], Proceedings of the “EXA 2005 International Conference on Exotic Atoms”, Austrian Academy of Sciences Press, Eds. A. Hirtl, J. Marton, E. Widmann and J. Zmeskal, p. 313.

[38] M. Cargnelli et al. [AMADEUS Collaboration], Letter of Intent,

http://www.lnf.infn.it/esperimenti/siddharta/LOI AMADEUS March2006.pdf [39] E. P. Wigner, Phys. Rev. 98 (1955) 145.

[40] J. R. Pelaez, Phys. Rev. D 55 (1997) 4193 [arXiv:hep-ph/9609427]. [41] N. Kaiser, P. B. Siegel, and W. Weise, Nucl. Phys. A594 (1995) 325. [42] S. Prakhov et al., Phys. Rev. C 69 (2004) 042202.

[43] I. Zychor et al., Phys. Rev. Lett. 96 (2006) 012002 [arXiv:nucl-ex/0506014]. [44] R. H. Dalitz and A. Deloff, J. Phys. G 17 (1991) 289.