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Abstract8

The measurement of strong-interaction shift and broadening in pionic hy-9

drogen and deuterium yields pion-nucleon scattering lengths as well as the10

threshold pion-production strength on isoscalar NN pairs. Results from re-11

cent high-resolution experiments at PSI using crystal spectrometers allow im-12

portant comparisons with the outcome of the modern low-energy description13

of QCD within the framework of effective field theories.14

14.1 Introduction15

The last decades have seen a successful theoretical description of strong-interaction phe-16

nomena at threshold within effective field-theory (EFT) approaches: the chiral symmetry17

of the QCD Lagrangian allows the derivation of so-called low-energy theorems. In reality,18

the chiral symmetry is explicitly broken because of the finite masses of the light quarks u,19

d, and s. This leads, e. g. to a finite pion mass which is, however, still small compared to20

the hadronic scale given by the nucleon mass. The deviations from low-energy theorems21

reveal the amount of symmetry breaking.22

Chiral Perturbation Theory (χPT) offers a systematic way of quantifying these symmetry-23

breaking effects. A chiral expansion, ordered by the powers of (small) momenta, the quark-24

mass differences, and the fine structure constant α, includes strong isospin-breaking effects25

resulting from the quark-mass differences and those of electromagnetic origin on the same26

footing. The unknown structure of QCD at short distances is parametrized by so-called27

low-energy constants (LECs), which must be taken from experiment as long as results28

from lattice-QCD calculations are not available.29

Pions, being composite particles of the lightest quarks u and d, and their interactions,30

play a prominent role. Hence, πN → πN reactions and the corresponding scattering31

lengths are of fundamental interest for the understanding of low-energy QCD phenom-32

ena. In the limit of isospin conservation, all πN → πN reactions are completely deter-33

mined by only two independent real numbers, the scattering lengths corresponding to the34

isospin combinations I = 1/2 and 3/2 of the πN system. Therefore, quantitative tests of35

isospin-breaking effects, predicted to be of the order of a few per cent by advanced χPT36

calculations, are of great importance.37

The corresponding precision for the experimental approach is achieved by means of38

high-resolution X-ray spectroscopy of pionic hydrogen and deuterium. Considering the39

energy regime of such atomic systems, the measurement of the strong-interaction effects40

constitutes a scattering experiment at threshold.41
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14.2 Strong-interaction effects

Concepts and recent theoretical efforts on low-energy πN scattering and pionic hy-42

drogen are reviewed in [1, 2]. Properties of exotic atoms and experimental methods are43

outlined in [3].44

14.2 Strong-interaction effects45

Exotic atoms provide an ideal laboratory for the extraction of scattering lengths from ex-46

periment, because problems due to normalization and extrapolation to threshold inherent47

to scattering experiments are absent. Such atoms are formed when negatively charged par-48

ticles, such as pions, are captured in high-lying atomic levels of the Coulomb potential of49

a nucleus: a de-excitation cascade subsequently starts. The strong interaction gives rise to50

a change of the total energy of the particle-nucleus system ∆E and to its lifetime observed51

as an energy shift ε and a broadening Γ of lower-lying atomic levels, where the overlap52

of the atomic bound-state wave function with the nucleus of mass number A becomes53

significant. For atomic states with principle quantum number n and angular momentum54

` = 0, ns, the complex energy shift is directly related to the complex scattering length55

aπA [4]56

∆EπAns − i
ΓπAns

2
= −

2α3µ2Ac
4

h̄c
· 1

n3
· aπA + ... , (14.1)

where α is the fine structure constant and µA is the reduced mass of the particle-nucleus57

system. The ellipses stand for higher order corrections [1, 2]. In this paper, the sign58

convention for atomic level shifts ε is the change of the X-ray transition energy, i. e.59

ε ≡ −∆E.60

In the case of pionic hydrogen, only the ground-state effects are detectable by high-61

resolution X-ray spectroscopy. The two independent scattering lengths may be described62

by isoscalar and isovector scattering lengths a+ and a− for the elastic channels:63

a± ≡ (aπ−p→π−p ± aπ+p→π+p) . (14.2)

In terms of the isospin combinations I = 1/2 and I = 3/2, a+ and a− are given by:64

a+ =
1

3
(a1/2 + 2a3/2) and (14.3)

a− =
1

3
(a1/2 − a3/2) . (14.4)

In leading order, pionic hydrogen and deuterium give access to the scattering lengths65

of the elastic reactions π−p → π−p and π−n → π−n and to the charge exchange channel66

π−p→ π0n after correcting for the radiative capture contribution π−p→ γn. As seen from67

(14.5) – (14.7), three experimental quantities are available for the two independent scat-68

tering lengths: the 1s-level strong-interaction shifts in pionic hydrogen and deuterium επH1s69

and επD1s and broadening in pionic hydrogen, ΓπH1s . Hence, such measurements constitute a70

decisive constraint both on the experimental and theoretical approaches.71

επH1s ∝ Re aπ−p ∝ aπ−p→π−p = a+ + a− + ... (14.5)

ΓπH1s ∝ = aπ−p ∝ (aπ−p→π0n)2 = (a−)2 + ... (14.6)

επD1s ∝ Re aπ−d ∝ aπ−p→π−p + aπ−n→π−n = 2 · a+ + ... . (14.7)

The ellipses indicate the corrections needed to derive the QCD quantities a+ and a− from72

the measurable quantities aπN→πN . These corrections are given by recent χPT calcula-73

tions [1, 2]. For the pionic deuterium case, in addition substantial multi-body corrections74
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14.3 Experimental approach

are necessary which, however, are well under control [5]. The check of consistency of75

these results is an essential outcome of the experimental and theoretical efforts of the last76

decades.77

The imaginary part Im aπD, which gives the leading contribution to the hadronic broad-78

ening ΓπD1s in pionic deuterium, measures the transition strength α of s-wave pions on an79

isoscalar nucleon-nucleon pair πNN ↔ NN and is an independent quantity not related80

to the scattering lengths a+ and a− [6, 7].81

ΓπD1s ∝ = aπ−d ∝ σthresholdπ+d→pp ∝ α (14.8)

14.3 Experimental approach82

The possibility of performing high-statistics experiments of exotic hydrogen even in dilute83

targets with high-resolution devices like crystal spectrometers became possible by using84

the cyclotron trap (Section 13 [8]). Figure 14.1 shows the set-up of cyclotron trap and85

crystal spectrometer for the studies described here [7, 9–11]. With a massive specially86

tailored concrete shielding an improvement in the beam-induced background of up to a87

factor of 50 is achieved compared to previous experiments.88

Figure 14.1: Set-up in the πE5 area at PSI. The Bragg crystal is mounted inside
a vacuum chamber and connected to the cyclotron trap and the CCD X-ray
detector by a vacuum system to minimize absorption losses. The roof of the
concrete cave is not shown.

The crystal spectrometer was set up in Johann configuration which allows the mea-89

surement of an energy interval corresponding to the extension of the X-ray source in the90

direction of dispersion [12]. Thin polished slabs of silicon and quartz were used as Bragg91

crystals. They are spherically bent with radii of about Rc = 3 m when attached to glass92

lenses of optical quality by adhesive forces only (Figure 14.2). Resolutions of 270−460 meV93

were achieved for the X-rays in the energy range of 2.2 − 3.1 keV which is very close to94

the theoretical limit achievable for the particular crystal and reflection.95

The detector extension in the direction of dispersion has to be matched to the source96

size to utilize the capabilities of the Johann set-up. The detector is realized as a 2 x 397

array of Charge-Coupled Device (CCD) of total area of 48 x 72 mm2 (Figure 14.2) and98

located at the distance Rc · sin ΘB given by the focussing condition where ΘB is the Bragg99

angle. The diffracted X-rays create a cone-like hit pattern in the detection plane which,100
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after curvature correction and projection to the direction of dispersion, directly yields101

an energy spectrum (Figure 14.3). The necessary two-dimensional position resolution is102

provided by the 40µm× 40µm pixel structure of the CCDs.103

Figure 14.2: Left: quartz disk attached adhesively to a concave glass lens, middle:
crystal mounting in an adjustable support frame with an aperture to limit the
so-called Johann defocussing, right: focal-plane X-ray detector removed from the
cryostat [13].

Energy determination in Johann-type set-ups requires a calibration line ideally at the104

same Bragg angle as the X-ray line of interest. In this experiment, the energy of the105

pionic oxygen line (6− 5) is very close to the one of pionic hydrogen (3− 1). The precise106

knowledge of the charged pion mass then allows the calibration of pionic-atom transitions107

among themselves [14] (Section 10 [15]).108

The understanding of collisional processes during the lifetime of pionic hydrogen plays109

a key role for a precision determination of the strong-interaction effects. For the πH110

system, X-ray transition energies are of the order of 3 keV while hadronic shifts are of111

the order of a few eV and the broadening around 1 eV. Therefore, a thorough study of112

possible collision-induced energy shifts and broadening has been performed. Such a study113

essentially means the measurement of various transitions at various target densities as114

well as a comparison with muonic hydrogen. The hydrogen density was adjusted in the115

cryogenic target by temperature variation in order to allow the use of thin windows.116

Energy shifts, which would spoil the result for ε1s, may appear if after molecular forma-117

tion πH+H2 → [(ppπ)p]ee X-ray emission from molecular states occurs. As the formation118

rate scales with collision probability, a density-dependent X-ray energy would demonstrate119

its appearance. No such effect was observed for either hydrogen and deuterium [7,9, 10].120

The main obstacle to a precision determination of the hadronic broadening Γ1s is121

Doppler broadening due to Coulomb de-excitation [16–18]. During these non-radiative122

transitions, the energy of the de-excitation step (n− n′) is transferred into kinetic energy123

of the collision partners. The competition of acceleration by Coulomb de-excitation and124

deceleration by elastic and inelastic collisions leads to a complex kinetic energy distribu-125

tion at the time of X-ray emission. Hence, the measured line shape is a convolution of126

spectrometer response, Doppler broadening, and the Lorentzian representing the hadronic127

broadening. For that reason, a measurement of the twin system muonic hydrogen was128

performed, where the absence of the strong interaction allows the possibility of directly129

studying the effect of Doppler broadening.130

Consequently, the ultimate knowledge of the spectrometer response is of great impor-131

tance. Here, the cyclotron trap offers another unique possibility when extended to operate132

as ECR source (Section 13 [8]). The ECR source yields narrow X-rays at high rates from133
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helium-like low Z elements like sulphur, chlorine, and argon which almost coincide in134

energy with the pionic hydrogen and deuterium X-ray transitions.135

14.4 Results136

Spectra of the (3p − 1s) transitions are shown in Figure 14.3. Above the oxygen freeze-137

out temperature the simultaneous measurement of the πO calibration line and πH line is138

feasible by means of a small O2 admixture to the H2 gas. For lower temperature, hydrogen139

and oxygen measurements were performed alternately.140

Figure 14.3: Spectra of the (3p−1s) transitions in muonic [9] and pionic hydrogen
[10] and pionic deuterium [7]. The narrow structures displayed inside the µH and
πD lines demonstrate the resolution of the spectrometer equipped with a Si 111
crystal as measured by using an ECR source [19].

The muonic hydrogen spectrum shows the importance of the Doppler-induced broad-141

ening (Figure 14.3). A satisfactory description requires that about 2/3 of the µH atoms142

have kinetic energies below a few eV contributing only to a negligible amount to the143

broadening. The remaining 1/3 can be attributed to energies around 24 and 56 eV, which144

corresponds to the Coulomb de-excitation transitions (5 − 4) and (4 − 3). Within the145

uncertainties of such an analysis, there is good agreement with cascade theory [9].146

In pionic hydrogen, again a large fraction, about 60-80%, of the πH atoms have kinetic147

energies below a few eV. The appearance of higher energies is needed to describe the line148

shape. However, because of the hadronic broadening an assignment to particular Coulomb149

de-excitation transitions is impossible [11].150

It is worth mentioning that no Doppler contribution could be identified in pionic deu-151

terium within the experimental uncertainties [7]. A theoretical explanation for such be-152

havior is provided by cascade theory [20].153

The strong-interaction effects, summarized in Table 14.1, represent the weighted aver-154

age over the various transitions measured and target densities.155

επH1s ΓπH1s επD1s ΓπD1s

7085.8 ± 9.6 [10] 856 ± 27 [11] −2356 ± 31 [7] 1171+23
−49 [7]

Table 14.1: Measured strong-interaction effects in pionic hydrogen and deuterium
(in meV).
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14.5 Summary

14.5 Summary156

The three constraints on the two independent isoscalar and isovector πN scattering lengths157

are shown in Figure 14.4. Because of the poor knowledge of LECs, the use of a modified158

isoscalar scattering length ã+ is more convenient in the constraint analyses. The most159

recent χPT calculation gives ã+ − a+ = (− 6.1 ± 2.5) · 10−3m−1π [2]. It is important160

to note that good overlap is achieved, although substantial chiral corrections have to be161

applied [2].162

The precise result for the pion-production strength α demonstrates the advantage of163

exotic atoms, namely that the strong-interaction effects are determined without normali-164

sation and extrapolation. In Figure 14.5, the pionic- deuterium results are marked as the165

shaded area, which is compared with pion-production experiments that typically specify166

statistical errors only. The only theoretical approach yielding a reliable uncertainty is due167

to a χPT calculations which, however, suffers at present from the scarce precision of some168

LECs [6].169

ã+ a− α

(1.7± 0.8) · 10−3m−1π [11] (86.6± 1.0) · 10−3m−1π [11] (251 + 5
− 11) mb [7]

Table 14.2: Isoscalar and isovector scattering length ã+ and a− and threshold
pion-production strength as derived from the strong-interaction effects in pionic
hydrogen and deuterium.

Figure 14.4: Constraints (bands)
and combined result (ellispse) for the
isoscalar and isovector πN scattering
lengths ã+ and a− as derived from επH1s ,
επD1s , and ΓπH1s [11].

Figure 14.5: Comparison of results for
pion-production strength α at threshold
on isoscalar NN pairs. The horizontal
band represents the precision of the most
recent result for ΓπD1s [7].

Exotic-atom data yield values for the reaction scattering lengths aπ−p→π−p and aπ−p→π0n170

[10, 11]. Applying the corrections provided by χPT calculations, as well aπ+p→π+p as the171

isospin-separated scattering lengths a1/2 and a3/2 are attainable [2,11]. The results are in172

very good agreement with recent analyses of low-energy πN scattering data [21].173

In summary, recent πH, πD, and low-energy πN scattering data are quantitatively174

very consistent when analysed within the framework of χPT.175
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