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The adapted DIRAC experiment at the CERN PS accelerator observed for the first time long-lived
hydrogenlike πþπ− atoms, produced by protons hitting a beryllium target. A part of these atoms crossed the
gap of 96 mm between the target and a 2.1 μm thick platinum foil, in which most of them dissociated.
Analyzing the observed number of atomic pairs, nLA ¼ 436þ157

−61 jtot, the lifetime of the 2p state is found to be

τ2p ¼ ð0.45þ1.08
−0.30 jtotÞ × 10−11 s, not contradicting the corresponding QED 2p state lifetime τQED2p ¼

1.17 × 10−11 s. This lifetime value is three orders of magnitude larger than our previously measured value
of the πþπ− atom ground state lifetime τ ¼ ð3.15þ0.28

−0.26 jtotÞ × 10−15 s. Further studies of long-lived πþπ−

atoms will allow us to measure energy differences between p and s atomic states and so to discriminate
between the isoscalar and isotensor ππ scattering lengths with the aim to check QCD predictions.

DOI: 10.1103/PhysRevLett.122.082003

Introduction.—The DIRAC collaboration aims to check
low-energy QCD predictions using double-exotic πþπ−

and π�K∓ atoms, which have been observed and studied
[1–7]. In strong inclusive processes, these atoms are
produced in s states and are distributed according to
n−3, n being the principal quantum number [8].
The decay probability of short-lived πþπ− atoms (A2π ,

pionium) in s states is dominated (99.6%) by the annihi-
lation process [9–13] πþ þ π− → π0 þ π0 and is given by
the ππ s-wave scattering lengths combination ja0 − a2j (aI
is the ππ scattering length for isospin I):
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1

τ
≈ ΓðA2π → π0π0Þ ¼ Rja0 − a2j2 with R ∝ jψnlð0Þj2:

ð1Þ

The expression ψnlð0Þ is the pure Coulomb atomic wave
function at the origin with principal quantum number n and
orbital quantum number l. The correction to Eq. (1)
concerning finite pion size is negligible. The precision
of the ratio R is 1.2% [13], and the scattering lengths and
their combination have been calculated in low-energy QCD
[14]. The DIRAC experiment has measured such lifetimes
and so derived combined ππ [1–3] and for the first time πK
[5,7] scattering lengths.
After investigation of ππ and πK atoms with “short”

lifetimes of order 10−15 s, DIRAC continues to study ππ
atomic states (AL

2π) of “long” lifetimes of order 10−11 s as
considered in Ref. [8]. Moving inside the target, relativistic
short-lived A2π interact with the electric field of the target
atoms, resulting in a possible change of the A2π orbital
momentum l by one or more units. Some (NL

A) of them (NA)
will leave the target with l > 0. For such states, jψnlð0Þj2¼0
and thus all decays are suppressed in accordance with
Eq. (1). Therefore, the decay mechanism of such excited
states is the radiative de-excitation to an ns state, annihilat-
ing subsequently with the “short” lifetime τn3 into two π0.
The shortest AL

2π lifetime is the 2p state lifetime τ2p ≈
τQED2p ¼ 1.17 × 10−11 s [8,15], which is more than three
orders of magnitude larger than the minimum A2π lifetime.
For an average momentum of detected A2π hpAi ¼
4.44 GeV=c (γ ≃ 15.9), the decay lengths are 5.6 cm
(2p), 18.4 cm (3p), 43 cm (4p), 83 cm (5p), and
143 cm (6p).
These large atom decay lengths in the laboratory (lab)

system open a possibility to measure the energy splitting
between ns and np levels. This splitting is given by the
precisely calculated QED Lamb shift and the hadronic ns
level shift, which depends on a different combination of ππ
scattering lengths, 2a0 þ a2 [16,17].
In this Letter, the DIRAC collaboration presents the first

lifetime measurement of long-lived πþπ− atoms, observed
by DIRAC as described in Ref. [18].
Setup for investigation of long-lived πþπ− atoms.—To

investigate long-lived AL
2π atoms, the primary 24 GeV=c

CERN PS proton beam with intensity of 3.0 × 1011 protons
per spill [19] hits a 103 μm thick Be target (Figs. 1 and 2).
On their way to the 2.1 μm thick Pt foil at a distance of
96 mm behind the Be target, a part of the produced long-
lived atoms AL

2π , depending on their lifetimes, decays,
whereas the other part enters the Pt foil. By interacting with
Pt atoms, the atoms AL

2π break up (get ionized) and generate
atomic πþπ− pairs with relative momentaQ < 3 MeV=c in
their pair center-of-mass (c.m.) system. The foil is intro-
duced at 7.5 mm above the primary proton beam to avoid
interaction of the beam halo with Pt. The beam position in

the vertical plane was permanently monitored. Between
target and breakup foil, there was installed a permanent
retractable magnet [20] with a pole distance of 60 mm
(insertion of Fig. 2) and a maximum horizontal field
strength of 0.25 T (bending power 0.02 Tm). The magnet
enlarges the value of the vertical component QY of πþπ−
pairs, generated in Be, onQY ¼ 13.15 MeV=c (see Fig. 1).
For simulated events, this value is QY ¼ 13.12 MeV=c.
For all pairs generated in Pt foil, the fringing magnetic field
modifies the vertical component QY only by 2.3 MeV=c.
This large difference in the QY shift for pairs from Be and
Pt allows us to suppress the background by a factor of about

FIG. 1. Method to investigate long-lived AL
2π by means of a

breakup foil (side view). NA is the number of the totally produced
A2π and NL

A the number of excited AL
2π with l > 0.

FIG. 2. Top view of the DIRAC setup: 1—target station with
insertion, showing the Be target, magnetic field, and Pt breakup
foil; 2—first shielding; 3—microdrift chambers (MDC); 4—
scintillating fiber detector (SFD); 5—ionization hodoscope (IH);
6—second shielding; 7—vacuum tube; 8—spectrometer magnet;
9—vacuum chamber; 10—drift chambers (DC); 11—vertical
hodoscope (VH); 12—horizontal hodoscope (HH); 13—aerogel
Cherenkov; 14—heavy gas Cherenkov; 15—nitrogen Cheren-
kov; 16—preshower (PSh); 17—muon detector. (The plotted
symmetric and asymmetric events are a ππ and πK pair,
respectively.)
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6 in detecting atomic pairs from long-lived AL
2π . For e

þe−

pairs generated in Be, the peak is shifted to QY ¼
12.9 MeV=c and its position used to measure the magnetic
field stability during the six-month data taking [18].
TheDIRAC setup [21], sketched in Fig. 2, identifies pions,

kaons, protons, electrons, andmuonsbymeans ofCherenkov,
preshower and muon detectors, and time-of-flight measure-
ment. The achieved resolution in the particle momentum is
Δp=p ≃ 3 × 10−3 and the precision of the Q components
σQX ≈ σQY ≈ 0.44 MeV=c and σQL ≈ 0.50 MeV=c. This
high resolution enables the extraction of an atom signal in
formof smallQ atomic pairs. The secondary channelwith the
solid angleΩ ¼ 1.2 × 10−3 sr is vertically inclined relative to
the proton beam by 5.7° upward.
The events are reconstructed by means of the DIRAC ππ

analysis software described in Ref. [18], exploiting infor-
mation from DC, SFD, IH, and the proton beam position on
the target. The setup is aligned using properties of Λ (Λ̄)
decays [22].
Generation of short-lived πþπ− atoms, Coulomb, and

non-Coulomb pairs.—Coulomb πþπ− pairs are produced
either directly or originate from short-lived (e.g., Δ, ρ) or
medium-lived (e.g., ω, ϕ) particles. These pairs undergo
Coulomb final state interaction (FSI), resulting in modified
unbound states or atoms. Pairs from long-lived sources
(e.g., η0, η), called non-Coulomb, are nearly unaffected by
Coulomb interaction. The accidental pairs arise from
different interactions.
The cross section of πþπ− atom production is expressed

via the inclusive production cross section of πþπ− pairs from
short-lived sources without FSI, multiplied by jψnlð0Þj2 [8].
The latter factor differs from zero only for s states. Thus,
atoms are only produced in s states with probabilities
dictated by the n dependence of jψnlð0Þj2 as n−3: W1 ¼
83.2%, W2 ¼ 10.4%, W3 ¼ 3.1%, Wn>3 ¼ 3.3%.
In complete analogy, the production of πþπ− Coulomb

pairs is expressed via the inclusive production cross section
of πþπ− pairs without FSI, modified by the Coulomb
enhancement function ACðqÞ, which depends on the pair
relative momentum q (∼1=q for small q). This function, the
well-known Gamov-Sommerfeld-Sakharov factor [23–25],
is used for simulation of Coulomb pairs.
The relative yield between atoms and Coulomb pairs

[26] is expressed by the ratio of the above cross sections.
Thus, the total number NA of produced A2π is determined
via the number of Coulomb pairs NC by the model-
independent relation:

NA ¼ Kðq0ÞNCðq ≤ q0Þ with Kð2 MeV=cÞ ¼ 0.615;

ð2Þ
where NCðq ≤ q0Þ is the number of Coulomb pairs with
q ≤ q0 and Kðq0Þ a known function of q0 [26].
Production of long-lived πþπ− atoms.—The short-lived

πþπ− atoms, which propagate in the Be target after their

production in ns states, are either decaying or interacting
with Be. This interaction with the electric field of target
atoms will excite or deexcite or break up πþπ− atoms. In the
excitation or deexcitation processes, the orbital momentum
is changed by one unit or more, so forming long-lived atoms.
The lifetime of πþπ− atoms in the lab system depends on the
quantum numbers n, l, and the atom momentum.
The populations of all atomic states with quantum

numbers n, l, and m, as a multilevel quantum system,
are described by an infinite set of transport equations in
terms of probabilities [27,28]. These equations account for
excitation or deexcitation and annihilation processes and
describe the atomic state populations from the production
point up to the target exit. For the calculations below,
we use our measured value of the A2π ground state lifetime
τ ¼ 3.15 × 10−15 s [3] and the spectrum of the atom lab
momentum in the range 3–8 GeV=c with the average atom
momentum hpAi ¼ 4.44 GeV=c, extracted from the exper-
imental distribution of the Coulomb pairs.
Population of long-lived states: In this Letter, the transport

equations are solved numerically for all states with principal
quantum numbers n ≤ 10. The populations of states with
higher n are taken into account by an extrapolation pro-
cedure. Only total, excitation and deexcitation cross sections
are considered: the cross sections are calculated in the first
Born approximation (one-photon exchange), using Molière
parametrization of the Thomas-Fermi form factors for Be
and Pt atoms.
Figure 3 shows the atomic state population PL

n versus n,
summed over l andm, at the exit of the Be target and before
the Pt foil. The almost pure exponential behavior at high n
allows us to extrapolate to n > 10 and to evaluate
the population of the non-negligible infinite “tail.” Thus,
the population of all discrete states can be estimated. The
population at n ¼ 10 is excluded from the extrapolation
procedure, as this population is underestimated because of
cutting the infinite set of transport equations, excluding
deexcitations to this state from higher n states. The cut

n

Be target exit
Pt foil entry

10
-3

10
-2

98765432 10

P n
L

FIG. 3. Populations PL
n of long-lived states AL

2π versus n,
summed over l and m, at the exit of the Be target (filled circle)
and at the Pt foil entry (filled square).
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influence on the level populations is rapidly decreasing with
decreasing n, as Δn ¼ 1 transitions dominate. A fitting
procedure over all points is badly suited for the “tail”
estimation, as the n dependence is mainly dictated by
two different dependences: production rates as n−3 and
total cross sections roughly as n2. The following two n
dependences are chosen for extrapolation: exponential,
a exp ð−bnÞ, and hyperbolic, cn−3 þ dn−5. The free param-
eters a, b and c, d have been calculated for n, using the
populations PL

n and PL
n−1.

Figure 4 illustrates the “tail” estimations. The numerical
solution of the transport equations are obtained for n ≤ 10.
Then, the populations at n ¼ 9 and 8 are used for the “tail”
estimation. The two upper points at n ¼ 9 in Fig. 4 show
the sum of the populations for n ≤ 9 plus the different “tail”
estimations (exponential—filled circle, hyperbolic—filled
triangle). The lower point (filled square) presents the sum
of the populations with n ≤ 9 plus the population for
n ¼ 10 instead of the “tail.” The curves are obtained by
applying the same procedure to the points with lower n. The
exponential “tail” estimation is chosen as the mean value
for the population of long-lived states, as it has the smallest
slope and is nearly flat for n ≥ 7. The two other curves are
used as error band.
The following numerical values are calculated: the sum

of the long-lived state population at the Be exit is 6.04% for
n ≤ 10 (5.99% for n ≤ 9) of the total number NA of
produced A2π; the exponential “tail” n ≥ 10 is 0.14%,
the hyperbolic “tail” 0.25%, and the population of all long-
lived states at the Be exit is given as NL;Be

A ¼ ð6.13þ0.11
−0.09Þ×

10−2 × NA. Let us underline that the accuracy of all above
numbers accounts only for the precision of the extrapola-
tion procedure.

Asmentioned above, the cut of the infinite set of transport
equations at n ≤ 10 leads to a small underestimation of all
low-lying states because of neglecting the deexcitation from
the truncated “tail”with n > 10. A possible influence of this
cut has been estimated by comparing the above solutionwith
a solution, cut at n ≤ 9, where the deexcitation from states
with n ¼ 10 are also truncated. Estimated in this way, the
population of long-lived states at the Be exit is with a very
conservatively chosen error band ð6.29þ0.33

−0.13Þ × 10−2 [29].
An additional correction to this value may arise from the

accuracy of atom-atom cross sections. In the case of the Be
target, an estimation shows that the summed population of
long-lived states for n ≤ 8 at the Be exit, calculated with the
most accurate cross sections [30–32], is 2.8% less than the
current value. Thus, this value can be used as the scale
factor accounting for uncertainties of the used atom-atom
cross sections. Further, the accuracy of the most accurate
cross sections is estimated to be about 1% [30–32], which
can be converted roughly to a 1% error in the populations.
Let us conservatively add this error linearly to the latter
error band. Finally, the population of long-lived states at the
Be exit is ð6.12þ0.39

−0.19Þ × 10−2, compared to ð6.13þ0.11
−0.09Þ ×

10−2 in the above calculations. Thus, this crude accuracy
estimation leads mainly to an increase of the error band for
the calculated probabilities. Nevertheless, it is significantly
smaller than the experimental error. Hence, its influence is
applied only to the final results as described below.
Decay in gap and breakup in Pt for long-lived atoms:

In the 96 mm gap between the Be target and the Pt foil, the
populations of the atomic states alter depending on their
lifetime [15], calculated in QED. The decay length of atoms
with fixed n is minimal for l ¼ 1 and strongly increasing
with l. Figure 3 indicates that mainly states with n ¼ 2–4
are decaying in the gap. The summed population of long-
lived states at the entry of the Pt foil is 0.037� 0.001. Note
that all cascade radiation transitions between atomic states
as well as annihilation of ns states are considered, using the
technique of transport equations. The cascade accounting
increases the summed population by about 10% compared
to a pure exponential decay.
Table I shows the summed populations of long-lived

states at the Be target exit and at the Pt foil entry as a
function of n. Illustrative values of np state breakup
probabilities in the Pt foil are shown as well. The pionium
breakup in Pt is treated in the same way as the breakup in
the target. The breakup probability of AL

2π entering in Pt,
averaged over populations, is 0.944.
Finally, the expected total probability Ptot

br ðPtÞ, that
pionium produced in Be will break up in Pt, is calculated
via the difference between the total populations at the entry
and exit of the Pt foil. For the average atom momentum (see
above), this probability is found to be

Ptot
br ðPtÞ ¼ 0.035� 0.001: ð3Þ

n

0.062

0.060

0.058

0.056

0.064

98765

P
nL

FIG. 4. Summed populations
P

PL
n of all long-lived atomic

states at the exit of the Be target as a function of n used for “tail”
estimation. For each n, the two upper curves show the sum of
state populations for the given n plus different “tail” estimations
calculated from populations for n and n − 1 (exponential “tail”—
filled circle, hyperbolic “tail”—filled triangle). The lower curve
(filled square) presents the sum of the population for the given n
plus the population for nþ 1 instead of the “tail.”
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Number of atoms produced in the Be target.—The
analysis of πþπ− experimental data, produced in the Be
target, is similar to the πþπ− analysis as presented in
Ref. [3]. The main difference is a shift in QY by
13.1 MeV=c, due to the magnetic field of the inserted
permanent magnet. For the analysis in the current section,
the found QY value of each experimental and MC event is
lessened by the above 13.1 MeV=c.
Events with transverse QT < 4 MeV=c and longitudinal

jQLj < 15 MeV=c are selected to be analyzed. The exper-
imental Q distribution NðQiÞ and the distributions of its
projections are fitted by simulated distributions of atomic
nMC
A ðQiÞ, Coulomb NMC

C ðQiÞ, and non-Coulomb NMC
nC ðQiÞ

pairs. The numbers of atomic (nA), Coulomb (NC), and non-
Coulomb (NnC) pairs are free fit parameters in the χ2

minimization. The sum of these parameters is equal to the
number of analyzed events. The fitting procedure takes into
account the statistical errors of the experimental distributions.
Table II summarizes the number of Coulomb pairs NC

from the one-dimensional Q and jQLj analyses and from
the two-dimensional (jQLj,QT) analysis. The efficiency of
Coulomb pair recording is evaluated from the simulated
data as ratio of the MC Coulomb pair numberNMC

C , passing
the corresponding cuts—in each of the above analyses—to
the full number of generated Coulomb pairs NMC

C ð0Þ:
εC ¼ NMC

C =NMC
C ð0Þ. The full number of produced

Coulomb pairs in the Be target is then given by NC=εC.
This number allows us to calculate the number NA of atoms
produced in the Be target: using the theoretical ratio K ¼
NA=NC [Eq. (2)], calculated for q ≤ 2 MeV=c, and the

simulated probability εK ¼ NMC
C ðKÞ=NMC

C ð0Þ, that the
Coulomb pairs have momenta q ≤ 2 MeV=c, results in
NA ¼ KεKNC=εC. To recover the losses due to the copla-
narity cut in the trigger system, the number NA is addi-
tionally corrected (MC). The corrected values Ntot

A are
shown in the last column of Table II.
Number of long-lived atoms broken up in Pt.—Atomic

pairs from the AL
2π atom breakup in the Pt foil are observed

[18] above background πþπ− pairs produced mainly in the
Be target. For the analysis, the same approach is applied as
in the previous section, but this time QY is shifted by
2.3 MeV=c for all pairs instead of 13.1 MeV=c (Fig. 1).
In the two-dimensional (jQLj, QT) analysis, experimen-

tal data are analyzed by means of corresponding simulated
distributions. For jQLj < 15 MeV=c and QT < 2 MeV=c,
the jQLj projection of the experimental two-dimensional
distribution as well as of the three types of simulated πþπ−
pairs is shown in Fig. 5(a). One observes an excess of
events—above the sum of Coulomb and non-Coulomb
pairs—in the low QL region, where atomic pairs are
expected. After background subtraction, there is a sta-
tistically significant signal of nLA ¼ 436� 57 as presented
in Fig. 5(b). The signal shape is compared with the
simulated distribution of atomic pairs resulting from the
AL
2π breakup in the Pt foil. The description is acceptable in

TABLE I. Summed (over l and m) populations of long-lived
atomic states versus n. The populations at the Be target exit and at
the Pt foil entry are given in % of the total number of produced
A2π . PPt

brðnpÞ is the breakup probability of the A2π np states in the
2.1 μm thick Pt foil. The values are calculated for the average
atom momentum 4.44 GeV=c and the ground state lifetime
τ ¼ 3.15 × 10−15 s.

n 2 3 4 5 6 7 8

Be 2.38 1.56 0.85 0.49 0.30 0.20 0.13
Pt 0.48 1.10 0.76 0.47 0.30 0.19 0.13
PPt
brðnpÞ 0.763 0.933 0.978 0.991 0.996 0.998 0.999

TABLE II. Number NC of Coulomb pairs from different
analyses and fit quality as χ2=n (n is degree of freedom). NA
is the corresponding number of atoms produced in the Be target
and Ntot

A the total number of atoms after correction for the
coplanarity cut. The errors are statistical ones.

Analysis NC χ2=n NA Ntot
A

Q 321 340� 2660 33=27 12 539� 97 17 000� 130
jQLj 315 830� 3250 30=27 12 320� 120 16 700� 160
jQLj, QT 319 890� 2610 152=117 12 483� 97 16 960� 130
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FIG. 5. jQLj distribution of πþπ− pairs for QT < 2.0 MeV=c.
Plot (a) presents the experimental distribution (þ with statistical
error bar) and the simulated background (solid line). Plot
(b) shows the experimental distribution after background sub-
traction (þ with statistical error bar) and the simulated distribu-
tion of atomic pairs from AL

2π broken up in Pt (dotted-dashed
line). The fit procedure has been applied to the two-dimensional
(jQLj, QT) distribution.
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view of large statistical uncertainties induced by subtracting
two large numbers in the bins of the signal distribution
(discussion below).
The Λ width correction accuracy (second section) leads

to a systematic error in nLA of σsystΛ ¼ 4.4. The accuracy of
the measured Pt foil thickness causes a systematic error of
σsystPt ¼ 22 in the two-dimensional analysis. Generation of
πþπ− pairs by beam halo protons is negligible [18].
An additional one-dimensional jQLj analysis is per-

formed to check the influence of the simulated atomic
pair shape. The experimental distribution is analyzed with
three free parameters (fractions of atomic, Coulomb, and
non-Coulomb pairs) in the range 0 < jQLj < 15 MeV=c,
and with two parameters (fractions of Coulomb and non-
Coulomb pairs) in the interval 2 < jQLj < 15 MeV=c,
where no atomic pairs are expected. In the region
jQLj < 2, QT < 4 MeV=c, the atomic pair numbers
obtained with the three-parameter fit are nLA ¼ 435� 103

and obtained with the two-parameter fit nLA ¼ 579� 164.
The difference in nLA is mainly due to different signal shapes
in the experiment and simulation and is taken as an estimate
for the systematic error (only with positive sign) σsystshape ¼
144. The systematic error of the number of atoms produced
in Be (Ntot

A ) is calculated as a maximum difference between
the value of the analysis with the current variables and other
analyses, σsystA ¼ 260.
In summary, the analysis of the two-dimensional (jQLj,

QT) distributions yields the following value for the total
probability that a πþπ− atom produced in Be breaks up in
the Pt foil:

Ptot
br ðPtÞ ¼

nLA
Ntot

A
¼ 0.0257� 0.0034jstat þ0.0086

−0.0014jsyst
¼ 0.0257þ0.0092

−0.0036 jtot: ð4Þ

This result agrees within errors with Ptot
br ðPtÞ from Eq. (3)

calculated by means of QED lifetimes of long-lived states.
Measuring a long-lived πþπ− atom lifetime.—A long-

lived atom lifetime is evaluated by means of two analyses.
In the first simplified analysis, all long-lived atoms are
considered as objects, which have one common lifetime,
the average momentum hPAi and the breakup probability in
the Pt foil equal to 1. The long-lived atom lifetime
estimated in this way is

τ ¼ ð2.32� 0.35jstat þ0.90
−0.15jsystÞ × 10−11 s

¼ ð2.32þ0.96
−0.38 jtotÞ × 10−11 s:

This value of the long-lived atom lifetime is more than three
orders of magnitude larger than our measured value of the
atom ground state lifetime τ1s ¼ ð3.15þ0.28

−0.26 jtotÞ × 10−15 s
[3]. Accounting for the additional calculation errors,

discussed in the “Population of long-lived states” subsection,
leads to almost the same value: τ ¼ ð2.33þ0.98

−0.39 jtotÞ × 10−11 s.
In the second more sophisticated analysis, the popula-

tions of the pionium states are described in terms of
transport equations for the whole path from the production
point in the Be target to the exit of the Pt foil. For the gap
between Be and Pt, radiation transition rates and annihi-
lation of short-lived states are included in the transport
equations. The variation of the different AL

2π lifetimes τnl
from their QED values τQEDnl [15] is done via the factor
α ¼ τnl=τ

QED
nl , which is the same for any nl level. All the

probabilities involved in these calculations are averaged
over the spectrum of the observed atoms.
The solid line curve in Fig. 6 presents the breakup

probability Ptot
br ðPtÞ [see Eq. (3)] as a function of the factor

α. The error band (dashed curves) accounts for the different
extrapolations of the state population for n ≥ 10. The
horizontal lines are the measured value Ptot

br ðPtÞ together
with the total errors [Eq. (4)]. This value corresponds to
α ¼ 0.376þ0.804

−0.183 . As α ¼ 1 is included in the error band, one
concludes that the measured lifetime does not contradict the
QED calculations. The lifetime of the 2p state, which is
the shortest-lived of all long-lived states, is found to be
τ2p ¼ ð0.44þ0.94

−0.21 jtotÞ × 10−11 s. This value is in agreement
with the calculation in QED, τ2p ¼ 1.17 × 10−11 s [15].
Accounting for the additional calculation errors, dis-

cussed in the “Population of long-lived states” subsection,
leads to a wider error band for α ¼ 0.383þ0.926

−0.254 , leaving
the central value practically unchanged, and to the 2p
lifetime τ2p:

τ2p ¼ ð0.45þ1.08
−0.30 jtotÞ × 10−11 s: ð5Þ

The magnetic field between the Be target and the Pt foil
transforms into an electric field in the atom c.m. system. This

α

P
to

t

0.02
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0.035
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0.25 0.5 0.75 1 1.25 1.5 1.75 2

br
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FIG. 6. Probability Ptot
br ðPtÞ calculated as a function of α (see

text). The horizontal lines correspond to the measured value
Ptot
br ðPtÞ ¼ 0.0257þ0.0097

−0.0036 jtot [Eq. (4)] together with the total errors.
The value α ¼ 1, which corresponds to pure QED calculations, is
within the error band of the measurement.
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field mixes the wave functions of long-lived np states and
short-lived ns states resulting in shortening the observed
lifetime of np states. The influence of the magnetic field on
the lifetime for 2p and 2s states has been evaluated in
Ref. [16]. The magnetic field in the gap shortens the 2p
lifetime by 1.002 and even more for higher n. To estimate a
maximum reduction, all np states with n > 3, around 8.6%
of all long-lived states at the Be exit, have been considered as
decayed in the gap. In this extreme case, the value of the 2p
lifetime is τ2p ¼ ð0.60þ1.34

−0.30 jtotÞ × 10−11 s, not contradicting
the result in Eq. (5), evaluated without taking into account
the influence of the magnetic field.
Conclusion.—The evaluated lifetime τ2p ¼

ð0.45þ1.08
−0.30 jtotÞ × 10−11 s is three orders of magnitude larger

than our previously measured value of the A2π ground state
lifetime τ ¼ ð3.15þ0.28

−0.26 jtotÞ × 10−15 s [3]. To consolidate
this investigation, the study of πþπ− atoms with long-living
states should be continued. The outcome opens a possibil-
ity to measure the Lamb shift of this atom and, herewith, a
new ππ scattering length combination 2a0 þ a2. These
scattering lengths have been calculated in the framework of
Chiral perturbation theory and are nowadays investigated in
lattice QCD.
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