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Search for the Production of Pionium Atoms near Threshold
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We propose a model-independent method to extract a linear combination of thes-wave p-p
scattering lengths by measuring thegg decay branching ratio for a tagged sample ofp1p2

atoms (pionium). In the first experimental search for an appropriate tagging reaction, we observed
stot  76 6 21 6 11 pb for free pion pair production inpd ! 3Hep1p2 1.0 MeV above threshold.
This result suggests a pionium production cross section&1 pb. [S0031-9007(96)01416-0]

PACS numbers: 13.75.Lb, 11.30.Rd, 25.40.Ve, 36.10.Gv
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“Pionium,” an atom formed from a positive and
negative pion, would provide a unique laboratory fo
study of the low-energy strong interaction between tw
pions. This interaction is a fundamental process in QC
where pions play a special role as Goldstone bosons a
ciated with the spontaneous breaking of chiral symmet
If this were a perfect symmetry of the Lagrangian, th
s-wave p-p scattering lengths—aI0

0 and aI2
0 for the

two possible isospin (I) channels—would vanish [1,2].
Their deviations from zero thus measure the extent of c
ral symmetry breaking (ChSB) introduced by nonvanis
ing quark masses; they are predictable in lattice QCD
or models of nonperturbative QCD [4]. In the context o
chiral perturbation theory [5], the values ofa

0,2
0 also bear

on the mode of spontaneous symmetry breaking [2].
Unfortunately, a0

0 and a2
0 are difficult to measure

precisely. Past determinations were based on data
the suppressed decay modeK1 ! p1p2e1ne [6], or
for pN ! ppN reactions in peripheral [7] or near
threshold [8] kinematics. The former method is inse
sitive to a2

0, and has provided limited statistical precisio
(,620%) on a0

0. The pion production results are subjec
to serious model dependence; e.g., the parametrization
ChSB in standard soft-pion analyses is incompatible w
QCD [9]. Existing scattering length measurements a
thus of insufficient quality to distinguish clearly amon
competing approaches to nonperturbative QCD [10].

An experiment to study the formation and decay of pi
nium to provide an alternative, less model-dependent,
termination ofja0

0 2 a2
0j was first suggested by Nemeno

[11] and later pursued at Serpukhov. This work led
the first reported evidence for pionium [12] and to a pr
posal for improved high-energy experiments at CER
[13]. In the present Letter, we suggest a complement
approach, with distinct theoretical advantages for det
mining ja0

0 2 a2
0j from pionium decay. We then repor

the first search for pionium production under experime
tal conditions appropriate to our proposed technique.
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The gross properties of pionium wave functions a
dominated by the Coulomb interaction [14]: the predict
binding energy is 1.9 keV and the Bohr radius is 387 f
The s states areI  0 2 I  2 mixtures, which decay
primarily by the strong interaction to2p0, with a transi-
tion rate expressible in terms ofa0

0 anda2
0 [14],

W s2p0d 
8p

9

√
2Dm
mp

!1y2
sa0

0 2 a2
0d2jCnss0dj2

1 1
2
9 mp Dmsa0

0 1 2a2
0d2

. 1.43sa0
0 2 a2

0d2jCnss0dj2, (1)

wheremp is the reduced mass,Dm the decayQ value,
and Cnss0d the atomic wave function at zero separatio
for the s state of quantum numbern. Equation (1)
suggests a ground-state lifetimet * few 3 10215 s. The
most competitive electromagnetic decay is to2g, with

W s2gd 
2pa2

m2
p6

jCnss0dj2, (2)

where a is the fine structure constant andmp6 the
charged-pion mass [15]. Therelative branching ratio
W s2gdyWs2p0d is proportional tosa0

0 2 a2
0d22, and is in-

dependent ofn and of possible strong-interaction corre
tions to Cnss0d. Moreover, this same ratio characterize
the decay ofall atomic states, in the sense that, . 0
states deexcite (witht , 10211 s) almost entirely by
x-ray emission, leading eventually to anns level. In par-
ticular, odd-, states cannot decay directly to2p0 (boson
symmetry) or2g (charge conjugation), while the centrifu
gal barrier causesCn,s0d ! 0 for all , . 0.

These observations lead to our proposal: a mod
independent determination ofja0

0 2 a2
0j can be made by

measuringW s2gdyWs2p0d for pionium produced in any
combination of bound or low-lying continuum states. Th
expected value of the ratio is,5 3 1023. It is not
strictly necessary to detect the2p0s! 4gd decay for
this purpose. If the atoms are produced in a target
low electron density, and their production “tagged” b
© 1996 The American Physical Society
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detecting an associated recoil particle, then the obser
tagging rate essentially determines the2p0 rate, since
the 2p0 branching ratio must be*99% for bound states.
(For this argument to be extended to the continuum,
tag must include an efficient veto of events containi
charged pions.) The restriction to low target electr
density minimizes the role of collision-induced breaku
of pionium, and so guarantees that its natural de
dominates. This makes the proposed technique ortho
nal to that used in high-energy experiments [12,13], wh
rely on collision-induced breakup, inferring the formatio
of pionium from an excess yield ofp1p2 pairs at very
low relative momenta. Extraction ofja0

0 2 a2
0j from the

latter data [16] depends critically on atomic collision ca
culations and neglects possible strong-interaction corr
tions to the pionium wave functions [17].

For pionium produced with relativisticbg & 1, the
mean free path for electronic collisions far exceeds
natural decay length in a target with electron dens
below 1019 cm23. Despite this low density, one mus
produce pionium at a rate*1000yday, in order to
determine thegg decay branch to610%, and hence
ja0

0 2 a2
0j to 65%. The need for high luminosity with

a very thin target makes this technique well suited
a storage ring with internal targets. We have utiliz
the stored, electron-cooled proton beam in the India
University Cyclotron Facility’s Cooler ring [18] to carry
out the first experimental search for tagged pioniu
production, to assess the feasibility of a decay experim
The production reaction studied waspd ! 3Hep1p2 at
bombarding energies very near the 430.5 MeV thresho
A luminosity ,1 3 1031 cm22 s21 was attained with
2 3 109 stored protons bombarding a pure D2 gas jet
target of thickness3 3 1015 atomsycm2. 3He ejectiles
were detected near 0± to tag p1p2 production. The
system was calibrated by studyingsingle p0 production
in pd ! 3Hep0 within 1 MeV of its threshold, where the
total cross section is known [19] to be sizable (,1 mb).
nets,
FIG. 1. Plan view of the magnetic channel and3He detectors. The channel contains two dipole and three quadrupole mag
following the 6± dipole that separates3He’s from beam protons.
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The near-threshold kinematics and the experimen
environment offer several advantages: (1) both the3He
recoils and thep6 from freepair production are confined
to far forward laboratory angles, facilitating their detectio
with nearly 100% acceptance to provide a tag and a v
respectively, for pionium; (2) an appreciable fraction
the phase space corresponds top1-p2 relative momenta
where the Coulomb final-state interaction may enhan
pionium formation; (3) the cooled beam and thin target
low sufficient3He energy and angle resolution to suppre
three-body (e.g.,3He p0p0) background substantially
(4) the purity of the windowless D2 target severely limits
other 3He background sources. On the other hand,
small total reaction phase space so close to threshold
the large momentum transfer to the3He both act to reduce
the pionium yield.

The experiment layout is shown in Fig. 1. The targ
was mounted just upstream of a dipole magnet that b
the stored proton beam by 6± and the 3He ejectiles
by 13.2±. The 3He were analyzed in a 5.6 m lon
magnetic channel, with detectors at the entrance (a sm
drift chamber and a thin plastic scintillator S1) an
exit (a position-sensitive silicon detector PSD, a seco
plastic scintillator S2, and a stopping intrinsic germaniu
detector). The total angular acceptance of the channel
1.8± vertically and 4.0± horizontally. The trigger was a
threefold coincidence among S1, S2, and PSD.

Five plastic scintillators were arrayed around the e
trance and to either side of the 6± dipole, to detect low-
energy charged pions (typically bent by,100±) or their
daughter muons. Signals from these scintillators w
used in software either as a logical veto, in search o
pionium signal, or as a coincidence requirement to tagfree
pion pair production. At 431.5 MeV, the overall proba
bility to detect at least one of a charged-pion pair w
s74 6 10d%, as determined from Monte Carlo simulation
and experimental calibrations. The calibrations compa
simulated to measured ratios of threefold3Hep1p2 to
3511
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twofold 3He sp1 or p2d coincidences, and in runs with
a 3He target, of4Hep1 coincidences to4He singles for
p3He ! 4Hep1 near its threshold.

Separate detectors were used to monitor the lumin
ity, via pd elastic scattering events, with the forward pro
ton (6± # ulab

p # 15±) and recoil deuterons detected i
coincidence. Thepd elastic cross section was in turn
calibrated againstpp elastic scattering in separate run
utilizing a jet target of molecular HD gas.

Results obtained with this apparatus 0.7 MeV above t
singlep0 production threshold are shown in Fig. 2. Th
3He group, already prominent in theraw S1–S2 time-of-
flight (TOF) spectrum, is cleanly isolated [see Fig. 2(a
by a particle identification gate placed on the energy lo
in S1 and S2. The drift chamber position spectrum f
the 3He’s [Fig. 2(b)] reveals the entire kinematic con
for pd ! 3Hep0, with only small (,15%) acceptance
losses imposed by channel magnets at the top a
bottom of the locus. The total cross section we extra
agrees, within our absolute normalization uncertainty
610%, with the published valuestot  0.88 mb [19].

FIG. 2. Spectra forpd collisions 0.7 MeV above thepd !
3Hep0 threshold: (a) time of flight between scintillators S1 an
S2, ungated (solid curve) and gated (dashed curve) by3He
particle identification; (b) drift chamber position, showing th
small lab-frame kinematic cone and edge-peaking characteri
of a near-threshold two-body reaction.
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In a run 1 MeV below the p0 threshold, we found
the cross section times acceptance for3He background
to be ,100 pb, a remarkable result for a 0± spectrum,
emphasizing the cleanliness of the cooled beam, intern
target environment.

Higher-energy data were acquired (see Table I) at fo
energies straddling the production thresholds forp0p0

(415.4 MeV) andp1p2 (430.5 MeV). The raw TOF
spectrum obtained at 431.5 MeV is shown in Fig. 3(a
The two dominant groups are continuum protons an
deuterons (the latter frompd ! pdp0, ndp1 reactions);
the expected location of the3He’s falls between them.
3He products are readily identified by energy deposition
in the silicon (DE) and germanium (E) detectors [see
Fig. 3(b)]. However, the observation of a “forbidden”
4He group in this spectrum indicates background, no
somewhat above the 100 pb level, arising from intera
tions of beam halo, or of particles scattered out of th
beam by the D2 target, with matter outside the gas jet
Analogous3He contributions are suggested by the nonva
nishing yield observed at 412.0 MeV.

The 3He-gated TOF peak at 431.5 MeV [solid curve
in Fig. 3(a)] must therefore comprise contributions from
nontarget background and2p0 production, as well as
from pionium and freep1p2 production. The latter
contribution is determined by demanding a prompt coin
cidence with one or more of the five charged-pion scin
tillators, while the first two contributions can be inferred
from the yield measured just belowp1p2 threshold with
the pion scintillators in anticoincidence. The charged
pion coincidence gives the shaded spectrum in Fig. 3(
where we now observe a narrow peak within the3He
energy range expected kinematically forp1p2 produc-
tion. The yields observed at the various bombarding e
ergies, within the latter3He energy gate (or its equivalent
at 433.5 MeV) and with the pion scintillators placed in
coincidence or in anticoincidence, are converted to cro
section times channel acceptance (seff) in Table I.

The results in column 2 of Table I show clear evi
dence forfreep1p2 production very near threshold. Af-
ter subtraction of below-threshold background (yieldin
column 3) and correction for overall pion scintillator

TABLE I. Total cross section times acceptance (seff) for 3He
products near the2p0 (415.4 MeV) andp1p2 (430.5 MeV)
thresholds. Only statistical errors are specified.

Beam energy 3He p6 3He p6 2 bkgd 3He p6

(MeV) (pb) (pb) (pb)

412.0a 32 6 12 135 6 5.5
429.5a 16 6 8 419 6 41
431.5a 67 6 11 51 6 14 367 6 26
429.5b 20 6 9 541 6 47
433.5b 124 6 19 104 6 21 566 6 40

aYields extracted with3He energy gate appropriate top1p2

production at 431.5 MeV.
bYields extracted with 3He energy gate appropriate to
433.5 MeV.
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FIG. 3. Spectra obtained 1.0 MeV above thepd !
3Hep1p2 threshold: (a) S1–S2 time, ungated (dashed), ga
(solid) by 3He particle identification, and gated in coinciden
with one or more pion scintillators (cross-hatched); (b) parti
identification from silicon and germanium detector pul
heights, showing the3He gate used in (a). The vertical arrow
in (a) indicate the allowed3He energy range accompanyin
charged-pion pair or pionium production.

efficiency [s74 6 10d%] and channel acceptance time
efficiency [s91 6 5d%, according to simulations assum
ing a uniform phase space density for the three-bo
final state], we findstot  76 6 21sstatd 6 11ssystd pb
for pd ! 3Hep1p2 at an energy1.0 6 0.2 MeV above
threshold. The systematic error instot includes uncertain-
ties in luminosity, acceptance, and efficiency. The va
of seff is a factor of 2 larger 3.0 MeV above threshol
despite a substantial (.20%) loss in acceptance.

In contrast, we seeno evidence for pionium production
The 3He yield in anticoincidencewith p6 (column 4
of Table I) changes negligibly as we cross the pioniu
threshold, allowing us to place a direct upper limit (90
confidence level)stot(pionium)# 70 pb, 1.0 MeV above
threshold, whileseff # 79 pb 3.0 MeV above threshold
More stringent, but model-dependent, limits can be
ferred from thefreepair production by estimating the rati
of phase space relevant to pionium vs free pairs. The
nium signal reported in [12] is confined to relativep1-p2

momenta &2 MeVyc, corresponding to& 1% of the
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s
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reaction phase space in our case, even after correction
the enhancement due to Coulomb attraction [20]. Thu
in the absence of additional enhancements, the pioniu
cross section is not likely to exceed 1 pb.

In summary, we have proposed a model-independe
method to extract a linear combination of thep-p scat-
tering lengths from the2g decay of a tagged sample
of pionium atoms produced in a target of low electro
density. We have studiedpd ! 3Hep1p2 1.0 MeV
above threshold as a potential tagging reaction, utili
ing a system with demonstrably low background sens
tivity. The observed yield offree p1p2 pairs suggests
a total pionium production cross section below 1 pb un
der these conditions. At this cross section level, a d
cay experiment would require a time-averaged luminosi
*1034 cm22 s21, beyond the capabilities of present pro
ton storage rings with beam cooling. Alternative produc
tion reactions and energies are being explored.

*Present address: TRW Data Technologies Division
Aurora, CO 80011.

†Present address: Triangle Universities Nuclear Lab
ratory, Durham, NC 27708-0308.
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