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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-weee -
scattering lengths by measuring they decay branching ratio for a tagged sample of 7~
atoms (pionium). In the first experimental search for an appropriate tagging reaction, we observed
ow = 76 = 21 *+ 11 pb for free pion pair production inpd — *Hew* 7~ 1.0 MeV above threshold.
This result suggests a pionium production cross sectiorpb. [S0031-9007(96)01416-0]

PACS numbers: 13.75.Lb, 11.30.Rd, 25.40.Ve, 36.10.Gv

“Pionium,” an atom formed from a positive and a The gross properties of pionium wave functions are
negative pion, would provide a unique laboratory fordominated by the Coulomb interaction [14]: the predicted
study of the low-energy strong interaction between twaobinding energy is 1.9 keV and the Bohr radius is 387 fm.
pions. This interaction is a fundamental process in QCDThe s states ard = 0 — I = 2 mixtures, which decay
where pions play a special role as Goldstone bosons assprimarily by the strong interaction t7°, with a transi-
ciated with the spontaneous breaking of chiral symmetrytion rate expressible in terms of anda3 [14],

If this were a perfect symmetry of the Lagrangian, the 1/2 0 20 5
s-wave 7-7 scattering lengths-«/=" and a)=* for the wQrd) = 8_7T<2Am> (ag = ap)"|¥us (0)]

two possible isospin/{ channels—would vanish [1,2]. 9\ ur 1+ %MwAm(ag + 2a})?
Their deviations from zero thus measure the extent of chi- ~ 1.43(ad — @22V, (0), (1)

ral symmetry breaking (ChSB) introduced by nonvanish-

ing quark masses; they are predictable in lattice QCD [3vhere u is the reduced massym the decayQ value,

or models of nonperturbative QCD [4]. In the context ofand ¥,,(0) the atomic wave function at zero separation
chiral perturbation theory [5], the values @} also bear for the s state of quantum numben. Equation (1)
on the mode of spontaneous symmetry breaking [2]. suggests a ground-state lifetime= few X 1071 s. The

Unfortunately, 0 and 42 are difficult to measure MOStcompetitive electromagnetic decay i2yo with

precisely. Past determinations were based on data for 27 o
the suppressed decay mode” — 77 et v, [6], or WQ2y) = —5— ¥, 0)%, 2)
for #N — 77N reactions in peripheral [7] or near- M=

threshold [8] kinematics. The former method is insen-where « is the fine structure constant and,- the
sitive to a7, and has provided limited statistical precision charged-pion mass [15]. Theelative branching ratio
(~+20%) onaj. The pion production results are subject W(2y)/W(27°) is proportional toa) — a3)~2, and is in-

to serious model dependence; e.g., the parametrization dependent of: and of possible strong-interaction correc-
ChSB in standard soft-pion analyses is incompatible withtions to ¥,,,(0). Moreover, this same ratio characterizes
QCD [9]. Existing scattering length measurements arehe decay ofall atomic states, in the sense that> 0
thus of insufficient quality to distinguish clearly among states deexcite (withr ~ 107!' s) almost entirely by
competing approaches to nonperturbative QCD [10]. x-ray emission, leading eventually to am level. In par-

An experiment to study the formation and decay of pio-ticular, odd¢ states cannot decay directly 2ar’ (boson
nium to provide an alternative, less model-dependent, desymmetry) o2y (charge conjugation), while the centrifu-
termination of|a8 - a(z)l was first suggested by Nemenov gal barrier cause¥,,(0) — 0 for all € > 0.

[11] and later pursued at Serpukhov. This work led to These observations lead to our proposal: a model-
the first reported evidence for pionium [12] and to a pro-independent determination ¢f) — a3| can be made by
posal for improved high-energy experiments at CERNmeasuringW (2y)/W(27°) for pionium produced in any
[13]. In the present Letter, we suggest a complementargombination of bound or low-lying continuum states. The
approach, with distinct theoretical advantages for deterexpected value of the ratio is-5 X 1073, It is not
mining |a) — a3| from pionium decay. We then report strictly necessary to detect ther’(— 4y) decay for
the first search for pionium production under experimenthis purpose. If the atoms are produced in a target of
tal conditions appropriate to our proposed technique.  low electron density, and their production “tagged” by
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detecting an associated recoil particle, then the observed The near-threshold kinematics and the experimental
tagging rate essentially determines the® rate, since environment offer several advantages: (1) both iHe

the 277 branching ratio must be99% for bound states. recoils and ther ™~ from free pair production are confined
(For this argument to be extended to the continuum, théo far forward laboratory angles, facilitating their detection
tag must include an efficient veto of events containingwith nearly 100% acceptance to provide a tag and a veto,
charged pions.) The restriction to low target electronrespectively, for pionium; (2) an appreciable fraction of
density minimizes the role of collision-induced breakupthe phase space correspondsrto-7~ relative momenta

of pionium, and so guarantees that its natural decawhere the Coulomb final-state interaction may enhance
dominates. This makes the proposed technique orthog@ionium formation; (3) the cooled beam and thin target al-
nal to that used in high-energy experiments [12,13], whicHow sufficient*He energy and angle resolution to suppress
rely on collision-induced breakup, inferring the formation three-body (e.g.’He 7°7°) background substantially;

of pionium from an excess yield of " 7~ pairs at very (4) the purity of the windowless Dtarget severely limits
low relative momenta. Extraction ¢f18 - a(2)| from the  other*He background sources. On the other hand, the
latter data [16] depends critically on atomic collision cal- smalltotal reaction phase space so close to threshold and
culations and neglects possible strong-interaction corredhe large momentum transfer to thde both act to reduce
tions to the pionium wave functions [17]. the pionium yield.

For pionium produced with relativisti@y < 1, the The experiment layout is shown in Fig. 1. The target
mean free path for electronic collisions far exceeds thavas mounted just upstream of a dipole magnet that bent
natural decay length in a target with electron densitythe stored proton beam by°6and the 3He ejectiles
below 10" cm™3. Despite this low density, one must by 13.2. The *He were analyzed in a 5.6 m long
produce pionium at a rate=1000/day, in order to magnetic channel, with detectors at the entrance (a small
determine theyy decay branch to+=10%, and hence drift chamber and a thin plastic scintillator S1) and
la) — ad] to +5%. The need for high luminosity with exit (a position-sensitive silicon detector PSD, a second
a very thin target makes this technique well suited toplastic scintillator S2, and a stopping intrinsic germanium
a storage ring with internal targets. We have utilizeddetector). The total angular acceptance of the channel was
the stored, electron-cooled proton beam in the Indiand.8® vertically and 4.0 horizontally. The trigger was a
University Cyclotron Facility’s Cooler ring [18] to carry threefold coincidence among S1, S2, and PSD.
out the first experimental search for tagged pionium Five plastic scintillators were arrayed around the en-
production, to assess the feasibility of a decay experimentrance and to either side of thé €fipole, to detect low-
The production reaction studied wad — *Her "7~ at  energy charged pions (typically bent by100°) or their
bombarding energies very near the 430.5 MeV thresholddaughter muons. Signals from these scintillators were
A luminosity ~1 X 103! cm™2s™! was attained with used in software either as a logical veto, in search of a
2 X 10° stored protons bombarding a pure Bas jet pionium signal, or as a coincidence requirement tditag
target of thicknesss X 10" atomgcn?. 3He ejectiles pion pair production. At 431.5 MeV, the overall proba-
were detected near°Qo tag 77~ production. The bility to detect at least one of a charged-pion pair was
system was calibrated by studyisingle 7° production (74 = 10)%, as determined from Monte Carlo simulations
in pd — 3Her® within 1 MeV of its threshold, where the and experimental calibrations. The calibrations compared

total cross section is known [19] to be sizabtel(wb). simulated to measured ratios of threefdlder* 7~ to
Silicon
Drift Chamber S2

Cooler beam line

meters

FIG. 1. Plan view of the magnetic channel atide detectors. The channel contains two dipole and three quadrupole magnets,
following the € dipole that separaté$ie’s from beam protons.
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twofold *He (71 or #~) coincidences, and in runs with In a run 1 MeV below the #° threshold, we found
a °He target, of*Hew* coincidences tdHe singles for the cross section times acceptance Yeie background
p*He — *Her ™ near its threshold. to be <100 pb, a remarkable result for a®Gpectrum,
Separate detectors were used to monitor the luminoemphasizing the cleanliness of the cooled beam, internal
ity, via pd elastic scattering events, with the forward pro-target environment.
ton (6° = 0},“’ = 15°) and recoil deuterons detected in  Higher-energy data were acquired (see Table I) at four
coincidence. Thepd elastic cross section was in turn energies straddling the production thresholds #dvz°
calibrated againspp elastic scattering in separate runs(415.4 MeV) and7*#~ (430.5 MeV). The raw TOF
utilizing a jet target of molecular HD gas. spectrum obtained at 431.5 MeV is shown in Fig. 3(a).
Results obtained with this apparatus 0.7 MeV above th&he two dominant groups are continuum protons and
single 77° production threshold are shown in Fig. 2. Thedeuterons (the latter fromd — pd#°, nd«™ reactions);
*He group, already prominent in thaw S1-S2 time-of- the expected location of théHe’s falls between them.
flight (TOF) spectrum, is cleanly isolated [see Fig. 2(a)]*He products are readily identified by energy depositions
by a particle identification gate placed on the energy losén the silicon AE) and germanium K) detectors [see
in S1 and S2. The drift chamber position spectrum forFig. 3(b)]. However, the observation of a “forbidden”
the 3He’s [Fig. 2(b)] reveals the entire kinematic cone *He group in this spectrum indicates background, now
for pd — *Her®, with only small (~15%) acceptance somewhat above the 100 pb level, arising from interac-
losses imposed by channel magnets at the top antibns of beam halo, or of particles scattered out of the
bottom of the locus. The total cross section we extracbeam by the D target, with matter outside the gas jet.
agrees, within our absolute normalization uncertainty ofAnalogous®He contributions are suggested by the nonva-
+10%, with the published valuer, = 0.88 wb [19].  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
pd —> “Hen", 199.4 MeV nontarget background an2lz® production, as well as
from pionium and freer "7~ production. The latter

&
" 3 contribution is determined by demanding a prompt coin-
] cidence with one or more of the five charged-pion scin-
T 107 ; | tillators, while the first two contributions can be inferred
# 3 from the yield measured just below" 7~ threshold with
42 f( 1 : the pion scintillators in anticoincidence. The charged-
3 107, “-MJ"' 1 X pion coincidence gives the shaded spectrum in Fig. 3(a),
3] [ ¥ 5 ] where we now observe a narrow peak within thde
"."‘._r‘uh. 1 energy range expected kinematically for 77~ produc-
10 A | hllﬁ]r tion. The yields observed at the various bombarding en-
*He—gated - ‘q-i. ]}ﬁ ergies, within the lattefHe energy gate (or its equivalent
> : ) at 433.5 MeV) and with the pion scintillators placed in
500 600 700 80D 800 1000 1100 1200 coincidence or in anticoincidence, are converted to cross
26 prrrrer ‘tlo.fl Echur‘:nels)l . _:'I — section times channel acceptanoes) in Table I.
X ] The results in column 2 of Table | show clear evi-
s F. 3 dence forfree 7+ =~ production very near threshold. Af-
= 3 ter subtraction of below-threshold background (yielding
Cioo B _' column 3) and correction for overall pion scintillator
[ ]
E or 3 TABLE |. Total cross section times acceptanee) for *He
= - products near théz® (415.4 MeV) andr* 7~ (430.5 MeV)
o0 E a thresholds. Only statistical errors are specified.
: ] Beam energy 3He #* 3He 7* — bkgd SHe 7
-200 = (MeV) (pb) (pb) (pb)
; ] 412.0° 32+ 12 135 = 5.5
=300 ol s ol s by s sl sl s slsgssly
2300 —200 —100 O 100 200 300 429.5 16 £ 8 419 = 41
x (100=1cm) 431.5 67 * 11 51 + 14 367 * 26
429.9 209 541 = 47
FIG. 2. Spectra forpd collisions 0.7 MeV above thed — 433.5 124 + 19 104 + 21 566 + 40

3Her® threshold: (a) time of flight between scintillators S1 and
S2, ungated (solid curve) and gated (dashed curveyHy  2Yields extracted with®He energy gate appropriate o7~
particle identification; (b) drift chamber position, showing the production at 431.5 MeV.

small lab-frame kinematic cone and edge-peaking characteristitYields extracted with *He energy gate appropriate to
of a near-threshold two-body reaction. 433.5 MeV.
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E;=431.5 MeV reaction phase space in our case, even after correction for

1{J4LI T T I S the enhancement due to Coulomb attraction [20]. Thus,
E o a) in the absence of additional enhancements, the pionium
gF - e cross section is not likely to exceed 1 pb.
107, In summary, we have proposed a model-independent
+ By Ys _ proposed ¢ p
- 2;- method to extract a linear combination of then scat-
=10°F el tering lengths from the2y decay of a tagged sample
§ F " of pionium atoms produced in a target of low electron
10 = 4 ,_-'_'h. . density. We have studiegpd — *Her "7~ 1.0 MeV
E oo WA &R gated above threshold as a potential tagging reaction, utiliz-
1 E b 1 m J ing a system with demonstrably low background sensi-
E ; ‘ ‘ E tivity. The observed yield ofree 77~ pairs suggests
10" L JlHES Jd 1ol a total pionium production cross section below 1 pb un-
400 600 800 1000 der these conditions. At this cross section level, a de-
tof (channels) — cay experiment would require a time-averaged luminosity
200 T T T TS =10% cm 2s™!, beyond the capabilities of present pro-
1800 = ton storage rings with beam cooling. Alternative produc-
1600 3 tion reactions and energies are being explored.
g 1400 -
% 1200 .
® 1000 =
= 3
n 800 e 3 *Present address: TRW Data Technologies Division,
Y 600 [ = Aurora, CO 80011.
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