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Abstract

An exclusive measurement of the deeay~ n*n~y has been performed at the WASA facility at COSY. Thmesons were
produced in the fusion reaction pefHe X at a proton beam momentum of 1.7 GeMEfficiency corrected dlierential distributions
have been extracted based on 1398640 events after background subtraction. The measuredapigular distribution is consistent
with a relativep-wave of the two-pion system, whereas the measured photergyeispectrum was found at variance with the
simplest gauge invariant matrix elementpof> 7*7~y. A parameterization of the data can be achieved by the additinclusion
of the empirical pion vector form factor multiplied by a fistder polynomial in the squared invariant mass ofithe™ system.
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1. Introduction model B], the Hidden Local Symmetry mod&l [6], an Omnes-

function which accounts for the-wave pion scattering phase
The n meson plays a special role in understanding low-shift [7,(8], and a Chiral Unitary approadh [9].

energy Quantum Chromo Dynamics (QCD). Chiral symmetry, To test the validity of the dierent models, not only the decay

its realization in hadron physics at low energies and the ®bl  rate but also dferential distributions of the Dalitz plot variables

explicit chiral symmetry breaking due to the masses of tietli need to be compared with experimental data. For this purpose

quarks (., d, s) can be investigated usingdecays. This work it js useful to parameterize the Dalitz plot in terms of theph

focuses on the anomalous sector of QCD, which is manifesteghn energyE, in the rest frame of the meson and the angte

in the radiative decays of themeson. of thex* relative to the photon in the pion-pion rest frame. E

The radiative decay — 77"y is the fourth strongest decay s related to the squared invariant mass of the pion aiac-
mode of theg meson with a branching ratio of 4.600.16% ﬂ]. cording to

Conservation of charge conjugation and angular momentum in

cluding parity constrain the dynamics of the decay products E - }( B ﬁ) 1)

The photon and the meson are eigenstates of the charge sym- 72 M m,)

metry transformation with the eigenvalues-G-1 and C= +1, o )

respectively. Therefore, due to C invariance #tie~ system The photon energy distribution has been subject of only a few
must have G= —1. To ensure C invariance, the orbital angularmeasuremept_s forty years .a@[, " 1,3 ._The results of
momenturrL. between the two pions must be odd. All involved the two statistically most significant publicatio [L2] z8e

particles have negative parity. Consequently, parityriavece prgsented without acceptance gorrections_. Instead, tiueisio
demands that the orbital angular momentufmbetween the which hgve been used for the interpretation of the dqta were
photon and the two-pion system must also be odd. Finally. tofolded with the acceptance and the results seem to be irgsonsi
' tent [6,14].

tal angular momentum conservation incorporating the faat t he limitati tth | iiabl .
the intrinsic spin of the photon is unity leads to the requieat Due to the limitations of the currently available experirtegn

L = L. Thus, the lowest partial waves which contribute aredatﬁ the potelntial of the d?ca;y—> Ty tt;) F;rt?lvide ir:s_igr:jt

p-waves. Presumably, higher partial waves witk 3 are not 1 the anomalous sector of QCD cannot be fully exploited. In

very important. order to perform compelling tests of the box anomaly and its
Radiative decays of the meson are driven by the chiral higher order terms in Chiral Perturbation Theory as well as

anomaly of QCD. The féects of the anomaly have been sum-©of the non—perturbativg ext_ensions o_f _the_box-anomaly $erm
marized by Wess and Zumino in affective LagrangiarﬂZ]. a new measurement with higher precision is called for.
As shown by Witten, this Lagrangian is an essential part of ef
fective field theories, because it is necessary in order to C0 The Experiment
rectly incorporate the parity transformation of QC|ﬂ> [3]. At
the chiral limit of zero momentum and massless quarks the The results presented in this paper are based on a mea-
decayn — n*n"y is determined by the box anomaly term of surement with the WASA detection system![15] installed at
the Wess-Zumino-Witten Lagrangian, which describes the dithe Cooler Synchrotron COSY [116] at the Forschungszentrum
rect coupling of three pseudoscalar mesons and a photon. Thiglich in Germany. A pellet target system produces small
dynamic range of the decay is limited by two pion rest massespheres of frozen hydrogen or deuterium which interact with
and then mass, 4% < s, < n¥, and is, thus, far from the the jon beam of the accelerator. The interaction regioniis su
chiral limit. As a consequence, the decay rate calculatet fr  rounded by a central detector covering scattering angtes fr
the box anomaly term at the tree level is smaller by a factor op0 to 169 degrees. It consists of a straw tube drift chamber,
two compared to the measured value. Higher order terms afhich is operated in the magnetic field of 0.85 T provided by
the chiral Lagrangian have to be taken into account to aehieva superconducting solenoid for the momentum reconstmctio
a correct description of the decay— n*z~y. Calculations at  of charged particles, an electromagnetic calorimeter tasuiee
the one-loop level show an improved agreement between-expesnergies of charged as well as neutral particles and thi pla
iment and theory [4]. But there remains, however, a significa tic scintillators to discriminate charged and neutral ok al-
difference. Severati@rts have been made to include final stateready at the trigger level. Energy loss patterns in the takr
interactions by unitarized extensions to the box-anonmeiy!  ter and the plastic scintillators allow to identify chargeatti-
e.g. amomentum dependent Vector Meson Dominance (VMDgles. For the identification and reconstruction of par§i@enit-
ted at polar angles from 3 to 18 degrees a forward detector
e " m is used. While track coordinates are measured precisely by a
Er?lr;ﬁsfjl)(:?dr:‘elsnsg:cil;isiroph.redmer@physics.uu.se (C.F. Redmer) straw tube drift chamber, th_e klnet_IC ener_gles_ Of_ the df_EEItI
Lpresent address: INFN, Laboratori Nazionali di Frascat, & Fermi 40, ~ are reconstructed from the signals in plastic scintillswirdif-
00044 Frascati (Roma), Italy ferent thickness, using theE-E method.
. Zlgresezrg idz(irf:?/:v FachbTr%ich Physik, Bergische Uniensltippertal, The n mesons have been produced in the fusion reaction
al3J'Iprset;ent’address: lflggzaéins?;ﬁag)énter for Fundamentgsi€d) Fach- pd—>3He X at a proton beam momentum of 1.7 .GeVThIS
bereich Physik und Astronomie, Universitat Bern, Sidlerst 3012 Bermn, ~ COfesponds to an excess energy of 60 MeV in the center
Switzerland of mass for the reaction pe®He n at a cross section of




0.412ub ]. At the trigger level events with one track in the
forward detector with a high energy deposit in the thin sitént
tor detectors close to the exit window of the scattering diem
have been accepted. This condition seléete ions without
bias on the; decay system.
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Figure 2: Correlation plot for laboratory photon energy karged track photon
opening angle (Monte Carlo) (left:) signal, (rightpd —3Her*z~ reaction.
The graphical cut to suppress-pdHe 7* 7~ reaction is shown.
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05 01 0.15 0551‘2‘5’”55;2‘1-‘35;3-4 BELEE Missing Mess %Ee ‘inbgev,cf’ﬁ actually photon free final state. Splifs are characterized by a
small energy deposit and a small distance to either of the pio
Figure 1: (Left)AE-E plot for tracks emitted at scattering angles betweerd3 an candidates in the calorimeter. Therefore, this backgraamd
18 degree3He is well separated from protons and deuterons. (Rightyiis tributes predominantly to the low end of the reconstruc&ed
mass offHe for all events in théHe band. The number of events in the peak t | der to i th . | to back d rati
above the background is 1107 spectrum. In order to increase the signal to background rati
in this region a correlated condition is imposed on the energ
&eposits of the photon candidates and the distance betiveen t
shower positions of photon and pion candidates in the catri
visible and can be easily selected. It is well separated frone"- The latter is measurgq by the opening angI(-a.betlween the
the structures of protons and deuterons, which are stronglﬂﬁconsmfded cIusFer positions. In Fiy. 2 the conditicshiswn .
suppressed due to the trigger conditions. The right panel #AS 9graphical cut with a dashed_ curve. A strong en_hancement is
Fig. [ shows the inclusive missing mass distributior’ide. observed at low phqton energies and small opening gngles be-
A pronounced peak at the meson mass is visible. It con- twee3n ph(}rto_n and pion candidates from the contribution ef _th
tains 1.110’ tagged mesons on top of a continuous backgroun#d—"He 77" reaction. The cut used is the best compromise
which originates from direct multi-pion production. Thess between a high signal-to-background ratio and a large recon

sections of the relevant background processes e 77~ struction éficiency of the signal channel. The contribution from

and pd-3He 777 are unknown at the center-of-mass energytwo-pion production is reduced by more than 55% by rejecting

of this measurement. However, they can be estimated, by el €vents below the curve. - .
trapolation of results at lower energi@[lS], to be abopb5 Final states with three pions contribute to the background

and 0.4ub, respectively. The missing mass spectrum in the?n!Y if one photon of ther® decay remains undetected. The
right panel of Fig[l illustrates that the direct reactions-c n° can be identified from the distribution of the squared miss-
tribute to the background for decays only in a range of a few Ng Mass of theHer*n~ system, as demonstrated in Fig. 3.
MeV/c2 around the; meson mass. This remaining backgroundHere' the experimental missing mass spectrum is reproduced

is subtracted in a model independent way, bin by bin from thvith Monte Carlo distributions of the the signal & 7*7"y)
final spectra. and backgroundy — 7tz 7% n — e"e"y) contributions from

n decays as well as direct two- and three-pion production. The
cross sections of the direct pion processes were fitted $sing
3. Data Analysis multaneously théHex*n~ missing mass distribution and the
3He missing mass for the selected data sample. The result is
For the selection of the final state, one charged particlein agreement with the expectatiodﬁ[lS]. The contributiohs
which is identified as’He, is required in the forward detec- the diferenty meson decay channels are fixed by the known
tor. In the central detector, two charged particle trackemf branching ratios[[l]. The discrepancy between Monte Carlo
posite curvature and one neutral particle track with anggner and experiment for negative masses might be attributedeto th
deposit in the calorimeter of at least 20 MeV are required inunknown production mechanisms of the direct processebeln t
addition. Both charged particles are identified as pionzkBa simulations isotropic phase space population has beemassu
ground events which are picked up by the selection rules sterfhe discrepancy disappears when the contribution of trexdir
mainly from charged multi-pion production and othedecay production is subtracted bin-by-bin, as discussed latgrreB
modes. jecting events with a squared missing mass value larger than
Two-pion production is expected to form the largest back-0.0125 GeW/c*, as indicated with a vertical dashed line in
ground contribution in the selected data due to the largsscro Fig.[3, 73% of the background from tRelen* 7= final states
section and the possibility of cluster spli®in the calorime- in the mass region of thgmeson is removed.
ter, which would fake the signal of a photon candidate in the Additional suppression of background is achieved by a kine-

3

Fig.[d shows the energy loss correlations of all tracks in th
forward detector. The structure attributed ¥de is clearly



ing to the photon energy region Z0E,[MeV] < 75 : Determination of the
background shape by fitting signal and background (solidejuand by ex-
cluding the signal range from the fit of the background (desheve).
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— wy P -

e e i O ke i o} T X10-3
=30 -20 -10 ) 130 20 30 40 ) 20 The remaining background is subtracted bin by bin from the
Missing Mass “("Hert'rt) in GeV“/c E, and co9 distributions. The bin size of 5 MeV for the photon

energy and 0.1 for the pion angular distributions is chosea-
Figure 3: Ther signal in the squared missing mass of fiée 7*7~ sys-  flect the resolution achieved in the respective observalles
tem. The dashed vertical line corresponds to a squared ngissass of  pin width of the angular distribution is similar to previonea-
0.0125 GeV/c*. . . .

surementsiﬂi:i?,] the bin width of th®, spectrum is smaller
by about a factor of two. The left panel in Fig. 5 shows the cor-
relation between the photon energy and the invariant mass of
ther*n~y system. Two structures can be seen in the plot. One
at the mass of thg meson containing the signal events and

other structure, showing a correlation of photon energly a

gﬁ}zlariant mass, caused mainly by background from two-pion
production. The invariant mass of thén~y system is calcu-
lated for the events in each bin of thg and co® distributions.
This is illustrated for one bin of thE, distribution in the right
panel of Fig[b. Since both, cross sections artedential dis-
tributions are unknown for multi-pion production at the age
of this measurement, the individual mass spectra are fitted i
two ways in order to determine the amount of continuous back-
ground in the; mass region. In the first approach a function that
is the sum of a Lorentzian for the signal and an exponential fo
the backgroundis used. In the second method the backgreundi

matic fit of the complete final state to the reaction hypothe
sis pd-»3He n* 7™y, using four-momentum conservation as the
only fit constraint. The uncertainties of the kinematic ahtes

at the input to the fit have been extracted depending on ener
and angle from a GEANT Monte Carlo simulation, tuned to
match the experimental resolutions. After the fit, all egamith

a probability of less than 10% are rejected. The invariargsna
distribution of the fittedr* 7~y system is shown for the remain-
ing events in Figl4. The condition on the probability distri
tion additionally suppresses background. In particulaom-c
parison with Monte Carlo shows a reduction of fiver* 7~ 7%
background to the level of 10% in the selected events.

o 45240
o F 3 fitted with an exponential function without making an assump
E e *  Data E tion on the signal shape by excluding the range of the signal
~ 35E E peak from the fit. The excluded region was determined as the
g of pd ~ *Hen = 30 region of a Gaussian fit to the peak of theneson. The in-
% 25E E dividual results of the fits using both methods are shownén th
@ LE D pd — *Her'm 3 right panel of Fig[’h with solid and dashed curves, respelstiv
g = 3 The average number of the background events from both fits is
Lo % 7 = HRw 3 used to calculate the number of events fromsiimeson decay
1= E in the corresponding bin of thg, or coss distribution.
0SE i« = The remaining background from the— 77 2% decay in
853 el e ——— 5= T the signal region is subtracted using scaled Monte Carto-dis
Invariant Mass( T'Tty) in Gevic? butions. The scaling factors are determined by a fit of theexp

imental spectrum of the squared missing mass ofkher* 7~

Figure 4: The invariant mass spectrum of the fittéd~y system with a proba- system with Monte Carlo distributions of the relevanieca
bility above 10%. The Monte Carlo cocktail consists of ttgnsil (7 — 7 77y) y d . . | -0 d e L y
and background contributiong (& 7*7-7° 7 — e*e"y) from 5 decays (diag- M0d€S.p — Ty (S|gna),_17 - 7 andnp — €€y
onally hatched) as well as direct two-pion (vertically iatd) and three-pion ~ (Packground), after subtraction of the continuous backgdo

(horizontally hatched) production. from multi-pion production. The contribution of — 77~ 7°



determined to be 7%. This background is isotropic indcasd
contributes to the [Edistribution in the energy region above ><1‘03

50 MeV with a maximum at 120 MeV. The total statistics in ';' 145 | N
the final distributions is 13968 140 events of thg — n*n~y G C 1
decay. This is the largest number of events from an exclusiv —" 190 -|-/__\ .
measurement of this deca_y mode. o ;l-/ + -I-:"Yl‘ ]
For acceptance corrections the general form of the square — | -+ -+ \ ]
matrix element for thg — n*7~y decay 8 10 -|-)4 +\ ]
2 202 2 o o . / 1
IMP ~ [F(sw) PEZG SiP(6) (2) T 8 -k§|— -
with g being the pion momentum in the pion-pion rest frame, © 6l // \ B
and the form factoF(s,,) according to the VMD calculations e \ g
in Ref. [5] has been used. Using instead Monte Carlo distri- L/ _h'\ 1
butions based on the simplest gauge invariant matrix elemel ar- _/ﬁ -{— i
(F(sw) = const) does not alter the experimental result signifi- C \
cantly. Thus, it can be concluded that systemaftieats due to 2;’-/ \
the applied form factors are negligible. The acceptanciesar v v
smoothly as a function o, and co$. For photon energies Q

less than 10 MeV the acceptance becomes vanishingly sma ' ' COS(G)l
In case of the angular distribution a reduced acceptande-is o
served for small opening angles between each of the pions at
the photon. The reduction of the acceptance in both vasable — 9
found to be correlated. It is caused by the method of two-pior :3
suppression presented in Fig. 3, where a condition on the co @,
relation of photon energy and opening angle between pion an

. . -7
photon candidates is used.

X
iy
<

4. Results

dr /de
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Fig.[@ shows the background subtracted and acceptance cc 4
rected photon energy and pion angular distributions with th

statistical errors. The Histribution is also given numerically 3
in Tab 2.
In the upper panel of Fi§l6 the final distribution of ¢ois 2

shown. It can be described bydd cosd = A - sir?(6), as indi-

cated by the dashed curve. Thus, the measurement is caonsist:

with the relativep-wave assumed in EQl 2. Ll ol L
The photon energy distribution in therest frame is shown 0.05 0.1 0.15

in the lower panel of Fid.]6. The line shape obtained fronflg. 2 Ey

normalized to the integrated rate, is given by the dashegecur

It does not describe the experimental data, which in corapari t':r:gt:tri?)na:othEZ bsjcnksgr(‘t)c‘:”)daitébttrf]zdi%gr‘]deﬁcefePtg;?fm“fz;;?g;')afvﬁtiﬁ'

are shifted S|gn|f|cqntly towar.dsllower energies. .The olesr error bars indic?iting thepstatistical Encertaintiesg.y Thgudar distribuﬁon is

disagreement confirms the findings of the previous measur@ompared with a relative-wave of the pions (dashed curve). The shape of the

ments Eﬂﬂ_:%] photon energy distribution is confronted with predictiarfghe square of the

In order to achieve a correct description ofthe photon Qnel’gSimpIESt gauge invariant matri_x element, Eh. 2 (dashede;)umultiplied by
the squared modulus of the pion vector form fagtey(s,,)|- (dotted curve)

spectrum in addition to the already properly described angu,ng further multiplied by (& as;;)?, the square of a real polynomial of first or-
lar distribution, Eq.R can be multiplied by an energy deand der, with its cogicient fitted to the data (solid curve). All curves are norzedi
form factor|F F(s,,)|°. The origin of the deviation in the,Hlis-  tothe same integral.

tribution is predominantly given by ther final state interaction

in the vector channel. Unitarity and analyticity dictatattthis

effect should be given by the pion vector form fackay(s,,) be derived using the Omnes representation fronnthelastic
multiplied by a polynomiaP(s,,) that parameterizes contribu- phase shifts in the vector channel — here the represenfation
tions that do not contain ther unitarity cut. For a detailed Fy(m,,) derived in Ref.[[20, 22] is applied. The uncertainty in
discussion about the multiplief F(S:)12 = |Fyv(Ser)P(Se)I? Of this form factor is negligible compared to the experimental
Eq.[2 seee.g.Refs. [‘}’DBIZBEO] The pion vector form factor certainties, which are presented in detail in the next pardy

is experimentally directly accessible \éde~ — n*2n~ or may  Furthermore, following RefSD[ﬂ EIZO], we parameterize th

111ll1111lll11ll111lllllllllllllllllllllllll

] 0.2
in GeV



termP(s,;) as a real polynomial of first order: @ =—(0.7+0.1)GeV2. Thus, the available theory descrip-
tions produce distributions of fEwhich are close to the curve
P(Sir) = 1+ @Sz . () of @ = 0 shown with a dotted line in the right panel of Fig. 6.

) i Within the total error of the measurement, the value édund
The parametew can then be determined from a fit to the data,j, yhis work appears to be only compatible with the works of
which is shown with the solid curve in the lower panel of Fig. 6 Refs. [7[8].

The result forw = 0 is shown as the dotted curve.

Tests for systematic uncertaintiesiohave been performed E, [GeV] Entries [a.u.] stat. [a.u.]
by varying in the analysis chain one by one the conditions for 0.0225 97 653
the suppression of splifis, the cut on the missing mass of the 0.0275 407 394
SHer*n~ system, the condition on the probability of the kine- 0.0325 530 302
matic fit, the method of subtracting the background fromatire 0.0375 1537 252

0.0425 1291 220

multi-pion production, they — 7z~ z° contribution and the

model used for the acceptance correction. Additionallya-su 8'8222 ggg% gi;
sets of the data, collected withffiirent experimental settings, 020575 o841 017
allowed to cross check the influences of luminosity variagio 0.0625 3604 208
and diferent RF settings during the measurement. 0.0675 4171 235
Using diferent methods to subtract the continuous multi- 0.0725 4887 247
pion background, dierent models to perform the acceptance 0.0775 5057 248
correction or using dierent RF settings does not cause statis- 0.0825 5091 252
tically significant deviations from the original result. &lon- 0.0875 6444 273
tributions to the systematic uncertainty @fderived from the 0.0925 6673 282
other tests are listed in TdO. 1. The overall systematicr ésro 0.0975 6595 282
obtained by adding the contributions quadratically. 8'1852 ggg? ;gi
One of the largest uncertainties results from the fluctnatio 0:1125 7051 297
of the luminosity during data taking. The variation of theafin 0.1175 7242 304
result with the chosen luminosity can be explained by the ac- 0.1225 7138 300
curacy of the simulations concerning pile-ugeets and beam- 0.1275 7514 312
target overlap parameters, which have not been included in a 0.1325 6963 309
systematic way. 0.1375 7425 317
0.1425 7014 319

Test o 0.1475 6892 323

Splitoffs 0.34 0.1525 6600 324

MM(Heﬂ'+ﬂ'_) cut | 0.22 0.1575 5833 315

P(Xﬁf,ndf) 0.12 0.1625 5739 320

A 0.1675 4200 294

n—n'm 7 bkg. | 0.26 0.1725 3942 292

Luminosity efects | 0.32 0.1775 2085 270

0.1825 2334 244

Table 1: Summary of contributions to the systematic uneestaf the param- 0.1875 1760 217
ctera. ’ 0.1925 1250 207
0.1975 384 125

0.2025 63 79

Taking into account the systematic studies, the final résult
the parameter is:

Table 2: Distribution of the photon energy in theest frame with statistical
a = 1.89+ 0.25¢4t + O,SQSySJ_r 0,02theoGe\/‘2 s errors. The values ofFare central values of bins with a width of 5 MeV.

where the theoretical uncertainty results from the unaestaf
the pion vector form factor due to the input of Réf./[21] foeth
#n phase shifts and the extrapolation beyond the uppeiffcuto
For more details, see RelE[ZO]. For the first time, background subtracted and acceptance
In comparison to theory, calculations based on vector mesocorrected diterential distributions of the decay — nny

dominancem5|:|6] result in a shape of thefeiential distribu- have been extracted in the analysis of exclusive data. The
tion corresponding to an = (0.23+ 0.01) GeV2. The shape distributions clearly show the importance of final state in-
given by a parameterization of the pion vector form factaneo teractions. The shape of thE, spectrum can be very
bined with a fit to vector meson dominanEHIl?, 8] correspondsvell described by a parameterization that includes the fac-
to ane = (0.64+ 0.02) GeV2. The E spectrum from one— tors required by gauge invariance and the centrifugal bar-
loop Chiral Perturbation Theorﬂ[4] can be described with arrier as well as the pion vector form factor times a first-order
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polynomial written as (I+ as,). A fit to the data gives
a = 1.89+ 0.256tat + 0.59%ys+ 0.02400GeV2. In order to shed
further light on the anomalous sector of QCD, future theoa¢t
studies will have to explain simultaneously both the valtie 0 [1¢
as well as the branching ratio for— n*n~y. [11]

In recent production runs of the WASA facility at COSY fur- [12]

(8]
9]

B. R. HolsteinPhys. Scriptal 99 (2002) 55-67,
arXiv:hep-ph/0112150.

B. Borasoy and R. NiRleNucl. PhysA740 (2004) 362-382,
arXiv:hep-ph/0405039.

F. S. Crawford and L. R. Pridéhys. Rev. Lettl6 (1966) 333.
A. M. Cnopset al. Phys. Lett26B (1968) 398.

M. Gormleyet al. Phys. Re\D2 (1970) 501-505.

13] J. G. Layteret al. Phys. Re\D7 (1973) 2565-2568.

ther data om decays have been taken with high statistics. Frony; ]
a preliminary analysis at least an order of magnitude mdhe fu
reconstructedy — n*ny events is expected. The analysis of [15]
the acquired data will significantly decrease not only tladist
tical but also the systematic uncertainties by an improwed u [17]
derstanding of background contributions. [18]
The data will also be used to determine the branching ratio

of the decay; —» n*n~y. A recent measurement of the CLEO [19]
collaboration[[2B] shows a relative branching ratio whidf d [20]
fers by more than three standard deviations from the restilts [21]
previous measuremen@@ 24]. Due to the unbiased taggirg?]
of n mesons in the reaction pefHe it is not only possible to
extract relative but also absolute branching ratios at tASX/
facility. This will help to resolve the discrepancy.

[16]

(23]

(24]
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