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Abstract

Exclusive and kinematically complete high-statistics sugaments of the basic double pionic fusion reactipns— dz°z°,

pn — dr*z~ andpp — dr*z° have been carried out simultaneously over the energy reajithie ABC efect using the WASA
detector setup at COSY. Whereas the isoscalar reactiogigart by thedz°z° channel exhibits the ABCftect,i.e. a low-mass en-
hancement in thes-invariant mass distribution, as well as the associateshi@sce structure in the total cross section, the isovector
part given by thelz*7° channel shows a smooth behavior consistent with the coioverit-channelAA process. Ther*z~ data

are very well reproduced by combining the data for isoveatat isoscalar contributions, if the kinematical consegasrof the
isospin violation due to dierent masses for charged and neutral pions are taken intarcc
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1. Introduction 2. Experiment

The so-called ABC fect denotes a pronounced low-mass \ve have carried out exclusive and kinematically complete
enhancement in thez-invariant mass spectrum of double- measurements of these three basic double-pionic fusian rea
pionic fusion reactions. It is named after Abashian, Bootth @ tions over the main region of the ABGfFect by impinging a
Crowe [1], who first observed it in the inclusive measuremenpyroton beam off, = 1.2 GeV on the deuterium pellet target of
of the pd —3He X reaction in the kinematic region correspond- the WASA detector facility at Cosmﬂﬁ]_ By the simul-
ing to the production of two pions. Recent exclusive measureianeous observation of all three reaction channels sysiema
ments of thepn — dr°z° reaction revealed the ABGfecttobe  yncertainties in the measurements are minimized. The quasi
associated with a narrow resonance structure in the energy dfree reactionpd — dr%° + Pspectatos PAd — 7™ + Pspectator
pendence of the totgdn — dr°z° cross sectiorl |2, 3]. For this andpd — dr*7° + Nspectaor have been selected by requiring
resonance structure the quantum numbéi§) = 0(3") have 4 deuteron track in the forward detector as well as signals in
been determined as well as a mass ot .37 GeV. The latter  gyced by pions in the central detector. The tracks from afthrg
is about 80 MeV below the nominal mass @h2of a conven-  pions, which are bent due to the magnetic field supplied by a
tional mutual excitation of the two participating nucleon®  syperconducting solenoid, have been reconstructed fretith
their A(1232)P; state byt-channel meson exchangé [4]. The patterns recorded by a mini drift chamber consisting of 1738
observed width of only about 70 MeV is more than three timesyyift tubes (straws). The photons originating from tfedecay

smaller than that of the conventionte process. ~have been registered in a scintillating electromagnelarirae-
In this scenario the isovector double-pionic fusion re&tti  ter consisting of 1012 sodium doped Csl crystals.
0 hit nei - 0
pp — dr*7” should exhibit neither an ABCfiect in therz- That way the four-momentum of the unobserved spectator

invariant mass spectrum nor an ABC resonance structur@in thy,cleon has been reconstructed by applying a kinematic fit

total cross section. So far there has been only one exclusiVgiih three, one and two overconstraints for events origiigat
and kinematically complete measurement of this reaction pefrom pd — dn%2° + Pspectatos PA — AT*7™ + Pspectator and

formed+atOC_ELS_IUS atabeam energy of 1.1 GeV [5]. The Meapd — dr*7° + Nepectarorleactions, respectively. The measured
suredrn*z-invariant mass spectrum does not show any low-spectator momentum distributions are as shown in Fig. 1 &f Re
mass enhancement, but rather a low-mass suppression.tThe I& for the case of thepd — dr%° + Pspectatorr€action. As in

ter is in accordance with the constraint from Bose symmetryqaf. [2] we only use spectator momentd.16 GeVc for the
that an isovector pion pair cannot be in relatsr@ave, butin  frther data analysis. This implies an energy range of 23 Ge
relative p-wave. In addition to this measurement there are few,_ /S < 2.5 GeV being covered due to the Fermi motion of the
low-statistics bubbl_e chamber total cross section dateagpr cleons in the target deuteron. For a target at rest thiggne
over the energy region from threshold up 6 = 3 GeV [6,7]. range would correspond to incident lab energies of 1.07 GeV
All these data are consistent witht-@hannelAA process|[5]. < T, <1.39 GeV.

This_process has been shown to be the Ieadirﬁ twcﬁon Pro- Efficiency and acceptance corrections of the data have been
duction process at beam energies above 1 GeM [89.10, 1] getermined by MC simulations of reaction process and datect
at least forppinduced two-pion production. setup. The absolute normalization of the data could be dsne a
The third basic double-pionic fusion reaction, the — i, previous measurements [2, 3] by normalizing to the sienult

dr*n~ reaction, contains both isoscalar and isovector contribur-mous|y measured quasi-fre@roductionpd — dn + Pspectator
tions. From isosp_in conservation we expect for the angee int iqqether with its 2° decay and comparison to previous results
grated cross sectiors [7] ]. However, since th@ production threshold is just in the
middle of the energy range considered here and its cross sec-
tion is still very small in this energy range, this controbcimel

is of correspondingly low statistics. Taking into accoums t
substantial systematic uncertainties associated wisttlinésh-
"% region normalization uncertainties get as large as 30%5
Therefore we normalize our data in absolute scale to the Bubn
datum for thenp — dr*7~ reaction atys = 2.33 GeV [, =

1.03 GeV, open square symbol in Fig. 1, bottolﬂ [13], which
is o = 0.270(15) mb obtained by use of a neutron beam with a
3 9% momentum resolution. That way we also achieve simulta-
neously good agreement with the second Dubna poirfsat

2.51 GeV, — see Fig. 1, bottom. We find also good agreement
to all previous total cross section results for e — dr*7°
ifornia, Los Angeles, California—90045, U.S.A. reaction l[__B[bDﬂ —see Fig. 1, top.

“present address: Albert Einstein Center for Fundamentpsig¥) Fach- Concerning the absolute scale for the — dn°z° reaction

gtj\:i?lztzllai?jy&k und Astronomie, Universitat Bern, SidlerSt 3012 Bern, there are seemingly Iarge discrepancies to the previowﬂjy D

Spresent address: Department of Physics and Astronomy,etsily of  lished datamzl- In those data there is a 30% discrepancy-in ab
Shefield, Hounsfield Road, Sfield, S3 7RH, United Kingdom solute normalization between data sets taképat 1.2 and 1.4

o(pn— drn7) = 20(pn — dx%2°) + %O'(pp — dr7%). (1)

For this reaction there are bubble chamber measureme
from DESY [12] and JINR Dubnal_[13], which also pro-
vide some low-statistics fierential distributions. However,
their statistical precision is not good enough to clearlgide
whether the ABC ffect is present in this reaction or not. On the
other hand inclusive single-arm magnetic spectrometer- me
surements of high statistics show convincing evidenceler t
presence of the ABCfkect in this reactioHI]M].
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Figure 2: Distribution of the simulatetk-invariant mass in the ABC region for
the production of a®z° (solid) and ar* 7~ (dashed) pair, respectively. Shown
are (acceptance andlieiency corrected) ABC model calculation$ [2] fgfs =
2.37 GeV. The dferent thresholds at the low-mass side due to the mées-di
ence between charged and neutral pions lead to a subswifféaence in the
spectra and consequently of the corresponding cross sectio

GeV. Whereas the lower energy data cover justtiiereshold
region as discussed above, the higher energy data arewalread
substantially above this threshold, where gfgroduction cross
section is already close to saturation with a much smaller en
ergy dependence. This situation looks much more reliabsle fo
an absolute normalization and readjusting the data také&p at

= 1.0 and 1.2 GeV to the 1.4 GeV data lowers the peak cross
section already to 0.34 mb. In addition thegroduction data
[@], where we have normalized to, have themselves an abso-
lute normalization uncertainty of additional 30%, so thaafiy

our new result of a peak cross section of 0.27 mb is not at vari-
ance with the previous result. The new result means a renor-
malization of the previou3, = 1.4 GeV data by a factor of
0.79 and of the previous data takerTgt= 1.0 and 1.2 GeV by

a factor of 0.63.

3. Resultsand Discussion

Fig. 1 exhibits the observed energy dependence of the total
cross section for the three double-pionic fusion reactioriee
deuteron. The results of this work are given by the filled sym-
bols and compared to previous measurements (open symbols)
at CELSIUSI[5], KEK [6/ 7], COSY[2], DESY([12] and JINR
Dubna m].

On top of Fig. 1 the purely isovector reactipp — dr*%is
shown. Inthe energy region covered by this experiment otar da

pN — dnr of different isospin systems in dependence of the center-of-mass e " . . . .
ergy s from threshold /5= 2.15 GeV) until 3.2 GeV. Top: the purely isovec- exhibit a smooth monotonical rise of the cross section with e

tor reactionpp — dx*z°, middle: the purely isoscalar reactigm — dr%z°, ergy — in good agreement with previous data. Over the full en-
bottom: the isospin mixed reactigm — dx*7~. Filled symbols denote results  ergy region the measurements exhibit a broad structureshwhi
from this work, open symbols from previous wofk [5,[6/72,[12]. The g taken into account very well by calculations of thehannel
results from Ref. [[2] have been renormalized — see text. Tbsses denote AA hich d like struct i
the result for thepn — dz%° reaction by using eq. (1) with the data for the process, W. Ic prp uces a resonance-like s rgc ure peaxin
pn— dr*x~ andpp — dx*z° channels as input. at /s ~ 2m, with a width of about 230 Me\.e. twice theA

width — see Fig. 6 in Ref[[5].

For the isospin mixed & 0 and 1) reactiopn — dr*n~ the
observed energy dependence of the total cross section is



¢ s =2.34 g . /s =2.34
s L o 0P & I o e
o] . o L
E r m e E .t +1=0/1
E 2 E 20
p l p l WLWL
5 [ +++ 5 'os e
°or *%eee R !rfr
: * ok ¢
0.3 0.4 iofs 0.6 03 0.4 0.5 0.6
My [GeV/c?] My [GeV/c?]
S /s =2.36 L 4L s =2.36
8§ I ® 1OrP 8§ I * T
o] . o L
E B ### L R £ B H +1=0/1
z T L e et
i So 00t 2 | N
- . * -
S T il RN AR SR
0.3 0.4 0.5 0.6 53 0.4 0.5 0.6
My [GeV/c?] My [GeV/c?]
g ;L /s =2.38 S /s =2.38
8§ I ® 1OrP 8§ I . * T
o] . o L
E [ %ee . e E ) v +1=0/1
= I . = T ’L*i’f"’ff
T | Ceeeee T |
kel 1; © 1;
I e [
r iR, r 4
Ok ‘.f.f.j P . Hil L 0» L xé; S W N PR I R Rt
0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
My [GeV/c?] My [GeVic?]

Figure 3: Distribution of thern-invariant mass for the three basic double-pionic fusi@ttiens aty/s = 2.34 GeV, 2.36 and 2.38 GeV using an energy bin width
of 0.02 GeV. On the left the results are shown for #e° (circles) andr* 70 (squares) systems multiplied by isospin factors 2 éndaspectively — see equation
(1). On the right the results for the isospin-mixetir~ system are shown. Data from tp@ — dr*n~ measurement are given by diamonds, whereas the sum of
isoscalar and isovector contributions according to equodtl) is shown by crosses. The light-shaded areas denose gpbace distributions.
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depicted at the bottom of Fig. 1. Open symbols refer to previ-
ous bubble chamber measurements at DESY (cirdles) [12] and
Dubna (squaresHiL?;]. Our new data for this channel fit well to
the previous results, which have been obtained partialtly evi
neutron beam of substantial energy spread — particuladgse
of the DESY data. Hence it is not surprising that in the latter
the narrow structure aroungs = 2.37 GeV appearing in our
data is not seen.

The middle part in Fig. 1 shows the results for the purely
isoscalar case given by then — dz%° reaction. Open sym-
bols denote our previous measuremeht [2]. In order to gdt bes
overlap with our present results (filled circles), the poexsdata
taken afT, = 1.0 and 1.2 GeV have been rescaled by 0.63 and
those taken &t = 1.4 GeV by 0.79 — see discussion on ab-
solute normalization in the previous section. Also showa ar
the results (crosses) for the extraction of the isoscatecsec-
tion from the measuregn — dr*z~ andpp — dr*z° cross
sections by use of the isospin relation eq. (1). These d&rive
results are consistent in shape with the directly measured.o
However, they are systematically smaller with increasing e
ergy. The reason for this is the isospin violation in the pion
mass. Since the mass of two neutral pions is 10 MeV smaller
than that of two charged pions the available phase spaces for
neutral and charged pion pairgiéir accordingly. Since in addi-
tion the ABC dfect and its associated form-factor in the model
description |I}2] push the strength distribution in i, spec-
tra towards the low-mass threshold, this kinemaftea gets
substantial, as displayed in Fig. 2, reaching 25% in the inte
grated cross sectiomg. in total cross section. Hence all the
three data sets are consistent with each other — and theanarro
resonance structure, which was determined in REef. [2] t@ hav
I(JP) = 0(3"), appears in both the purely isoscapar — dz°7°
and in the isospin-mixe@n — dz*n~ reaction, but not in the
purely isovectopp — dz*z° channel.

The measured,, distributions are shown in Figs. 3 and 4
for six energy bins across the measured energy region. The
bin width here and in all plots shown in subsequent figures
is 20 MeV. On the left side théM o0 (circles) andM,. o
(squares) distributions as derived from the — dz%7° and
pp — dr*7° reactions are shown. They have been multiplied
by the isospin factors 2 ana}j respectively, in order to give the
proper isoscalar and isovector contributions as needethéor
isospin decomposition of then — dr*z~ reaction, see eq. (1).
The observed/,-,- spectra for the latter reaction are shown by
diamonds at the right side in Fig. 3. They are compared to the
sum (crosses) of isoscalar and isovector contributionp|ais
ted on the left side. Again we find good agreement between the
directly measured*n~ data and the ones reconstructed from
the two isospin components. The only majdielience is at the
kinematic threshold at low masses due to the pion mésste
discussed above and shown in Fig. 2.

For all three channels the invariant-mass distributiores ar
markedly diterent from pure phase-space distributions, which
are given in Figs. 3 and 4 by the shaded histograms. As demon-
strated by the six selected energy bins in Figs. 3 and Mthe
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Figure 5: Dalitz plot ofM2 . versusM2, _ for the pn — dr*n~ reaction at

spectra undergo quite some change in their shape across the V'S = 2-35 GeV (top), 2.38 GeV (middle) and 2.45 GeV (bottom).

spected energy region, although thko0 and M0 spectra
6
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Figure 7: Center-of-mass angular distributions for dertsr(left) and pions
(right) at /s = 2.37 GeV for reactionpp — dr*z° (top, isovector),pn —
dr%7° (middle, isoscalar) angn — dr*z~ (bottom, isospin-mixed). The filled
circles denote the results from this work, the open circles renormalized
results from Ref. [[2]. Filled squares denateé distributions, filled triangles
70 (top figure) and filled reversed trianglas (bottom figure) distributions.
Shaded and hatched areas represent phase-space dtshanid systematic
uncertainties, respectively.

are stable in their shape over the considered region. The rea
son for this can be understood from the fact that the isovec-
tor part grows continuously and rapidly with increasingrgne
thus increasing steadily its influence in tMg+,- spectra. In
consequence also the Dalitz plot for the — dr*n~ reac-
tion changes accordingly over the energy region considered
as demonstrated for three energies in Fig. 5.

In Fig. 6 the Dalitz plots for all three reactions are complare
at /s = 2.37 GeV, the peak cross section of the ABfeet.
In all three cases we clearly observe the horizontal banatwh
is due to the excitation of thaA system. Hence opposite to
the M2_ distribution theM2 distribution is similar in all three
cases.

Finally we compare in Fig. 7 the center-of-mass (cms) an-
gular distributions of deuterons and pions. Whereas they ar
close to isotropic in the isovector case — as already noted in
Ref. B], they are strongly anisotropic in the isoscalarecas
The latter was used for the determination of the spia 3 of
the isoscalar resonance structdre [2]. The angular distoibs
for the pn — dn*n~ reaction are in between both cases — as
expected for the isospin mixed situation. Due to the reduced
detection éiciency for charged particles at small lab angles
the systematic uncertainties (hatched histograms in Figr&
largest there.

In the pp — dn*z° and pn — dn*n~ reaction the charge
states of the produced pion pair are non-identical and hearte



be distinguished experimentally. We therefore plot in Fig. (MPD) and by the Polish National Science Center under
the angular distributions for both pions of the produced.pai grants No. 032@/H03/201140, 201701/B/ST2/00431,

As a result we see that" (filled squares) ana® (filled tri- 2011/03/B/ST2/01847, 0318/H03201140. We also ac-
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