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The investigation of charge symmetry breaking is one of thestnimportant topics for the
WASA detector at COSY. One of the planned studies focusef@rcharge symmetry forbid-
dendd — *Her reaction. Experimental results will be compared with pcédins from Chiral
Perturbation TheoryyPT) allowing to extract information on parameters proordil to the up
and down quarks mass difference. First steps toward thearahderstanding of thd — *Her®
reaction have been taken. It was found that the existingatataot sufficient for a precise deter-
mination of the parameters gfP T and new data are required. These new data should comprise
the measurement of the charge symmetry conserdihg> SHervi® reaction in order to study
the relevance of initial and final state interactiordisi— *Her®. Therefore the investigation of
thedd — 3Henr® reaction at a beam momentum of 1.2 GeV/c was performed. Edirtt time
information on the total cross section and the differerdiatributions of this reaction were ob-
tained. Various differential distributions exhibit rictrgctures indicating important contributions
of higher partial waves. The differential distributiong @ompared to simple model expectations
based on a phenomenological approach — the combination eési-free reaction model and a
partial wave expansion model for the three-body reaction.
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1. Introduction

The isospin and charge symmetries introduced by Heisenberg were emusigccidental.
They were introduced based on similarities of proton and neutron masdestaractions, how-
ever, it was known that these similarities are approximate and these symmetitiesken. Despite
that, those symmetries are widely used in description of various nuclealemdregary particles
processes. Presently charge symmetry breaking (CSB) is explaineel byy #md down quark mass
difference and by their different electric charge. With this interpretatierstiady of charge symme-
try for hadrons become one of the most challenging topics in hadron ghg#ice CSB observed
for hadrons allows to access the mass difference of up and downsquauich interlink between
the hadronic level and QCD motivated investigations in which a lot of attentierpai to the ex-
perimental and theoretical studies of CSB [1]. However, usually obdezffects are dominated by
the mass difference of neutral and charge pions, which originate fiectr@magnetic interaction.
Therefore, it was not possible to relate the CSB effects to the quark rifi@semce. Only recently
CSB was discovered in two reactions, which are free of this weakndss fifBt observation of
dd — “Her® reaction was reported [2] for beam energies very close to the reacteshtiid and
at the same time data on the forward-backward asymmetrpir dr° reaction became available
[3]. Those observations triggered advanced theoretical calculatighs finamework ofyPT and
significant progress has been obtained in theoretical understand@®Bof4].

Recent theroretical analysis of tig — d7® reaction [5] successfully describes total cross
sections, the overall shape of angular distributions and the analyzingy pompion production re-
actionsnp— dm® andpp— drrt. However, it fails in reproducing the very tiny forward-backward
asymmetry induced by CSB overestimating the data by 2.4 standard deviatidhs. first calcu-
lations performed for thdd — “Her reaction [6] using a very simplified model it was found that
at leading order (LO) only charge symmetry violation in pion re-scatterimgritmites, there is no
next-to-leading-order (NLO) contribution and some next-to-next-leadidgr (NNLO) contribu-
tions were identified. It was found that the contribution from the LO ternobesxs negligibly small
due to spin-isospin selection rules and the symmetry ofienucleus wave function. The NNLO
terms result in a cross section by one order of magnitude smaller than thénexpl one. More
reliable calculations were performed [7] using realistic two- and thre&eandénteractions together
with recent developments of microscopic four-body calculations [8]t @lhawved to properly treat
effects of deuteron-deuteron interaction in the initial state and to use aticeéi® bound-state
wave function. This calculation confirmed that ewave the LO contribution is negligible and
that NNLO the cross section is of the same order as the value determinaihexually. One of
the most important issues was the identification of the large influence of inittalistaractions. It
necessitates in new independent measurements providing information gorphuction reactions
with the same initial state.

The presented overview of the existing data and the status of the theorysieate the ne-
cessity of new measurements that would allow to complete the program of thest@@Bs for
hadrons. Therefore with this motivation the experimental investigation ofithe: Henm® re-
action was performed at WASA-at-COSY. This reaction is a close relatithetdd — *Her®
reaction, both having the same initial state. Therefore, the presentdt$ r&sould allow to fix
initial-state interactions important in the analysis of CSB reaction and additiongllighew how
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well the isospin conserving part of the four nucleon system is underst®imce there are no ex-
perimental data for thdd — 3Henr® reaction, already the information on the total cross section
may contribute significantly to the understanding of the CSB sources in thiddi@n reaction. The
measurements of the full differential cross sectionddr— 3Henr® reaction should even stronger
constrain the theoretical analysis of ithé — “Her® reaction.

2. Experiment

The experiment was performed with the WASA-at-COSY detection systenil@uset the
COSY synchrotron in Forschungszentrum Jilich. The beam of 1.2 Gabfleentum with 610°
stored deuterons was delivered by the COSY accelerator in combinatiorawig¢uteron pellet
target. The average luminosity during the whole run was aboiftctf 2 s~1. The WASA detector
consists of the Forward Detector covering polar angles in the range-df& and Central Detector
with a polar angle coverage of 206 169°. The beam momentum of 1.2 GeV/c fod — 3Henr®
reaction corresponds to an excess energy of about 40 MeV. Dheréfe outgoingHe has a
maximum polar angle of about 1@nd was detected in the Forward Detector only. The two photons
from ther® decay were registered in the Scintillator Electromagnetic Calorimeter which is@f pa
the Central Detector. Photons were distinguished from charge pargeleking calorimeter using
a Plastic Scintillator Barrel located inside of the calorimeter.

2.1 Selection of thedd — 3HenmP reaction

The dd — 3Henr® reaction has a very clean signature. It is the only reaction with a heavy
particle andr® in the exit channel. The background duedd — “Her reaction is negligible
since the cross section for this reaction is lower by 4 orders of magnitutlerefbre, already
on the trigger level theld — 3Henr® reaction can be selected requiring large energy deposit in
the first layers of the Forward Detector and two neutral tracks in the Cdetactor. The’He
ions were finally identified vid\E — AE method. The very good separationfe from lighter
particles is shown in Fig. 1 (left) where the energy deposit in the secahthad scintillator layer
of the Forward Detector is shown. Applying the cut3he the 7° can be clearly identified in the
invariant mass of two photons detected in Central Detector. As shown inlHigght) ther® is
clearly visible with almost no background.

2.2 Acceptance cuts

The energy of the outgointHe is in the range of 64—214 MeV, therefore they are stopped
already in the first three layers of the Forward Detector. In order to émtifibd, the>He must
pass at least two scintillator layers. This requirement corresponds to a minkimetic energy
of about 125 MeV for the identifiedHe ion which introduces an additional acceptance cut be-
side the geometrical cut on polar angles of the Forward and CentraltBeste@cceptance loss
close to co$.m = 1 is due to small polar angles ctiHe at laboratory angles below Zre not
detected); acceptance loss for 6gg < 0 is due condition on the minimum kinetic energy. The
latter is of minor importance, since two identical particles in the entrance chagsudts in c.m.
angular distribution symmetric around“90rherefore it is possible to recover unobserved part of
the distributions.
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Figure 1. Left: energy deposit in the second and third scintillatgelaof the Forward Detector with the
requirement of two neutral tracks in the Central Detectbie Tut or’Heis shown as a black contour. Right:
the invariant mass of two photons detected in the Centrat@et with the appliedHe cut. The red dashed
line mark ther® mass.

2.3 Luminosity determination

For the luminosity determination the reactid — 3Hen was used. It was measured si-
multaneously with a different prescaled trigger. Therefore, it wasilplesto extract the angular
distribution for outgoingHe integrated over the whole run. Data fbd — 3Henanddd — 3Hp
are available for similar beam momenta as used in present experimenty@js further assumed
that the cross section for those two reactions are equal, as it was skdhedwuthors of [9] for the
beam momentum of 1.65 GeV/c. The angular distributiongifibr— 3H p for beam momenta of
1.109 GeV/c, 1.387 GeV/c and 1.493 GeV/c were parametrized. Thammdbmpalar angle, the dif-
ferential cross section was calculated according to this parametrizatieneior beam momentum.
The dependence of the differential cross section on the beam momenauittehand then extrap-
olated to the present beam momentum of 1.2 GeV/c. The resulting distributisasused in the
simulations ofdd — 3Henand the results were compared with the present experimental data. The
whole procedure allowed to determine integrated luminosity lgdpe= (350.14 1.8stat - 24.85ys)
nb~!. The systematic uncertainty was estimated from various parametrizations i@ffénence
cross sections. Additionally, an uncertainty of 7% in the absolute normalizatitre reference
data from Ref. [9] has to be added.

3. Phenomenological model

Presently there are no theoretical models existing for the investigated reddtwever, such
a model description of the data is necessary in order to perform prexsptance corrections. In
presented analysis two phenomenological approaches were used.

3.1 Independent variables

For a three-body reactiaaH- b — 1+ 2+ 3 there are four independent variables fully describe
the final state. In the present analysis the choice of those indeperatéttlgs is based on the
Jacobi momenta commonly used for the description of three-body reactiorike global c.m.
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system only two nontrivial Jacobi momenta denote@landd remain. Momentungj corresponds
to the momentum of particle 1 in global c.m. system and momengeorresponds to the momen-
tum of particle 2 in the c.m. frame of subsystem of particles 2 and 3. Using dlaesbi momenta
the following independent variables are definbtiz — invariant mass of the 2-3 subsystem, 69s
— cosine of the angle between momentum vegtand beam momentum (versrif global c.m.,
cosfp — cosine of angle between momentum ve@and beam momentum in global c.m. apé-
relative angle between planes spannedjlaynd versorz and byp and versor.” The assignment of
outgoing particles to reaction denoteddoy- b — 142+ 3 is completely free. In present analysis
the following assignment was used=h, 2— r° and 3—He.

3.2 Quasi-freereaction model

High momentum transfer reactions involving a deuteron can proceed viddnadtion with a
single nucleon of the deuteron (participant), while the second nucleopéextasor. In this case the
spectator nucleon has a momentum equal to its internal momentum in the deindrenpresent
analysis the quasi-free reaction model was considered as the two-mxtiond p — 3Her® with
spectator neutron. Since in the investigated reaction two deuterons akeihtloe reaction may
proceed with a projectile as well as a target neutron spectator.

The quasi-free contribution wd — 3Henn® reaction was determined using the cross section
for dp— 3Hern® convoluted with the momentum distribution of the proton in the deuteron obtained
from the deuteron wave function based on the Paris potential [10]. dtzeretrized experimental
differential cross section for thep — 3Her® reaction was used for energies from threshold up
to an excess energy of 10 MeV [11] and for excess energies ofGt@and 80 MeV [12]. The
use of experimental cross sections results in an absolutely normalizedfrga@asontribution to
dd — 3Henr® reaction.

3.3 Partial wave decomposition

In order to extract information on the contributions of various partial wér@n the measured
distributions fordd — 3Henr® a partial wave decomposition was applied. For a three-body reac-
tion the following quantum numbers labeling the partial wave amplitudes wede siseentrance
channel spinl.; — entrance channel orbital angular momentsg;- spin in subsystem of particles
2 and 3,L,3 — orbital angular momentum in subsystem of particles 2 anp33; total angular
momentum in subsystem of particles 2 and_3~ orbital angular momentum of particle jL, —
total angular momentum of particle 1 add- total angular momentum of the three particle sys-
tem. Limiting to orbital angular momentum in the exit channel not greater than darti&l wave
amplitudes labeled with those quantum numbers remained. These are still todonamyun-
ambiguous partial wave decomposition. Therefore, a simpler formula farahsition amplitude
was constructed by grouping the derived partial wave amplitudes. Adalitypthe momentum
dependence of the partial wave amplitudes was introduced explicitly. Inpivx@mation that
the wave functions may be considered as plane waves, which asymptotieadlymessed by the
Bessel functions the transition amplitude for defined momerfuamd angular momentuit is
proportional toP-. With this approximation it was found that the differential cross section within
a partial wave decomposition may be expressed in the compact form:
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do 0q ;
2mdMpz dcosf, dcosfy dp  32(2m)°s (25 + 1) (25 + 1) Ao+ A1+

1 1
A3p2+;1A2q2(1+300829q)+ZA4p2(1+3cos:ep)+ (3.1)

Aspgcosbp cosby + AspgsinBy singy cosy |

wheres, ands, denote the spin of beam and target gjds the c.m. beam momentum. In this
expression the term withy corresponds th; = 0 andL,3 = 0 (sSpartial waves), the terms witly
andA; correspond td.; = 1 andL,3 = 0 (pSpartial waves), the terms withg andA4 correspond
toL; = 0 andL,3 = 1 (sP partial waves) and terms withs andAg correspond to an interference
betweenpSandsP waves.

4. Results

The quasi-free reaction model delivered an absolutely normalized posdfor the investi-
gated reaction. Therefore, this model was first compared to the datadntordheck its contri-
bution. The results of this comparison are shown in Fig. 2. In the left pafrigig. 2 it is seen
that up to a neutron momentum of 90 MeV/c the data can be described by drdytlus quasi-free
reaction model. In order to confirm this agreement the angular distributitregdion in the c.m.
of subsystentHe— 1 is also compared (right panel of Fig. 2) limiting the neutron momenta to
less than 90 MeV/c.
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Figure 2: Left: comparison of the momentum distribution of the nenthmm dd — 3Henr® reaction for
data (black line) and the quasi-free model (red line). Righe scattering angle of pion in the c.m. of
subsystentHe — i°. This distribution contains only events for which the neatmomentum is smaller
than 90 MeV/c (this cut is indicated by blue dashed line inldiepanel). The data are not corrected for
acceptance, but the model calculations were filtered wihdtection system response instead.

In order to describe the remaining part of the experimental cross secéiqathial wave de-
composition was performed. To the one dimensional distributions in indepevaiéables co8,,
cosfy, ¢, Ma3 and cod, £ cosb,, the partial amplitudesg — Ag in expressions derived from Eq.
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3.1 were fitted to the data. The fixed contribution from the quasi-free reasts added incoher-
ently to the model. The resulting values of partial amplitudes and the quase#eiton predictions
were than used for the acceptance correction. The final distributiershawn in Fig. 3.
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Figure 3: The experimental distributions (black points) correctatatceptance are compared to theoretical
predictions (red line) which is a sum of quasi-free reacfldne line) and partial wave model (green line).

It is seen that the data are very well reproduced by the applied models.coftigbution
of the quasi-free reaction is of about 30% of the observed cross sedtidominates the cd,
distribution for the most forward and backward angles. The importartibation of p—waves
is clearly visible in co$, and co9, distributions. The significance &P and pSinterference is
seen ing distribution, which should be isotropic without such interference. Fronptheented
analysis it was impossible to extract absolute contributiorsSaP and pSpartial waves since the
corresponding parametetg, A; andAs were found to be strongly correlated in the performed fit.
The extracted preliminary total cross section dat— 3Henr® reaction equals t@y = (3.81+
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5. Outlook

The investigated charge symmetry conserving reactiba> Henrt® is a part of a broader re-
search program of CSB studies at WASA-at-COSY. The presentaligase the first step towards
a detailed theoretical analysis of C8I8 — *Her® reaction within ayPT calculation. While the
XPT terms for the charge symmetry conserving reaction are known, thesanalgdd — 3Henn®
would allow to fix the initial state parameters, which strongly influence the thiealeesults for
dd — “Her? reaction.

The studies of CSB at WASA-at-COSY will be continued by the measurenfieitt-o- “Her®
reaction at excess energies larger than the presently existing datawdtidt allow to find the
p—wave contribution and determine th parameter ofyPT. A first attempt to measure this
reaction was already undertaken and the data analysis is in progréssWhie the signal of
dd — “Her reaction is visible and the measurement is feasible, the bad separafibie ahd
“Heions results in large background. Therefore some modification of the \MS2OSY setup
seems to be necessary. Then in a first step the angular distributidad fer*Hern® reaction will
be measured at excess energy of about 60 MeV. Any anisotropy walldignature op—wave or
higher partial waves contribution. In order to clearly extqaetvave contribution further measure-
ments with polarized deuteron beam will be performed.

The extension of the studies of CSB at WASA-at-COSY by measuremertd of ddm’
reaction is considered. While this reaction was never investigated, it magdetimplementary
information todd — “Her reaction with access td p—waves.
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