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Exclusive measurements of thg¢— ppz* 7~ reaction have been carried outlgt=775 MeV at CELSIUS
using the PROMICE/WASA setup. Together with data obtained at lower energy, they point to a dominance of
the Roper excitation in this process. From the observed interference of its decay MduteNo and N*
—Am7—No, their energy-dependent relative branching ratio is determined.
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The Roper resonand¢* (1440) withl (JP)=1/2(1/2") is  any other basic reaction process leading to the Roper excita-
presently known as the second excited state of the nucledion.

[1]. In contrast to the first excited state, th€¢1232), and In this work we present new data from an exclusive mea-
also higher-lying resonances, tiN(1440) is still poorly — surement of thepp—pp#* 7~ reaction atT,=775 MeV.
understood both theoretically and experimentally. Since it isTogether with the data af,=750 MeV, they are analyzed
hardly excited by electromagnetic probes and has the sanwith particular emphasis on the interference of the decay
guantum numbers as the nucleon, it has been interpreted asutesN* —No and N* —Aw7—No. The data have been
the breathing mode monopole excitation of the nucleon. Aaken at the CELSIUS storage ring using the PROMICE/
recent theoretical work2,3] finds the Roper excitation to WASA detector with a cluster jet Htarget[7]. Protons and
rest solely on meson-nucleon dynamics, whereas another re~" particles have been registered in the forward detector
cent investigatior{4] proposes it to be actually two reso- part covering the polar angles 49, ,,<21°. The particles
nances with one being the breathing mode and the other orieave been identified by th&E — E method, the stopped™

a A excitation built on top ofA(1232). In all these aspects particles in addition by their delayed pulse from subsequent
the decay modes of the Roper resonance intd\ther chan-  muon decay. From the measured four-momenta of the two
nel play a crucial role. The simplest decay N* registered protons and the identified , the full ppz* 7~
—N(77),21=0:=No, i.e., the decay into the- channel. A events have been reconstructed by kinematical fits with one
competitive and, according to present knowledlije actu- overconstraint. Detector efficiencies and acceptance have
ally much stronger decay channel is the sequential Ropdreen obtained from Monte CarldMC) simulations of the
decay via theA(1232) resonance\* — A 7. However, this  detector respond@]. The absolute normalization of the data
decay channel is not very well defined, in particular not or-has been obtained by monitoring the luminosity of the ex-
thogonal to theéNo channel, since tha is also unstable and periment by the simultaneous measurement of the elastic
decays nearly as fast as the Roper does. In fact, most of th&attering and its comparison to data from litera{@e The
decay will end up again in thdlo channel, and thus will total cross section for thep—pp#" 7~ reaction obtained
interfere with the direcN* —No decay. for T,=775 MeV is 0yo;=2.2(5) ub and shown in Fig. 1,

In a previous work, the first exclusive measurement of theogether with previous resulf$,10-15. Our value is an
pp—pp7 7 reaction atT,=750 MeV [5], we have order of magnitude below the bubble chamber regai® in
shown that at energies not far above threshold this reactioagreement with our findings at lower energié$ The esti-
can be well described by dominamtexchange in the initial mated uncertainty of about 20% is due[8] statistical un-

NN collision with subsequent excitation of the Roper reso-certainties in the collecteg@p elastic (1%) and ppm* 7~
nance in one of the nucleons. This result, which is in agreet5%) events as well as systematic uncertainties in the selec-
ment with theoretical predictions of the Valencia grd@é  tion of pp elastic(8%) andppm* 7~ (12%) events, uncer-
exhibits this reaction to be unique in the sense that it seledainty in the lifetime of the data acquisition syst€&¥), and
tively provides the excitation mode ¢ N—N* (where uncertainties in the extrapolation to full solid an¢f&s). For

“ o stands for theo exchangg which is not accessible in  T,=750 MeV, we show two values far,,;. The upper one
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FIG. 1. Energy excitation function of the integral cross sectionthe opening angles,, between the two protons in Refs.
of the pp—ppm~ =~ reaction. The WASA/PROMICE datilack  [5,8]), the ®P distribution (Fig. 3) is very close to thed
points from this work and Ref{5] are compared with previous data distribution and hence also exhibits a—(hco§®gp) depen-
(open symbols[10-15 and predictions6] with two different pa-  dence. Shown in Fig. 3 is, in addition, tik¥)P distribution.
rameter setgsolid and dashed lingswith and withoutpp final-  Thjs distribution reflects the scattering situation of the two
state interactioriupper and lower lines, respectivglgnd a phase  protons within their subsystem. The observed distribution is
space distribution adjusted to our datmtted lin. isotropic, i.e., we indeed see the outgoing protons to be in

relative s wave, as anticipated in Rgf5].
is the previously published valué], the lower one has been  We note in passing that also the pion angular distribution
derived from a subsample of those data using the same eveint the overall cmg8] is flat as well—as was the case By
selection criteria as applied now for the 775-MeV data. In=750 MeV, too. Since here only the proceSdN—AA
order to test the robustness of the analysis, the event selecs NN+ leads to nonisotropic angular distributiofis6,8],
tion criteria have been slightly modified compared to thewe conclude that this process, which is expected to contrib-

ones used previous[]. However, within uncertainties both yte substantially at energids > 1000 MeV/[6], is not yet of

values agree with each other. relevance aff ,=775 MeV.

Differential cross sections are shown in FlgS 3-5, which To see whether the reaction proceeds Nia excitation,
will be discussed in the following. As pointed outin RES], e inspect the measured distribution of ihe* 7~ invari-
the proton angular distribution in the overall center of massnt massm ont o~ (Fig. 4. Compared to phase space, the
system(cms is governed by the meson exchange betweeyata are substantially enhanced near the high-energy end,
the colliding protons. In particular, it should be described bycompatible with the low-energy tail of tHé* excitation and
o exchange leading tar(®,)~1-acos(O), with a>0  reproduced by the appropriate calculationsNdr excitation,
given by the amplitude for- exchange, while<0 would be a5 will be discussed in detail below. As in REB], we con-

typical for 7 exchange. The data @, =750 MeV were well  ¢|yde that the processs®” N—N* is indeed the one which

T,=775 MeV[8]. Instead of looking at the angular distribu- nere.
tion in the overall cms, it appears more instructive to look at

the angular distributions in thep subsystem. The definition o) 1500 ~pp

of angles is illustrated in Fig. 2. Let us denote the scattering o .ep N
angles of particles 1 and 2 in the overall cms ®y, and 3 S O T A
®P2’ respectively, and the scattering angle of the center of S

mass motion of both protorisummed momenjan the over- 5001

all cms byplpz' Within the rest frame of the two particles S00F

(p1p2 subsystemthe two angles can be defined as the scat- 0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
tering angle ofp, either with respect to the beam axis, s 0 Ofosegpl s 0 Ofcségpl

gipz’ or with respect to the summed momentagfandp,

FIG. 3. Proton angular distributions in tipg subsystem aT,
o . =775 MeV. In the left diagram the proton emission an@Ig” is
Note that due to the indistinguishability of the two protons, taken relative to the protons’ summary momentum in the overall
all these angular distributions have to be symmetric abougms. Shaded areas give the phase space distribution, whereas
90°. Since in this reaction the two protons are emitted domidashed and solid lines show MC simulations accordindneaze
nantly back to back in the overall cnisee distributions of (1) and(2), respectively.

in the overall cms. The latter angle is denoted @Qépz.
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FIG. 4. Invariant masseM .+~ andM .- as well as the middle) as well as scattering angle of the’ in the 7 system with
opening angles,« .- between the two pions for both 7§@ft) and ~ 'eSPect to the summed pion momefitattom. The left side shows
775 MeV (right) beam energies. The data are shown in comparisorih€ results for 750 MeV and the right one for 775 MeV. The shaded
to phase spacéshaded areaand MC simulations for pure decays &'€as give phase space distributions, v_\_/hereas dashed and solid lines
N* —No (dotted, N* — A (dashed dottedand their interference show MC simulations according tnsdze (1) and (2), respec-
with ¢’ = — 37 (dashedl and —61(solid) (GeV/c) ~2 using Eq.(2). tively.
16 in the cross section, and hence does not influence signifi-
We now examine thé\* decay process as exhibited by cantly the conclusions in this paper. Whereas in Rgf$]
the data. In the analysis of the 750-MeV data, two versionshis scalar product has been calculated in the overall cms, we

for the N* decay amplitude have been propo$si here use the more appropridié system. We note, however,
that the difference is tiny, since near threshold the static limit
A~1+cky-ka(3Dy+++Dyo) (1) approximation is reasonably valid.

Ansatz (1) represents the leading term of the two-pion

decay of the Roper resonance as worked out by the Valencia
A~(1+¢"Ky-Kp)D g+ ) group[6]. The constant [and correspondinglyg’ in Ansatz

(2)] gives the relative strength between the two decay routes
In the full reaction amplitude, this factot complements the and is treated in the following as the parameter to be adjusted
propagators forr exchange andl* excitation as well as the 0 the _data, .WhICh will enable us to d_educe t_he relr_:mve
expression describing the final-state interaction between thigranching ratio of the two decay routes in question. With-
two outgoing protons in relatives wave. Here D+« l:_)elng adjusted appropriately, we get a quantitative descrip-
=M+ —My+++(i/2)[y++] and D,o defined analo- tion of the da_ta both fof ;= 750 MeV[5] a_1nd_775 MeMsee
gously are theA propagators. The constant 1 stands for theF9s- 3—3 with the exception of the distributions for the
processN* —No and the scalar produdt; -k, of the pion invariant massedl .+, M-, and®”.” (dashed lines in
momentak,; andk, for the doublep-wave decay of the route Fig. 5). As shown in Ref[5], Ansatz(2) is able to make up
N*—Ax7—No. For simplicity, we have neglected the spin for this deficiency(solid lines in Fig. 3 without destroying
flip termis- (kyXk,)(3D4++—Dyo) in this decay channel, the good agreement in the other observables. We admit, how-
with s being the nucleon spin. This term describes the tranever, that Eq(2) having theA propagator multiplying also
sition N* = A7—N(7m),-=1. It does not interfere with the constant term, is a purely phenomenologiadl hoc
the other terms, is smaller than tke- k, term by a factor of ~ Ansatz Apparently it is successful, but its physical content is

and

052202-3



RAPID COMMUNICATIONS

J. PATZOLD et al. PHYSICAL REVIEW C 67, 052202R) (2003

not (yet) fully understood. As suggested in Rg5], it possi- TABLE I. Ratio of the branching ratios for the decays
bly accounts effectively for some final-state interaction ef-—Am—Nm7 andN* — N in dependence of the excitéd mass
fect. Whereas imAnsatz(1) the parametec is defined as usingAnsdze (1) and(2), respectively, for the analysis of the data
energy independent, since all dynamics is taken into accour@ Tp="750 and 775 MeV. The extracted parameterandc’ are
explicitly, the situation is not so clear with our phenomeno-9iven in units of (GeVé) ~* and (GeV£) "%, respectively.
logical Ansatz(2); if some final-state interaction is absorbed
here, an energy dependencectfcannot be excluded pri- Eq. (1) Ea.(2)
on.. _ o _corc’ 1.898) -504)
. In Fig. 4-We compare calculations assuming different m|x-(-|-p:750 MeV)
ing scenarios for the twdN* decay routes to the data for
those observable_s \{vhigh are most s_ensitive td\thelecays. . o/ 1.969) _533)
Shown are the distributions of invariant masbgs, + ,- and (T, =775 MeV)
M,+,- as well asé, +,.-=<¥L(ky,ky), i.e., the opening P
angle between the two pion momenta in the overall cms. Th
latter distribution directly reflects the squared decay ampli%T(lgiio MeV) 0.0344) 0.0305)
tudes (1) and (2), respectively, averaged over all possible* P
moduli of pion momenta at give@d .+ .-, i.e., 0(5,+,-)
~(1+bcoss, +,-)? with the mixing coefficienb. R(1272 0.0546) 0.0475)
In case of Eq(2) we haveb=c'(k;k,) where the brack- (Tp=775 MeV)
ets denote the average over all possible combinations. For
b<1 the distributiono(5,+,-) is essentially linear irb, R(1373) 1.03) 0.611)
whereas this dependence gets quadratidfer. Shown in  Extrapolated
Fig. 4 are calculations for pure phase space and for transi-
tions via either theN* —No route p=0) or theN* A7  R(1440 3.43) 1.12)
—No route. In order to illustrate the sensitivity of the data Extrapolated
to the mixing of both routes, calculations are also shown
with ¢’=—37 and —61 (GeVk) 2 corresponding tob  R(1440 4(2)
=—0.20 and—0.33, respectively, af,=750 MeV. The Particle Data Groupl]
negative sign of the coefficients reflects the destructive inter
ference between both terms, which is required by the data. If . )
we fit b for best reproduction of the data, we obtain ~With the —matrix elements My,=1 and My,
— _027(2) for Tp:750 MeV andb= _032(1) for Tp = k1~ kz(BDA.-H- + DAO) in case of EQ(l) In case of EQ(Z),
=775 MeV, orc¢'=—50(4) and—53(3)(GeVic) 2, re- these matrix elements f.;\re/\/lN(,.= DA++ qnd M.M
spectively. Both values agree within their uncertainties, as- k1~k2D_A++_ Note that the integral is just t_he integration of
they should ifc’ is energy independent: i.e., we not only the matrix element squared over the Dzalltz plot in depen-
observe the proper dependence in the amglé k), but  dence of the invariant massbt, . andM?. . The factor
also in the energy implied by k, as the beam energy is 9/8 in Eg.(3) is determined by isospin coupling coefficients
changed, and with it the energy of tiN* excitation: for ~and accounts for the decay into channels other than
T,=750 MeV we have(Myx)=1264 MeV and forT, P(m 7 )i—i—o. If we neglect spin flip contributions, then
=775 MeV the average value {1y« )=1272 MeV. 2/3 of both thep* —po decay and of thep* —Ax decay
Alternatively, if we use Eq(1) for the description of the end up in thepm" 7~ channel, i.e., the correction factor is
data, we arrive at=1.88(8) and 1.9@8)(GeV/c) ! for  unity instead of 9/8. _ S
T,=750 and 775 MeV, respectively. The results of these calculations are given in Table I. For
Having fitted the parametersandc’, respectively, we T,=750 MeV andT,=775 MeV, both equations lead to
can determine the ratio of the partial decay widths for theratiosR(My«) which agree within uncertainties. In this low-
routesN* — A 7— N7 andN* —No, in dependence of the energy tail of the Roper resonance, the ratio turns out to be
excitedN* mass by very small and strongly energy dependent as expected from
the k;-k, dependence ofM,,. We find R(1272)
~1.5R(1264), i.e., a 50% relative increase in tRé — A=
route at the higher energy. This increase is essentially due to
I oamon,, (M) the increase ofk;k,)?, which increases by more than 40%
T e g Mpge ) by the 25-MeV increase in the beam energy. The additional
energy dependence in thd* — A7 route due to theA

R(M s ) =

> ina2 2 propagator inAnsatz(1) is still of minor importance here. In
9 , - f | M Al dedew*w* case ofAnsatz(2), such a small energy dependence could be
-3 c” (or c’?) compensated easily by a small variation in the paran&ter
f | M ol d Mfm+d MfT+7T, within its statistical uncertainty. Hence with regard to this

point the two datasets at 750 and 775 MeV are not yet able to
3 discriminate between both equations.
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However, the different appearance of thepropagator in  the decay routeN* — A 7 andN* —Ng. The decay branch-
Egs. (1) and (2) will get discriminative if we go to higher ing of N* — A increases by 50% relative to that bf
energies. To demonstrate this we extrapok{# +) to the  — N¢, when increasing the incident proton energy from
nominal resonance pole at 1440 Me¥/ assuming Eqs(l) =750 MeV to 775 MeV, or equivalently, when increasing
and(2) to hold also at higher energies and takingé@ndc’  the effectiveNw7 mass fromM = 1264 toM y« =1272.
the average of the values obtainedrgt=750 and 775 MeV.  |n, this very low energy tail of the Roper resonance, we find
The different appearance of the propagators in Eql)  the N* ~No decay to be clearly dominant witR(1264)
and(2) now leads to very different values. In the case of the— g4 andR(1272)=0.06. These results are independent of
conventional Ansatz Eq. (1), we get R(1440)=3.9(3);  the ansatzused for the reaction amplitude. Though we ob-

which is well within the range of the PDG values d2#[1]. ~ sgrye the low-energy region to be represented very well by a
In case of Eq(2), the difference in the energy dependence OfNa partition—as s%gegted eg. inFI)?H]—we alsg see ay

the two decay routes is much smaller, and we obtain onl mall but rapidly increasing influence of ther partition
R(1440)=1.3(2). Wenote in passing that due to the strong Due to itsk,-k, dependence th&l* —Ar route is even

energy dependence of this ratio, also the appropriate pOII‘inkely to finally take over at higher energies. Extrapolating to

position is crucial. If instead of the nominal Breit-Wigner
mass pole position we use the pole position evaluated frorﬁhg resonance pole we obtaﬁ(1440) 3.4(3) and 1.2
. usingAnsdze (1) and(2), respectively. Clearly, this extrapo-
the speed plot of #N phase shifts, namely,M y« S
o > . lation is strongly model dependent. However, as we have
=1371 MeVLk*~ [1,2], then the values for the ratio decrease .
' ; demonstrated, the p— NN reaction offers the opportu-
to 1.21) and 0.71), respectively, using Eq$l) and (2). ) :
. . nity to experimentally map out the energy dependence of the
In summary, the new set of differential data for the « .
N* — N decay systematically up to the resonance pole by

—ppm ' @ reaction afT,=775 MeV supports the conclu- . . : i " i
sion that this reaction is dominated by the excitation of thesuccesswely increasing the incident proton energy—a pro

; i gram that is currently pursued at the CELSIUS-WASA.
Roper resonance and its decay into tie 7 channels as
derived recenthy{5] from the analysis of the first exclusive ~ We acknowledge the continuous help of the TSL/ISV per-
measurement at, =750 MeV. The new dataset gives a first sonnel and the support by the DF&uropean Graduate
experimental evidence for a different energy dependence d&chool 683 and the BMBF(Grant No. 06 TU 98Y.
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