Baryonic resonances close to the KN threshold: the case of A(1405) in pp collisions
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We present an analysis of thg1405) resonance produced in the reactipr- p — X% + 77 + KT 4+ p
at3.5 GeV kinetic beam energy measured with HADES at GSI. The two athdgcay channels(1405) —
»*7F have been reconstructed for the first time in p+p collisiombe efficiency and acceptance-corrected
spectral shapes show a peak position clearly belé®) MeV/cQ. We find a total production cross section of
Oa(a05) = 9.2 £0.9+ 0.7ffj8 ub. The analysis of its polar angle distribution suggests tieaA (1405) is
produced isotropically in the p-p center of mass system.

I. INTRODUCTION K~ -induced reactiong [1]. From a theoretical point of view
the A(1405) is treated within a coupled channel approach,
based on chiral dynamics, in which the low-eneigy- N
Lying slightly below theK — N threshold & 30 MeV /c?),  interactions can be handled [2]. In this Ansatz thid405)
the broadA(1405) resonance is considered to be stronglyappears naturally as a dynamically generated resonance, re
linked to the antikaon-nucleon interaction. Hence the unde sulting from the superposition of two components: a quasi-
standing of this resonance is mandatory to address the issi@undK — N state and &7 resonance.
of the interaction. The\(1405) was first observed experi- At present, the molecule-like character of th&1405) is
mentally by studying its presence in thr exit channel in ~ commonly accepted. However, the contribution of the
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channel to the formation process is still discussed cortrov
sially. Indeed phenomenological approaches differennfro
chiral-SU(3) predictions|[3] support the hypothesis thze t
A(1405) can be considered as a pufe p quasi-bound state

and suggest experimental methods to test this Ansatz. In gen

eral, models can be constrained above khe N threshold
by K~ p scattering data and by the measurements ofthe

Kn scattering lengths extracted from kaonic atoms as shown

in [4,15]. Below threshold, the only experimental obsereabl
related to thé — N interaction is the\ (1405) spectral shape

extracted from the decay$(1405) 100%, (7¥)Y. The au-
thors of referencel [6] predict for thA(1405) in the reac-
tiony + p — A(1405) + K" that the spectral functions of the
three final statex ~ 7+ /X%7° /> 7~ should differ because
of the interference of the isospin 0 and 1 channels. In faet, t
measured invariant mass distributions of the states have
different shapes [7], which also vary as a function of the-pho
ton energy, but the observed shifts of the distributionshaite
compatible with the theoretical predictions.

Furthermore, the approachl [8] predicts that the coupling
of the A(1405) resonance to the quasi-boulid— N state
and theXx pole depends on the initial state configuration.
The observed line shape and pole position of &&405)
is expected to vary for different reactions. Data explgjtin
pion [9] and kaon
p+p— p+ A(1405)(— X% + 7%) + KT has been studied
hitherto only by the ANKE experiment [[L1] at a beam mo-
mentum of3.65 GeV /c.

Based on the analysis of the reaction
p+p—p+Kr+(Z+m)° at 3.5 GeV kinetic beam

energy, measured by HADES [12], we present the first data

on the decay of the\ (1405) resonance into th&*7T final

states. The spectral shapes, the polar production angle, an

the production cross-section of tA€1405) are discussed.

II. ANALYSIS

A. Signal extraction

The properties of th& (1405) resonance are studied in the
associated production together with a proton ani  fol-
lowed by the decay int&* + 7 pairs, where a branching
ratio of 33.3 % for each decay channel is assumed:

p+p 229V A(1405) + KT+ p

L. >t 4T

|—> ﬂ'i—i-n.

1)

The assumption about the branching ratios of A{&405)
decays is motivated by the consideration of isospin sym

0] beams are scarce, and the reaction
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FIG. 1. (Color online) Missing massIM(p, K*) distributions for
events attributed to th8* 7~ decay channel a) and to the =™ de-
cay channel b). Panel c): sum of both spectra from panelscahprn
The gray dashed histogram shows the sum of all simulatechetgan
if the A(1405) is simulated with its nominal mass 405 MeV /c>.
Colored histograms in the three panels indicate the cantdbs of
the channeld{f15) obtained from simulations. Data and Isitions
are acceptance and efficiency corrected. The gray boxesitedsys-
tematic errors.

missing mass to the four charged partictesr®, 7%, K+
and has been selected via2al o cut around the nominal

metries [18] and does not take into account the interferenceeutron mass (see Fig.1 in [15]). The intermedigte and

between the two isospins statesand 0. For an exclusive
analysis, all charged particles,(K™, 7*, #7) in the final

>~ hyperons have been reconstructed via the missing mass
to the proton, theK™ and either ther~ or the 7™ (see

state have been identified employing the momentum deFig. 4 in [15]). 30 mass cuts around the nominal masses

pendentdE/dx and velocity information([14]. The neutron
appearing in the reactioff} has been reconstructed via the

of the ©* and X~ hyperons allow to extract thd (1405)
signal corresponding to the two decay modes iBtor—



and X~ 7t. After the subtraction of the misidentification ‘ ‘ ‘ ‘
background due to the limited kaon identification|[14], the 200 L o data -
A(1405) spectral shape for both decay channels can be ana- T — pKA
lyzed in the missing mass spectra to the proton and<the — pKx0
MM (p, K*). Figurell shows theMM (p, K*) distributions 150 — pKx(1385)° N
for the X*7~ a) andX~ 7t b) decay channels. The black @ — pKA(1405)
dots correspond to the experimental data. Together with the g — IOKZOT_EO
reaction (1) the following contributions have been conside 9 100; total fit N
+p—
p+p sl N
$(1385)0 + p+ K+ H5F 4 1F 4 p 4+ K, ) y
.t
A(1520) + p+ K+ B 9% 4 7F 4 p 4 K, (3) 0r—= 1 e
Ll N 0 100 200 300
ST+ +p+ KT, (4) MM(p,K*,A) [MeV/c?]

ATT(1232) + 5 + KT 'Y p 4t 9 + KL (5) o _
FIG. 2. (Color online) Missing mass to the p, and K™ parti-
Full scale simulations of these channels have been camied ocles. The colored histograms show the contributions ofitinelsited
and the relative contribution of each of them has been evalchannels 6-9. The experimental data are uncorrected. eexh
uated from a simultaneous fit to the two missing mass distrifor details.
butionsMM(p, KT, 7*) together with the twaVIM(p, K)

distributions [15]. The area around400MeV/c* for

o channels visible in Figare:
MM(p, KT) has been excluded from the fit in order to not @

X , —
bias the finally extracted shape of th¢1405) resonance by ptp
the simulated\ (1405) shape. In_ total, a normalized value YWt p+ Kt —sA+v+p+ KT, (6)
of x?/ndf ~ 1.3 has been obtained. Figufsshows the con- . $7% .
tributions of the different channels together with theican 2(1385)° + p+ K+ A 470 4 p+ K, (7)

herent sum (gray histogram, solid line). 33.3%
The data é\%d 'ﬁwe fuII?scaIe simulatio)ns shown in [ig)-c) A(1405) +p+ KT 7= Al 4y +p+ KT (8)

are corrected for acceptance and efficiency and the statisti YWl 4 p+ KA +7° +y+p+ KT 9)

and systematic errors for both, experimental data and simu- o o )

lations are displayed. The finite geometrical acceptance of e missing mass distributions of the reactidfs 4nd )

HADES and the total reconstruction efficiency have been cal@re almost identical and the statistics is limited in thesmig

culated using full-scale simulations of the channels (liss) ~Mass range where their contributions is expected. Thistran

cluding the correct angular distribution for these chasread  lates into a large uncertainty in the fitted result for thetiee

described below. The systematic errors shown in[Bigave ~ Yiéld of these two channels and leads to a large error in the

been obtained by varying the selection cutstb30% and the ~ €stimate of the production cross-section of th@405). On

angular distribution of the simulated reactions (4) andts) the other hand, the signal corresponding to ¥@385)" is
+30%. more significant, due to the large branching ratio of the de-

The experimental data (black dots) in F{@l.a) and b) cay (7). The fit method discussed inl[16] allowed to extract
show two distinct peak structures. The one slightly be-a ratio for theX(1385)° and A(1405) cross-section, where
low 1400 MeV /c2 is mainly due to the\(1405) resonance, the large error is mainly due to the inaccuracy of the deter-
whereas the second peak arousdo MeV /c? is attributed to ~ Mination of theA(1405) contribution. A slightly extended
the A(1520) resonance. The relative contribution/df1405) ~ Version of this analysis was carried out, where as an addi-
and (1385)° can not be determined by fitting the simula- tional systematic check the nominal mass of th@405)
tions to the experimental data since their mass spectrdapver Was assumed to b385 MeV /c?. Instead of considering the
completely. However, the contribution of the(1385)° can ~ >(1385)”to A(1405) ratio, the cross-section for the{1385)°

be inferred from the analysis of th&(1385)° — A + x° de-  Was estimated from the fit of the experimental data via the
cay. Figured shows theMM(p, KT, A) distribution where ~different simulated channels and found to &g 3550 =

the (1385)° contribution corresponds to & peak, while  5.56 + 0.487]:s ub, while the results for the\(1405) vary

the A(1405) corresponds to a broader distribution locatedbetween) and14 ub. The contribution of theéZ(1385)° can

at higher mass due to the additionapresent in the decay be suppressed by selecting in thivi(p, K, A) distribution
A(1405) — X979, The experimental data presented here areghe region above 95 MeV /c? (see Figl2). However, only
not corrected for acceptance and efficiency. The histograms00 counts are left after this selection and this statistics con
shown together with the experimental data correspond te ful tain the contribution by the channels (7-9). Hence, an amaly
scale simulations of relevant reaction channels with a type  of the A(1405) line shape exploiting the neutral’7° decay

in the final state which have been fitted to the data as destribechannel is not possible with this data sample. The uncéytain
in [16]; the results of the fit are presented. The most relevanof the angular distribution 0£(1385)Y has been included in
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the systematic error of the production cross-section by conperimental ones. In the fits the polar angle distributionhef t
sidering the two extreme cases of an isotropic distributton ~ (1385)° was assumed to be the same as reported |n [14], for
the 3(1385)° and of the same angular distribution as mea-the >(1385)". Corrected experimentallM (p, K*) distribu-
sured for thex(1385)* [14]. The obtained cross-section for tions like those in Figll have been obtained in each bin of
the ¥2(1385)? has been utilized to calculate the relative con-..q (pMV(P-K)\  The cross-sections of the reactidds) are
tribution to theMM (p, K*) spectrum shown in Fidll by the \ OMS . T

. . . the integrals of the simulated distributions. The resuits a
magenta histogram. The systematic uncertainties have been ) T
propagated accordingly. Note that the low contributiontiy t Plotted as a function afos (GCMS ’ ) in Fig.@ The shown
%(1385)° to the yield shown in Figllis correlated with the systematic errors are obtained by varying the differergcsel
small branching ratio of channel (2). tion cuts as described above 120 %.

Figuredlc) shows the sum of the distributions from the two The results suggest that the yield in the mass region of the
final states\ (1405) — Y7 for experimental data and sim- A(1405) as well as the\(1520) is produced rather isotrop-
ulations. The good agreement between the corrected experally, whereas the production in the channéls énd [) is
imental data and the simulation (gray histogram, solid)line anisotropic. The observed angular distributions have been
is obtained by simulating th&(1405) as a relativistic s-wave included by folding the simulations of the reactiod@ énd
Breit-Wigner distribution with a width 060 MeV/c* and a (B with the red curves shown in panel a) and b) of f3g.
pole mass ot 385 MeV/CQ. Using instead the nominal mass that represent Legendre pol_ynomlals of se_cond degree. The
of 1405 MeV /c” results in the gray dashed histogram in Eig. .[\(1405) andA(}520) productlon has been simulated isotrop-
¢) which fails obviously to describe the experimentél 405) ically. These sm)ullauons have _been usgd to produce the ac-
peak structure. The difference is expressed by thetivaal- ceptance and efficiency corrections applied to the dataishow
ues of0.6 and2.1 respectively.

A good fit is also obtained, if the cross-section of the
%(1385) is not fixed and the\(1405) is generated with its a) ‘ ‘ .
PDG values for mass and width. In this scenario the produc- - gg: ﬁggggggﬁ
tion cross-sections obtained for thg1405) and $(1385)° & pp— trpK*
are approximatelg and50 b respectively. The cross-section
of the £(1305)° would then largely exceed the value of the
cross-section extracted from the neutral decay analysis an
also the measured cross-section for 1@385)™" (22 b) in
the same data sample. This contradicts the findings at higher
energies reported in [118], where cross-sectiong pb and
15 ub are measured for thE(1385)° and 3(1385)™ hyper-
ons, respectively, produced in p+p collision$&teV. These
arguments strongly disfavor this second scenario. On therot
hand, one should mention that, analog to the Soding mecha- b) s A(1405)pK*
nism [19], interferences of resonant and non-resonantiampl :gg_) A(1520)SK+
tudes with the same exit channel can cause an apparent shift
of the peak of the spectral distribution without a changéef t
A(1405) pole mass. Our efficiency and acceptance-corrected
experimental data are hence a perfect tool to test diffehent
oretical models.

do/dcos(©) [ub]

—=- pp— ATTEK

do/dcos(©) [ub]

B. Angular Distributions

— 5 Q
The different sources contributing to the missing massspec 05 05 0 5 1
tra shown in Fig[d have been studied in terms of their po- °°5(9hcn|;(s?’K))
lar angle @) in the p+p center of mass system. The results

(Color online) Differential cross-section for théffer-

provide on the one hand constraints on possible productiop,5 3
mechanisms of thA(1405) and allow to compute the accep- o i ated reaction channels as a functionoa (HgﬁépK)
tance corrections. The polar angle of the missing momentumni

vector to the  — KT) system MV (p, K), has been investi- for the ="7~ decay channel a) and thE~=" decay channel
MV (p,K) b). The cross-sections are obtained by integrating the laimu
S

gated. The resulting angular distribution @fs (GCM tions, which have been fitted to the experimental data. Ty gr
has been been divided into three intervals. Each of the threlgoxes indicate the systematic errors. The solid histograhusy
above resulting subsamples is treated in the same way as diée angular distribution used to fold the simulation of teaations
scribed for the angle integrated event sample, meaningiteat P+P = X" +7~ +p+K" andp +p — AT + 57 + KT,
simulated distributions of MM(K,p) have been fitted to the ex "€SPectively.




102 T T T 7
10 v T N
T [ i
S

gL f
= F 3
5 E ’l’ + + E
L//p+p—p+K" +A(1405) p+p—=p+K +A ]
R COSY-11 =
10 " —— HADES I COSY-TOF E
—e— ANKE —— COSY-TOF
—.— E n
i} —x— Fickinger i
10-2 . | | | |

0 100 200 300 400

¢ [MeV]

FIG. 4. Compilation of production cross-sections as a fionabf the
excess energy for the reactiong + p — A + K* + p from [20]
where the proper quotations of the references listed ingherid can
be found,p + p — A(1405) + K* + p from ANKE [11] and this
work (data point at an excess energy= 100 MeV). See the text
for details.

in Figs.Mand3 The curvatures of the Legendre polynomials

shown in panels a) and b) in Fi@.have been varied within

5

dashed curve has been obtained by scaling\tparametriza-
tion by a factorl/3. One can see that the dependence of
the A(1405) production cross-section upon the excess energy
seems to follow the same behaviour as exhibited pyoduc-

tion in p+p collisions.

. SUMMARY

TheX*7~ andX~ 7" decay channels of th(1405) have
been studied for the first time in p+p collisions3ab GeV.
These results can substantially contribute understanitieg
nature ofA(1405) which is considered as the key stone for
the study of the — N interaction. The study of the spec-
tral shape extracted from the decay into ¥fe+ 7° channel
was not possible, due to the limited statistics. The obthine
results indicate a shift of th&(1405) resonance in p+p reac-
tions to values clearly below400 MeV /¢* with a maximum
of the mass distribution arounds5 MeV /¢ for both decay
channels. If one considers the values of the masses of the two
K — p and X7 poles recently constrained more precisely by
new data on kaonic-hydrogen [21], our result suggests that i
p+p collisions the contribution of thér pole to the formation
of the A(1405) might be dominant.

The here presented mass distributions differ from the one
measured in- and K-induced reactions|[7,110] and also from

30 % and the simulations have been folded with the obtainedhe measurement of the(1405) — %70 in p+p at 2.85GeV

angular distributions. The resulting uncertainty has bieen

collisions [11] and the corresponding theoretical stUds][2

cluded in the systematic errors shown by the gray shadetthe fact that theon spectra connected to thig(1405) reso-

boxes in Figdlland3

nance strongly differ among different reactions could cadé

The simulation model obtained from this analysis has beefhat the production mechanism depends upon the entrance
tested for several other observables and overall a goo@agrechannel or that interference effects between the differiean-

ment with the experimental data is obtained [17].
Finally, our corrected spectra allow to extract crossisest

for the channeldlf5). This is again done by integrating the

simulated spectra and using the statistical errors frone#ie
perimental data. We get the following values:

TppsA(ios)pic+ = 9.2+ 0.9+0.7738 ub,  (10)
Tppsa(i520)pic+ = 5.6 £ 1.1+047 15 ub,  (11)
Oppsstn—pi+ = 5405204759 ub, (12)
Tppsatis-k+ =T7.7£09+05703 ub.  (13)

The first error gives the statistical error, the second onegi

nels contributing to the observed final state occur. One way o
the other precise measurements exploiting different béams
gether with a theory able to describe at the same time all the
experimental results are necessary to clarify the sitnatio

The angular distributions of th&(1405) and A(1520) in
the CMS are rather isotropic, suggesting a large momentum
transfer in the production mechanism. A total cross-sectio
of oa(1a0s) = 9.2 £ 0.9 £ 0.7753 b was reconstructed,
which is about a factor of two smaller than the cross-section
extracted for thex(1385)" [14]. The comparison of the
A(1405) production cross-section with the systematics mea-
sured as a function of the excess energy for Apd ™ final
state shows that the two available data points are consisten

the systematic error from the normalization to the p+p @&ast with the phase-space trend measured forAtroduction. A
cross-section and the last error is obtained from the syeiem comparable production cross-section has been extracted fo
variations mentioned above. As demonstratedlih [17] thad tot the reactiorpp — AT+X~K* underlining the role played

yield of the non-resonant contribution shown in Hippanel
b) is attributed to the excitation ofA™" resonance, while for
the charge conjugated final state, the expected contribbtio

by A resonances in the production mechanisms discussed
here. Considering the hypothesis that th@405) might be a
doorway for the formation of kaonic bound states, the result

N* resonances can not be verified probably due to their largpresented here are a necessary bench mark for theory to

width.

correctly address the formation of states like&{~ produced

Figure[d shows a compilation of the production cross- in p+p collisions further decaying into+ A.

section as a function of the excess enerdgr the channels
p—|—p—>A+K++p[@]andp+p—>A(1405)+K+-|—p
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