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M easurement of the Xz photoproduction line shapes near the A(1405)
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The reactiony + p — K™ + £ + 7 was used to determine the invariant mass distributions or “line shapes”
of the X*n—, ¥~n*, and =°=° final states, from threshold at 1328 Mg through the mass range of the
A(1405) and theA (1520). The measurements were made with the CLAS system at Jefferson Lab using tagged
real photons, for center-of-mass energie35k« W < 2.85 GeV. The three mass distributions differ strongly
in the vicinity of thel = 0 A(1405), indicating the presence of substanfiak 1 strength in the reaction.
Background contributions to the data from tH&(1385) and fromK *X production were studied and shown to
have negligible influence. To separate the isospin amplitudes, Breit-Wigner model fits were made that included
channel-coupling distortions due to theK threshold. A best fit to all the data was obtained after including
a phenomenological = 1, J© = 1/2- amplitude with a centroid at 1394 20 MeV/c? and a second = 1
amplitude at 1413 10 MeV/c?. The centroid of thd = 0 A(1405) strength was found at tt&r threshold,
with the observed shape determined largely by channel coupling, leading to an apparent overall peak near
1405 MeV/c?.

DOI: 10.1103/PhysRevC.87.035206 PACS number(s): 130.Eg, 1360.Rj, 14.20.Gk

I. INTRODUCTION constraints based on effective meson-baryon interactions. In

The A(1405), situated just below K threshold, has been this class of models, th&(1405) is dynamically generated as a

. i : rescattering of all pseudoscalar meson and octet baryon states
an enigmatic state in the spectrum of strange baryons for

decades. First seen in bubble-chamber experiments in tthat couple to it. Definite predictions have been made of what

e line shape of the (1405) should be for photoproduction
1960s ], there have been remarkably few measurements Oear threshold7]. In this model the interference between a
this state to date. The most prominent feature of the state is thﬁgminant isospiﬁ — 0 amplitude and a smallér= 1 ampli-
fts invariant mass spectrum, which we call the “I_ine _shape,” ha'fude causes the line shapes for eaehchannel to be different.
f'alvx{ays_ been seen to be distorted ”0”.‘ a Breit-Wigner form, Further developments of the chiral unitary approach have
indicating that there are strong dynamics at work that are not

) . . shown that the\ (1405) may be composed of twio= 0 poles,
seen in more typical resonances. Almost all theories agree

that this is attributable to the state’s strong couplingVts, whose couplings to various particle final states and whose

but the exact nature of this coupling is as yet unknown. Duénltlal-state populations differ according to the reaction under

to its mass being below th&¥ K threshold, it is not possible investigation $-10]. The A(1405) plays a special role in

L . . . these theories as the archetype of a dynamically generated
to produce it directly in kaon beam experiments, so accessin ; A
scattering state, but the models also impinge on the nature

this state experimentally has been a chgllenge compared 1 onstrange nucleon resonances such a&{1635)1; and
other strange baryon resonances. Precise measurements 0 1440)p
11-

the line 'shr_slpe should_y|eld information on what dynamics In another approachifl] the pair of statess(1385) and
play a significant role in the\(1405) and lead to a deeper . .

) . ; - . . A(1405) are treated together in a kaon double-pole model with
understanding of the additional amplitudes that may exist in lici . foh di SN 4
this mass region an explicit assumption of photon dissociation into a

' and a virtualk —, as illustrated in Figl. This model also made

specific predictions for the mass distributionsbf and A °
A. Theories of the A(1405) final states that we mention later. In a meson exchange model
[12] the A(1405) is generated dynamically by the coherent
taddition of w, p and scalar-meson exchanges. Here, too, it
[Appears as a two-pole structure in & Sp; partial wave.

Other theories see the(1405) as a bound state §fK [13]
alone, and the dynamics that create it are expected to have
fignificant repercussions on whether bodfidpp states exist.

Explaining the mass of tha (1405) has also proved to be
a problem. The state does not fit well within the constituen
quark model that has otherwise worked remarkably well fo
understanding the masses of low-lying baryon resonartes [
Theoretical investigations into the nature of thé€L405) were
discussed from the days of its prediction by Dalitz and other
[3], and there has been a surge of interestin recent years. Chi
unitary theory §~6] combines chiral dynamics with unitarity

other views, theA (1405) is pictured as a true three-quark
State [L4] or as a negative-paritylp] or positive-parity [L6]
hybrid state.
The spectrum of = 1 X excited states is also predicted to
. ) o ) ) be quite different in different models. As discussed recently
Current address: Indiana University, Bloomington, Indiana 47405, Ref. [17], standard so-called quenched quark models put
USA. 1 B
tschumacher@cmu.edu theJ” = 5 X atabout 1650 MeYc ,Whlle an unquencheq
model that allowsdq][¢q]g S-wave configurations expects it

ICurrent address: Siena College, Loudonville, New York 12211, > g , ’ .
USA. near 1380 MeVYc<. Some evidence for a light negative-parity
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for each energy; another paper that is in preparation will show

+
v ’]/,4/‘ 7 K the differential cross sections for each energg].
ﬁ,/' The line shapes are differential in ther invariant mass,
If m, and extracted for nine bins in the initial-statg invariant
K 7 n energyW. We anticipate that th& dependence of the=0
! -~ and/ = 1 contributions varies slowly. This is because the data
ﬁ \ stem from an associated production experiment accompanied
p 5 by a kaon, as opposed to a direct formation experiment, so that

the connection of energy to the properties of the excited

FIG. 1. (Color online) Creation of the three-body* ¥ final ~ Strange resonance(s) is indirect. This is indicated in Fitpr
state via an intermediate hyperon in the reactjom_ p— Kt + eXample, where the intermediate hyperon is construed to be
T + 7. In this particular example, achannel exchange enables an created via an off-shell kaon as part of-ahannel interaction
off-shell kaon to create & (1405) that is subthreshold for on-shell between the incoming photon and the target proton.

NK reactions. The outline of this paper is as follows. Sectiols-

IV present the details of the setup of the experiment, the
¥ has been discussed for several yeaB-21]. In a different ~ event selection used to extract the yield of the various final
vein, meson-baryon dynamical models placeé*§1/2)~ near  states, the acceptance corrections, and the data normalization.
1430 MeV/c? [22], 1475 MeV/c? [23], or 1620 MeV/c? [24]. SectionV describes our method of extracting the yield of signal
It is therefore of interest to look for evidence of isospin oneevents from the data, Se¢l presents the line shape results for
strength in thexs system in the same neighborhood as thethe threex final states, and Sevll discusses the systematic
isospin zera\ (1405). Discovery of a resonant structure in thatuncertainties and the methods used to test the reliability of the
same mass range could be decisive in picking among modefeasurements. Sectidfill explains the method used to fit the
of baryonic excitations. line shapes we obtained. In Sd&X the outcome of fitting

the mass distributions with this model is given, and we

) conclude with SecX.
B. Experimentson the A(1405)

While there has been continual theoretical interest in the
A(1405), there have been remarkably few measurements made
of this state, known for more than half a century and given a The data for this experiment were obtained during May
four-star rating by the PD@p)]. Bubble-chamber experiments and June of 2004 with the CLAS detector, located in Hall
using hadronic beams at Brookhavégjland CERN R7]have B at the Thomas Jefferson National Accelerator Facility.
long been the only experiments to identify the line shape, andhe run, known as glla, used a 40-cm unpolarized liquid
that with barely adequate statistics. The mass and width dfiydrogen (LH2) target and an incoming unpolarized real-
the A(1405) cited by the PDG are based primarily on thesgphoton beam. Bremsstrahlung photons with an end-point
measurements. energy of 4019 GeV were created via the CEBAF accelerator

In recent years, with the development of higher-statisticelectron beam and a 1fradiation length gold foil. Electrons
experimental capabilities, there has been a renewed interestihat radiated a photon were identified with the CLAS tagger
measuring theA (1405). These include measurement of the[33] to obtain energy and timing information between 20%
%70 line shape in proton-proton collisions at the coolerand 95% of the end-point energy.
synchrotron (COSY) at Forschungszentrum Julich GmbH Details of the CLAS detector can be found in R&8H][ Here
[28], measurement of thE*x T line shapes in proton-proton we give a very brief description of the main components used
collisions at the High Acceptance Di-Electron Spectrometetin our analysis. CLAS was equipped with a superconducting
(HADES) at GSI p9], and again the measurement of the toroidal magnet with six identical sectors surrounding the
~*77F line shapes using photoproduction by the laser electroiveamline. The field was selected to bend positive particles
photon beamline at SPring-8 (LEPS30[31]. The LEPS away from the beamline. A 34-layer drift-chamber system in
measurement has some overlap with the energy used ach sector provided charge and momentum information for
our measurement, but due to limited statistics, their resultsharged particles. Momentum resolutiép/p was ~0.5%.
depended on broad averaging over kinematics and line shafée target was surrounded by a 24-element plastic scintillator
comparisons with existing theoretical curves, rather than oistart Counter used in the trigger to select charged tracks
new and decisive fits to the data. leaving the target. Finally, a system of 342 time-of-flight (TOF)

In this paper, we report results of a measurement with largscintillators was used in the trigger, which also determined
statistics accumulated with the CLAS system in Hall B ofthe duration of flight of each charged particle. For the glla
Jefferson Lab. With good mass resolution for th@405), we  run period, the trigger required a hit in the tagger system in
show for the first time a measurement of all thiee line  coincidence with Start Counter and TOF hits in at least two of
shapes. The center-of-mass energi®9 {n this experiment the six sectors. A sector trigger required hits in a Start Counter
covered a wide range from near production threshold of thgpaddle and a TOF paddle within 150 ns of each other. With
A(1405) up to 285 GeV, which allowed us to measure the this setup, the glla run accumulated overx2D®® events,
energy dependence of the line shapes. The results are shomeluding a large sample of excited hyperon states. More
after summing the line shapes over all kaon production angledetails of the setup and analysis can be found in R3&j. [

II. EXPERIMENTAL SETUP
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Reaction Strong Final State Undetected Particles X Figures
K*pn-(X) | K*t* n=(X)
. (A(1405)
+ +
vrp—oK {A(1520)
~33% _
- ST | m0s2%) | N@de%)  |6(b), 8, 9(a), 15, 16,
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~33% / 19,
- 30 70 |70 Y (64%) 6(a), 12, 17, 21
~33% _
- Yt N (100%) | 9(b), 11, 17, 22
6% %
y+p— K" +3°1385) — K*Am0 |10 (ea%) 6(a), 7, 13, 14
y+p— KT+ 20 70y (64%) 7,20
y+p—o K+ 3" 2% | N@sw | 8 20

FIG. 2. (Color online) Representation of reaction and decay channels used in this analysis. Pargiles in the columns were
reconstructed via kinematic fitting or the missing mass determination. Branching fractions are indicated as percentages. The rightmost colun
lists the figures related to the given channel.

I111. EVENT SELECTION both £ channels served as a cross-check of uncertainties

For reference, we include Fig. to illustrate the various introduced by our analysis methods.

data-handling paths in this analysis. The main interest lies
in the Xn final states of the hyperon decays, particularly A. Initial selection of particles

A(1405)— Xz. The analysis channels can be divided into  The effects of selection cuts discussed below are summa-
two main categories depending on the final charged particlegzeq in Tablel. In this analysis all channels of interest have a
detected. The first case is when &', p, and 7~ are final statek*. For the entire data set, the masses of charged
detected, while the second is whenka", =, and 7~  particles were calculated from the momenta given by the drift
are detected. The main strong final states of interest are thethamber tracks and the timing given by the RF-corrected
KtStn~, K*2%° K*¥ 7t andK*An®. The latter is  tagger timing and TOF scintillator timing. A loose mass
mainly attributable tox(1385)— Az, which is one of the  cut was made to select events with a kaon candidate, and
significant backgrounds for isolating tig1405). Because the these were retained for analysis. Events were then required to
A andX hyperons decay via the weak force, we call the finalhave all charged particles reconstructed in the fiducial region
states including a ground-state hyperon the strong final statesf the detector, and a few malfunctioning timing detectors
During analysis the hyperons were reconstructed througlyvere identified and removed. The fiducial region of good
their weak decay products. The ground-state hyperon decaygceptance and good Monte Carlo matching was the same as
2t = pn® 2t > nxt, 2% > yA > ypr~, £~ > nx~,  usedin previously published analys86{39] of the same data
andA — pn~ are detected in our analysis. set. Copious nonstrangeness events were removed by testing
The analysis procedure was as follows. The raw set ofhe hypothesis that a candidake™ was actually ar* or a
reconstructed and calibrated events was the same as usgton. The leading backgrounds werp — pr 7~ with
in several previous CLAS publication8¢-39]. We selected  nothing missingyp — pz ™7~ (%) with thesz® missing, and
events with all of the required charged particles for each,p — 7+ x*7~(n) with the neutron missing.
channel of interest. After some cuts to reduce backgrounds, Previously established corrections to the reconstructed
described below, a kinematic fit was applied when all final-tracks were applied, such as momentum corrections for small
state particles but one were detected. Otherwise, the missingperfections in the magnetic field map and energy losses
mass squared was computed for the case oEthe” channel.  que to the charged particles traveling through the target and
From this, the ground state hyperons af or X were  detector material. The incident photon energy was corrected
reconstructed and selected for analysis in each channel. Fgdr the known mechanical sagging of the tagger hodoscope. In
brevity, we label the channels of interest by their ground-statg| cases a timing cut was applied to remove events where
hyperon-pion combination, i.€ 7™, T iz ™, £°7°% 277", 4 7+ was misidentified as th& *(see below). A primary
andAr?, where the twa=* decay channels are distinguished event vertex cut along the beam direction selected events very
with a subscript denoting the final-state baryon. Analyzingcleanly from the LH2 target and rejected events from foils.
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TABLE I. The number of events remaining after each selection cut, in 1000s.

Selection Channel

Lrre,  An®  x%° DIRE A St
Detected particles Kt pm~ Ktntm™
Initial kaon selection 64 026 35627
Fiducial cuts 31486 16 662
Remove fals&k* due torr* or p 4852 10 045
LooseATOF cuts 3093 6576
Vertexz cut 3066 6464
Minimum | p| requirements 3047 6233
PreciseATOF cuts 2415 3912
Kinematic fit or MM cut 818 233 1052
Selection on ground state hyperon 44q) 238 76 316 | 338

Minimum momentum cuts based on the identity of the particlebased on the measured momenta while balancing the energy
(0.3 GeV/c for protons andk*, 0.1 GeV/c for #*) were  and momentum of the reaction.
applied.

As most of the background in these channels came from
strangeness-free events, cuts on the timing of particles were
crucial to correctly select kaons. In the CLAS detector, the ]
distance a charged particle travels through the drift chambers Inthese channels we reconstructed the partikiesp, and
(1), the accelerator RF- and vertex-corrected event start tim@ » With a missingz®. The 1-C kinematic fit was applied to
(o), and the time that the particle hit the TOF paddigswere  the selected particles, and those events with a confidence level
recorded, along with the particle’s magnitude of momentur{CL) of greater than 1% were retained for further analysis. The
(p). From this information, the measured travel time wascovariance matrix for these fits was optimized in a previous
calculated as study 6], and the CL distributions were checked for the

present kinematics and found to be very flat. The possible
Imeas= 1 — lo. (1) combinations that yield a hyperon in the strong final state are
— pr~andxt — pnO.
Figure 5 shows the invariant mass squared distributions
(p®) against M(pm~), summed over all kaon angles in

1. Event selection for Ax° and T

Alternatively, we assumed a mass hypothesis for the particle[,\
mg, and used the measured momentum to calculate the veloci%2
of the particle as

14
Bealc = —F——, (2) 10
/p2 + mg 10°
@ 5
and together with the reconstructed flight distaietermined f ' _ 10
the calculated flight time of the particle as o0 =
lzl 10
/ -5
fcalc = ,B . (3) - = Fiw o <‘
calc® -10g 05 115 2 25 1
Taking the difference between these two timing measures gives o] (GeV/c)
ATOF = fmeas— Icalcs (4) 10 ¢
1
and cuts were applied on this quantity as a function of particle@ 5[
momentum. Figure8 and4 show the momentum-dependent = | 10
cuts applied to select thet, 7=, andK *. O OF;
< gl 10
B. Sedlection of eventsfor analysis -10g 25 !

15
In all channels, the data were divided into 10 bins of energy Ipl (Gevic)
spanning 100 MeV inthe center-of-mass eneiigf=+/s)and |G, 3. (Color online) Difference in particle time of flighk TOF,
20 angle bins in the center-of-mass kaon angle. All selectioRersus the measured magnitude of momentum forthdtop) and
cuts and fits to the data were done independently for each- (bottom) for a given energy bin of 25 < W < 2.45 GeV. The
bin. For channels with th&*xFcombinations, kinematic fits  different horizontal bands correspond to the 2-ns time structure of the
were applied with fixed mass of the undetected neutrar®or CEBAF beam. The magenta lines show where the cuts were applied
(one-constraint or 1-C fits). This optimized the information to select each particle.

035206-5



K. MORIYA etal. PHYSICAL REVIEW C87, 035206 (2013)

— 10° 40 F T T T T T T
4 : ; :
=y H 0y H i
m 107 L 30 - 2.%50 <W< 2.350 (GeV) _|
< © g 0.70<coshE"<0.80
. ‘ ‘ . 3 200 — —
1 15 2 25 (&) : : :
Ipl (Gevic) 100 [— -
g 107 (0 — VAR
o 0 1.2 122 12 1.26 1.28 1.3
= M(pr) [(GeVI)]
; 15 2 25 * (a) Fit to A.

1
|p| (GeV/c)

L é%/ e 600 — 12.250 <W< 2.350 (GeV) —

¥ o T 10 n 1
E s !f) — = - c.m.
< . B ‘ ‘ ‘ 1 S 400 — 0.70<cosH+"<0.80 |
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FIG. 4. (Color online)ATOF versus the measured magnitude of 0 ) e ,
momentum for _theKJr candidates at several analysis stages for a 1.2 13 14 15 16 17
given energy bin of B35 < W < 2.45 GeV. From top to bottom, Mz(p °) [(GeV/CZ)Z]

the plots correspond to the following: after tke” misidentification
rejection cut; after selecting the detected in-time as shown in
Fig. 3; and selection on both the detected andz*. The magenta
lines represent the selection cut on #ié. The last spectrum is seen
to be much cleaner after theTOF selection cuts on the pions.

(b) Fit to $F.

FIG. 6. (Color online) Fits to the ground-state hyperons\(and
(b) = *for a single bin in energy and angle. The data of each invariant
mass squared are shown as the histograms, and the fits are shown
as the solid curve (total), dashed curve (Gaussian), and dot-dashed
gurve (background). The outer dotted vertical lines show the range of

one particular energy bin. For each bin in energy and angl ) > X o
the fits; the inner lines show3o around the peaks, which is used to

fits were done to the projections ofp=°) and M (pm ™) . ;
with Gaussians and a second-order polynomial background'€ine the signal events.

Figure6 shows a representative example of the fits toshe

andz* peaksin asingle energy and angle bin. After projectingHowever, because th& peak is very narrow (approximately
and fitting theA andx* peaks, a region af3c was chosen 1.3 MeV/c? across all bins when converted to width around
around each peak as the signal region. For further analysis dfie A peak, compared to approximately3@vieV/c? for the
events with &, the overlap region with tha was excluded X% peak), thex* region was not excluded from thesignal,

so that there was na distribution underneath thB* events.  because most of th& signal was within this overlap region.

20000—
15000—
10000—

5000—

2.150 <W< 2.250 (GeV)

counts: 107701

T

M?(p ) [(GeV/c)T]
I

2
MA(pm) [(GeV/c)]

FIG. 5. (Color online) M(p=°) versus M(px ~) for a given energy bin, with projections. The bands corresponding ta tfvertical) and
>+ (horizontal) are clearly seen.
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FIG. 7. (Color online) M x°) versus MK *7°) for four energy bins increasing from (a) to (d). A clear horizontal band corresponding
to the ©(1385) is seen, as well as a vertical band corresponding t& tHe The contours, as well as the dashed lines, show the kinematic
boundaries allowed in that energy bin. The blue dashed lines show the masses of each re3id8&¢, K **] as given by the PDG, while
the vertical dashed lines show where #igx° invariant mass i/, & I', and M, andI" are the mass and width of the** as given by the
PDG.

The remaining backgrounds were removed as part of the later CL greater than 1%. Again, there are two possible hyperon

bin-by-bin yield fits. combinationsy* — nz¥*, and these correspond to the bands
For these channels, a small contamination is seen in thghown in Fig.9, where the plot of M(nz*) versus M(nm ™)
projection of the invariant mass squared of the and 7°, is shown for a particular energy bin.

which comes from the decay~ — =~ 7. Because our main To isolate the events faE* [X ], we projected the distri-

channel of interest, th& (1405), is below the&k ~ p threshold,  butions onto M(nz ™) [M?(n7r~)] and fit the hyperon peaks

we did not cut away this contamination, but removed it laterwith a Gaussian and second-order background polynomial.

by background subtraction. Examples are shown in Fig0. A region of+20 around each
After these steps, we arrive at the data set of the strongeak was chosen as the signal, and the overlap region of the

final states ofk "A7® and KX+ ~. Figures7 and8 show  two peaks was excluded from each signal. Also, because there

the invariant masses afr againstk *rz, whereY andx are  is a band corresponding #60 — 77~ events seen in Fig,

the ground-state hyperon and pion in each strong final stateye followed a similar procedure for #z *7 ~) and excluded

respectively. In each of these Dalitz-like plots there are visibleevents withint-20 of the K9 peak also. Figuré1 shows the

bands due to resonances in the system andk " systems. invariant mass combinations Bf 7 *versusk *z . Note that

In the four ranges of¥ shown, one sees the shifting overlap in the Ktz + X~ final state, the combination & *z* has no

of the hyperonsz(1385), A(1405), andA(1520) versus the resonant structure. After this selectionsot events, the strong

K*® andK**. In Sec.V the fits to extract the yields of each final states ok * X+ F were in hand.

excited hyperon are discussed.

3. Event selection for X%x°

2. Event selection for 7z~ and Z7x* Forthex %70 channel, the reactionjsy — K %0, with
For these channels a final statekof 7 7~ withamissing X% — y A, andA — pn~. In this case, we were unable to
neutron was required. A kinematic fit to the missing neutrondetect ther® as well as thes from the ©° decay, therefore
mass was applied to the selected events, retaining those withaking a kinematic fit impossible. Instead, we fitted the

035206-7



K. MORIYA etal. PHYSICAL REVIEW C87, 035206 (2013)

00 F 4 . A ke 1
g | 1,950 <W< 2,050 (GeV) 2000 - 1 2150 <W< 2.250 (GeV)
2001 i counts: 8345 i Fol 1 counts: 70434
L ] 1000 [~
100 - 1 [
T ’ A(1520) S
% 15 . % 1.77
e SELINY A(1520) 1
R - e ———— .. ®155 T E
g/ . '1\(1‘} 35)3; A(1405) \;i l-4§' """ 7 T TTA(1405) T
13" 06 0.7 0.8 0. 200 400 600 800 13706 08 1 1000 2000 3000
M(K* ) (GeV/Id) M(K* ) (GeV/d)
(a) (b)
800 [ L 7 300 - n
600 - 1 2,550 <W< 2.650 (GeV) - 3 ] 2750 <W< 2.850 (GeV)
a00 F il 1 counts: 47790 E i counts: 26898
i [ 1 100 |- i .
200 10 ] [ Lk ]
— g 18 ] — f S
R3) 22¢ B R0 L i 1
% 2F ] % 2 = —+ .
o £ o 8
18 E g 8
B ‘B r
Boeh A(1520) ! o A(1520)
b 1 Basp e ——
S 140 ) - A(1405) S Uk e A(1405)f- T — - A(1405) -
1 15 500 1000 1 15 200 400 600
M(K* ) (GeV/cd) M(K* 1) (GeV/cd)

(c) (d)

FIG. 8. (Color online) ME*x ) versus MK *x ~) for four bins of increasing energy from (a) to (d). Clear horizontal bands corresponding
to the A(1405),A(1520), and higher* resonances are seen, as well as a vertical band correspondingkitfttihe contours as well as the
dashed lines show the kinematic boundaries allowed in that energy bin. The blue dashed lines show the masses of eachAéstdE)Nce [
A(1520),K*] as given by the PDG, while the vertical dashed lines show wher&the™ invariant mass is4, + I', and M, andT" are the
mass and width of th&*° as given by the PDG.

missing mass squared (Ml)iwith a Gaussian peak for the €events were passed through the detector simulation, and
70 and a second-order polynomial for the signal region, andhe momenta were smeared to match the data. An earlier
required that MM be more than @ above ther® peak. Two  detailed analysis of the glla data show&( fhat the trigger
examples of the selection of Miviire shown in Figl2, where  condition for this run was not ideally simulated, soahhoc
the selection ranges are shown by the dashed vertical lines. trigger efficiency correction 0f5% was applied depending

To select thec events from this channel, the invariant masson the event kinematics. After all corrections were made,
squared of the andx ~ was plotted for each bin, and a fitwith the simulated events were passed through the same analysis
a Gaussian and a second-order polynomial background wagocedures as the data.
performed. Thet3o region around the\ peak was retained. One final correction was applied for the events of interest
The missing mass off th&+ then gave th&°z° line shape. thathad a\ inthe strong final state. As mentioned in Ségthe
For the strong final stat& + £°7°, there are possible hyperon hardware trigger for this run required that two particles register
as well ask** resonances, and in Se¢.the extraction of hits in separate sectors of the Start Counter. In the case of an
hyperon events is discussed. event involving aA (ct = 7.89 cm R5]), there was a small

Tablel shows the number of events for each channel afteProbability of the A decaying outside of the Start Counter,

the selections shown in this section. Further selections t@nd this detail of the trigger was not simulated in software.
isolate the states of interest are shown later. To remedy this, events in the simulation were removed based

on whether the secondary vertex was geometrically outside of
the Start Counter. The effect of this correction was stronger at
higher energies and for events with the kaon going backward in
IV. ACCEPTANCE AND NORMALIZATION the center-of-mass frame, so that for most bins the correction
To understand and correct for the CLAS detector accepwas less than-3%, while for some bins it was as high as 10%.
tance, a large number of Monte Carlo (MC) events were-or the other ground-state hyperans and~~ (ct = 2.404
processed using theeaNT-based standard CLAS simulation and 4434 cm, respectively), the effect of tHe* decaying
packageGsim. After generating the events of interest, the beyond the Start Counter was found to be negligible.
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FIG. 9. (Color online) M(nmr*) against M(nx ~) for a single energy bin, with projections. The bands corresponding t& thgvertical)
andX* (horizontal) are clearly seen. The faint diagonal band corresponds to the eve#t$ of nz*z~.

The photon flux in each energy bin was determined so thaime electrons in the photon tagger within well-defined time

differential cross sections could be computed. This was donindows and correcting for the measure@0% transmission
using the CLAS-standard method based on counting out-ofef photons from the tagger to the physics target. Other

counts

counts

e
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500 (— —
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FIG. 10. (Color online) Fits to the ground-state hyperons{a)

M n) [(GeV/A)]

(b) Fit to .

corrections were made to handle tagger counters not in the
primary trigger and to account for the measure85% data
acquisition livetime for this data set.

V. YIELD EXTRACTION OF EXCITED HYPERONS

Our method of extracting the strong final state yields
used simulations of the signal reaction of interest and of the
background reactions in each channel. A fit in the excited
hyperon spectrum was performed independently in each bin
of center-of-mass energy and kaon angle to match the data.

As mentioned at the beginning of Sdd., we extracted
the x°(1385) yield in the dominanA 7° decay channel and,
with the appropriate acceptance and branching fraction ratios,
scaled this down to determine the background vyields in the
»*7F channels. (Note that thE°z° channel does not result
from x£°(1385) decay because the isospin coupling coefficient
vanishes.) Thus, thE®(1385) yield tox was always known
from indirect measurement within any single bin of center-
of-mass energy and angle. For this reason, we first discuss
extracting thex°(1385)— Ax° events and then move on to
the A(1405) yields in eaclzz decay channel.

A. Axn®
For the strong final state & * Ax°, large samples of MC

and (b) =~ for a single bin in energy and angle. The data of eachévents for the reactiong + p — K* + %£°(1385) andy +
invariant mass squared are shown as the histograms, and the fis— K™ + A were generated and processed. For each bin in
are shown as the solid curve (total), dashed curve (Gaussian), afgnter-of-mass energy and kaon angle, the data and MC events
dot-dashed curve (background). The outer dotted vertical lines showere kinematically fit and plotted as the missing mass from

the range of the fit, and the inner lines sh&fo around the peaks

the K™, which is equivalent to the invariant mass of thend

used to select events. The opposing signal region was excluded, a2. A fit to the data with these MC templates was performed
well as thet20 peak around thé?.

by scaling each MC template by an overall factor. Figiise
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FIG. 11. (Color online) ME~x ") versus MK "z ) for four energy bins increasing from (a) to (d). Clear horizontal bands corresponding
to the A(1405), A(1520), and higher* resonances are seen. The blue dashed lines show the nominal massea (@40&) andA (1520)
from the PDG. Note that in this channel the combinatiok¢fr  shows no resonant structure. The contours as well as the dashed lines show
the kinematic boundaries allowed in that energy bin.

shows the fit results for some of these bins. In all bins theour present purpose, we used the very simple nonrelativistic
K*T A channel contributes as a smooth background. Breit-Wigner form for fitting thex°(1385) data in each bin.

A peculiarity was noticed that the(1385) line shape could The reason why the nonrelativistic Breit-Wigner form fits
not be fit well using a relativistic Breit-Wigner function with a better to the data is not clear, but we note that previous
mass-dependent width. Rather, a nonrelativistic Breit-Wigneexperiments that determined t¥%(1385) mass and width
function with width independent of mass was seen to match thbased on hadronic reactiorzh] also had difficulties in fitting
data much better. The line shapes used as input to the CLA® a relativistic P-wave Breit-Wigner line shape and tested
MC for countsdC, (m)/dm as a function o = massn were  nonrelativistic forms with mass-independent widtd&{43].
Because these papers measured the char@@85) line

dCronrelm) FOZ/ 2n 5 (5)  shapes, where leakage due to @ 405) or otherA* states
dm (mo —m)* +(I'o/2) cannot occur, this seems to be an inherent feature of the
and 3(1385) and not attributable to some unaccounted-for leakage
dCrel(m) (2/m)mmol (q) in our data. Furthermore, the effect is seen across all of our

am (m2 — 2)2 + [mol (@) (6) energy _bins, even when below the nomi&al* threshold or

Mo =M ot g when kinematically separated from tti&*. Therefore, we

for the nonrelativistic and relativistic cases, respectively. Theconclude that this effect is not attributable to interference with
mass-dependent width wag) = T'o(q/q0)?- ", in whichg  the K**.1

(90) is the breakup momentum of thez® or Tz system After the yields of thex(1385) were extracted in each

in the resonance rest frame at mass(mg). The orbital  bin of center-of-mass energy and angle, the differential cross
angular momentum in this case Is= 1. Figure14 shows sections were calculated using the acceptance based on
a comparison of the fit results of tie°(1385) peak using simulations and the photon flux normalization. TH&(1385)

MC templates generated with the forms of E{s. and (6).

Clearly the relativistic Breit-Wigner template is not able to fit

the data well, essentially becausedfidactor in the numerator ~ 'References41-43] used the reactiok~ + p — A + 7+ + 7,
suppresses the yield near threshold too much. Therefore, farhere there is n& ** background.
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B. Xtx~

— We nextfocus on thE;;n‘ channel, although the oth&er

channels are quite similar in procedure. As can be seen from

the plots of ME ™7 ~) versus MK "z ™) in Fig. 8, there are

— contributions from theA (1405), A(1520), and other excited

hyperon states, as well as from ti&&®. We model each of

these contributions separately with MC event templates. Each

L 1 template is generated according to a relativistic Breit-Wigner

0.04  0.06 0.08 01 form with its resonance mad4, and widthI'g taken from the
MM?[(GeV/c)] PDG [25]. We assumed a mass-dependent width"@¥) =

: ‘ — g°(Q/ﬁ°)2Hl’ yvlher_(aq r(qu) is the breakupfmomentug;f)the

800— > 35<W<2- 45 (GeV) — aug ter part!c es in the resonance rest rame_at MaiSH o

sl ;,- L 0.70<COSE™<0.80 with L the orbital angular momentum. In the fitting procedure,

2.05<W<2.15 (GeV)
f 0.70<cosp;;"<0.80
300 | |

counts

200
100 *

0.02

only the normalization of each template was allowed to change
to get the best agreement with the data. For #1385)
contribution, the yield was fixed by thter ° channel discussed
above, and therefore the yield was not allowed to vary.
Figure 15 shows a fit result for thex*x~ invariant
‘ mass spectrum using the above templates for a single bin in
0.02 0.04 , 006 0.08 01 center-of-mass energy and angle, along with a background
MM? [(GeV/cy] Breit-Wigner function that fits theY* resonance around

2 .
FIG. 12. (Color online) Examples of thep — K+ pr—(X) 1670 MeV/c“. Because our goal is to extract thig1405)

missing mass squared (M}lspectrum for selected kinematic bins. 'IN€ Shape in the most model-independent way, we start with
The vertical dashed lines show the selection range forsthe® @ relativistic Breit-Wigner form based on the PDG values of

channel between the® and 2¢° limits. mass and width for tha (1405), and this is shown in Fif5(a)
as the red points. The fit is inadequate around Al{&405)
region, showing that a simple Breit-Wigner function is not able

differential cross section results will be discussed in a separaf@ describe the data well. For this reason, the template form
paper B2, along with those for the\ (1405) andA (1520). In  of the A(1405) was modified in an iterative way, as explained

this paper we focus on extracting the yields for thg1405), ~ below. o ) )
for which the yields of thez?(1385) decaying t&*7 ¥ are Once an initial fit was obtained, we subtracted incoherently

necessary. the contributions due to th&°(1385), A(1520), K*°, and
For each of the Chargeﬂ:n— Channe|S, the acceptance_ Y*(1670) so that the Only remaining contribution was from

corrected y|e|d of theAno channel (BR: 870%) was what should be theA(1405) We call this the residual

scaled down by using the branching ratio (BRL1.7%) and  distribution for theA (1405). Because this residual distribution

acceptance for each bin. BecauseX¢1385) yield was based i the best measure for the raw(1405) yield, we applied an
on a measurement of thren-o ChanneL it was not allowed to acceptance correction based on the MC simulation of CLAS.

counts

vary when extracting the yields of the(1405). A large number of events was generated flat inkhex * 7~
R A N AL B B I i 160F= | h Ot b \ =
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(a) W =21 GeV, cos 03 =0.85 (b) W =2.6 GeV, cos 7} = 0.65

FIG. 13. (Color online) Sample fit results of the strong final stat& 6i\7°. The events are plotted versus the missing mass frork the
which is equivalent to the invariant mass of the° system. The data are shown by the black crosses, whilE{#E385) signal MC and the

K** A background are shown by the red crosses and green circles, respectively. The sum of the MC templates are shown by the solid mager

line.
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FIG. 14. (Color online) Sample invariant mass spectrafoe= 2.6 GeV and co8;T = 0.65 showing thex?(1385) peak using a MC
template based on (a) relativistic Breit-Wigner (mass-dependent width) and (b) nonrelativistic Breit-Wigner (mass-independent width). The fit
with the relativistic Breit-Wigner form clearly does not fit the data well.

three-body phase space, and the residual distribution was The procedure for th& =~ channel was exactly the same

corrected as a function of the*z ~ invariant mass based on as for theE;n— channel, because the physics is identical

the acceptance of these events. After acceptance correction, tegcept for the final decay &£+ — nz*. Line shapes were

true line shape of the\ (1405) was obtained for each energy obtained in each energy and kaon angle bin. By comparing the

and angle bin. two =t~ channels we were able to check our results, as is
As noted above, tha (1405) was not adequately described shown in SecVI.

by the initial template, so we used the acceptance-corrected

line shape obtained with the above procedure to iterate the

MC template for theA(1405) region. The iteration process C. >-n+
made use of data summed over all kaon angles within each - '
energy bin. Figurel5(b) shows the third and final iteration.  FortheX~z" channel, we followed the same procedures as

Note that the total fit is now closer to the data, and we se@POve, butin this case, with the strong final stat&ofz "7 *,

how the iteration converged to stable line shapes based on t@e K7 combination is exotic, and therefore we expect no
data. Because the residual is determined by subtracting ofSonance. However, to accommodate the broadly distributed
components such as tB¥1385) and the\ (1520), the residual €Vents seenin Fig.1, a phase-space distribution&f -7+
shapes do not depend strongly on the exact template shap@s generate_d, and this was used as a fit component. The line
we used for the\ (1405). The residual that was obtained from shapeg were |fterated as before_ and then a_cceptance corrected.
the fit using this final template was acceptance-corrected and An interesting feature of this channel is the presence of

normalized to the photon flux, yielding our intermediate resultheY*(1670), which shows up much more strongly compared
for d%c/dmd cosoS™ in bins of energy, angle, antl ™z~ to the otherzz channels, as seen in Fifgl. The PDG lists

massn. several candidate resonances in this region, but we have not
made an effort to further identify this state.

220 T 220 R
data data

200; —i 200; —i
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FIG. 15. (Color online) Fit result to the strong final state3bfz ~ before and after MC iteration, fd¥ = 2.5 GeV, co®;T" = 0.35, as
a function of thex s~ invariant mass. The data are shown with black crosses. (a) Before iteration. Each MC template and the Breit-Wigner
function for theY*(1670) is shown by a separate color. The total simulation is shown in cyan. (b) After iterations/qfl#h@5) template.
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FIG. 16. (Color online) Line shape results for the tdx ~ channels. Th& ¥z~ channel is shown with light magenta open circles, while
the =7~ channel is shown with light blue triangles. The weighted average of the two line shapes is taken as Ihedinkhe shape, and is
shown as red downward triangles. The dashed line represents a relativistic Breit-Wigner function with a mass-dependent width, with the mas
and width taken from the PDG. The blue-hatched histogram at the bottom shows the averaged estimated systematic discrepancy between
two reconstructed decay modes.

D. X%x°

For the remainingz®z° channel, we did fits to th&+ We begin by studying the two channél§ 7~ and% =,
missing mass distribution similar to the previous cases, buivhich share the same strong final state and differ only in
because thex®(1385) cannot decay tx°z° due to the the decay of thes*. Comparing these two channels gives
vanishing isospin factor, there is ri8°(1385) contribution. a measure of the reconstruction accuracy of the analysis.
The fits were performed with templates #¢1405),A (1520), Figurel6 shows a comparison of the line shapes obtained for
and K**x° As the Y*(1670) region does not show any eachX*z~. channel. The inner error bars are the combined
prominent peaks, the Breit-Wigner function f6t(1670) was  statistical uncertainty of the data and of the MC samples that
not used. were used in the background subtraction. Our fits to the raw

In summary, allz channels were isolated to extract the invariant mass spectra using MC templates did not always
line shape of the\ (1405) region based on fits to the data. Theperfectly reproduce the data, even after iterating. To account
line shape templates for the region of interest were generated for this possible systematic error in our analysis, we summed
an iterative way, using the data for each channelindependentlthe data within each energy bin over all kaon angles and
and in all cases the results showed convergence after severmmpared to the summed fit result. Any discrepancy in each
iterations. mass bin was taken as an additional uncertainty, and a portion
was added in quadrature with the statistical errors above. These
are shown as the outer error bars in Fi§. Thus, the outer
errors bars represent the combined point-to-point statistical

The T mass distributions or line shapes/c;  @nd systematic uncertainty. o .

d cosdS™dm, were obtained in each bin of center-of-mass Beyond these estimated uncertainties on single decay
energy and kaon production angle, but due to limited statisticg0des, any large, possibly nonstatistical difference between
we have summed over all angles within each energy bihe two measuredl ™=~ modes could also signal a systematic
to obtain a single line shapég/dm, for each energy bin. dlscrepan_cy in the analysis. Therefore, for each mass bin, we
Alternatively, we can sum over mass to obtanyd cosoST, took the difference of the two measured values and subtracted
the differential cross section. These results will be shown in &1€ summed errors in quadrature, obtaining a mass-dependent
separate paper. Here we compare the results of th&tivo error that estimates this systematic discrepancy. The shaded

threexr channels. when the difference of the two measured points is larger

A. Lineshaperesultsfor ¥*z~ channels

VI. LINE SHAPE RESULTS

035206-13



, 035206 (2013)

‘ploysgagp xxBuiuado auy) MOYS Saul| paysep [edllaA 8y ‘Uoneziewliou Arenigse Yim pue 9Add eyl Wolj usyel YIpim pue
5 SSew ayl Yum ‘yipim 1uspuadsp-ssrour uaubipn-11a.g onsiAne|al e sjuasaidal aul paysep syl ‘ainrelpenb ul pappe synsal 1y pue elep ay) jo Aourdalosip [enpisal parewnss ay)
anef ey} sieq 1019 18IN0 pue S1011 [ealsielS 8y} Bunuasaidal sieq J041a Jauul aAeY S[auURYD | T PUe BYX "Sa|Buels) UaaJB ay) Se UMoUs S| [auueyd | 1 gy} pue ‘sarenbs anjg ay}

M SEe UMOUS SI [auueyd ;23[ ‘S9|2J10 PaJ 8U) Ul UMOYS S| Sjsuueyd _ 2| ay) Jo abelaae pajybiam syl ‘s|puueyd S&y) |[e Joj S)Nsel uonnquisip sse (suljuo Jojod) LT "Old
>
& (1) (1) (9)
N_ Amo\ 'ASD)) SSBJN JUBLIBAUT &L T Amo\ ASD)) SSBJN JUBLIBAUT & T ANQ\ A2D) SSBIN Ewcﬁé 124
@) Sl V'l m.ﬁo mg vl m.ﬁo mg m.ﬁo
2 MRt ™ s [y , | ] T
T i il i il ol g : fite i 5 +_ ?: ity eos
: il s ‘_ i e
| * ! —zo3 * =4 * —¥0 =
A . ; _ deo s e y & . : * ; i &
qi-eig mWhDM ““““ B SploysaIy 1 X mU — RRl (| OKQ& spoysarprz — 70 m — eugim-elg mWsDM [;H ...., spoysarprx — 970 nn.ou
— o . v s< o T i . . = mﬁ i . . 0 S
ax " (A9D) S8'T>M>SL'T ET2Nce " (A9D) SL'T>M>S9'C — ax " (A®D) §9T>M>S5'T— 8°0
L 0 90 !
(3) (®) (P)
A 2/ A9D) SSB]A Ewﬂ?& 124 . A o\>®©v SSBIN Em:m\,ﬁ 124 . N A 2/ A9D) SSBIA] JUBLIBAU] & T .
:. ,,,,,,, w v,ﬁ T mﬁo T mﬁo v,ﬁ mﬁo
¥ 5 . [T i o T :
: _* * _ : :n‘w\w: & _: Jeo & * * * T ;:.\wx. —s0 2
4l i oo 8 g Wbt 5
iy £ : | 2L Lt 2
OUSIMIRIE DA b : R M | souSip-werg DA - * : i spowempiz  —| 1 M sudigg pad -+ ) * {0 showennu'x M
A 1 & 2 Aty & AT ; &
— ot X X —1 m o2 X . 3 X i (A\ — o X —— : — ST (A\
1z " (APD) SST>M>SH'T 1z " (A9D) SPT>M>SET BTN " (A3D) SET>M>ST'T
1 Wﬂ 1
©) (9) (®)
(;9/A9D) SSEIA JUBLIEAU] X T (9/A9D) SSEIA JUBLIBAUT L T (;9/A9D) SSEIA JUBLIEAU] & T
m.ﬂ ¥l m.ﬁo Sl V'l m.ﬁo Sl V'l m.ﬁo
ﬁ._. . i :: i T - LR ¥ ..‘1.:..::.:. T ,_NM. Ty m T
1 ISR bt :ﬂ:* FHLL . 1 *“:. w
% : :E iy 5 T T I u:jg : a & | | *: |, &
_ ~ : T:t 41 M :::z g g
. e :: -7 2 i m e
— 5 ] —s1 < 3 P g 5 .* e K2
AUSI-IIE _MW.NQM ““““ sproysaiy x g AD.VJ | JoUsI-IaIg OHQM - sploysanpux | 3 % AUSI-IIE _rWQM ““““ sproysaiy) x g @
— ot ..‘N — . | ¢ m ot .'.N m I ot A.‘N — . — € (A\
13 " (AID) STT>M>ST'T 1z cﬁov SITM>S0T_| EINCe -+ 1(A2D) SOT>M>56'1
4 — L

K. MORIYA etal.

035206-14



MEASUREMENT OF THEXz PHOTOPRODUCTION .. PHYSICAL REVIEW C87, 035206 (2013)

than the sum of the two errors. The agreement between the
two decay mode reconstruction channels is generally good. i 1 3
The average of these two measurements will be used in the 3r i “ + W =2.10 GeV |
subsequent comparisons with th_e o_ther_ charge decay modes. i ‘ E, = 1.88 GeV
In all cases the™7~ mass distribution clearly peaks at

a mass of around 1420 Me&¥?, which is higher than the
nominal mass of the\ (1405) at 1408. MeV/c? listed by the

PDG [25]. We also note the sharp drop or break of the mass
distributions at theV K threshold near 1.435 Ge¥?, which
is a signature of the opening of a new threshold favave
resonances. This is discussed in S¥c.

do/d (ub/GeV)
N

B. Lineshaperesultsfor all ¥z channels

. . . . 2

Our main results44], the line shape comparison for all Zn Invariant Mass (GeV/c’)
threeXz channels, is shown in Fig.7. As noted, thestw~ ) o
channel is the weighted average of the two measured fing|, 'iGl 8188'6(?/?:1”02:'”? M?isfh'smblg'cl’n?g{:bi'llo Gev ?ng
states. Th&®° channel an&® 7+ channels are again shown -7 = -9 ®€vincompansontothe modeiotirac al.[7]scale
with inner and outer error bars, where the inner bars ardown by a factor of 2.0. ThE 7 channel is .Shown as red circles

. g . %4 the red dot-dashed line; t¥7° channel is shown as the blue
statistical, and the outer bars include the estimated residu E

di in the fi dded i d he | b 8guares and the blue dashed line; ¥her ™ channel is shown as the
Iscrepancy in the fits added in quadrature to the inner arﬁ'reen triangles and the green solid line. The dashed vertical colored

For each of nine bins in invariant energy, we show the&Zz  |ines at the left side show the reaction thresholds, and the vertical
mass distribution in each of three charge states. The data haygsned lines at 1.405- and 1.437-GeV mark the nominal centroid and
been summed over the full range of measured kaon productiofie y k thresholds, respectively. The error bars on the data points are

angles. The large-angle cutoffs were not quite identical for altompined statistical and point-to-point systematic uncertainties.
charge states because of differing acceptances, but because the

cross sections get very small at large angles4g8's < —0.5)
we can neglect these differences. smaller and wider, in contrast to the model calculation. Also,
For all energies, it is evident that the line shapes differthe model curves have been scaled down by a factor of 2.0
markedly between charge states; in some regions they differ bjy match the data, suggesting that the model overestimates
well over 5. This occurs far away from the indicated reaction the strength of the photocouplings by that amount. In $éc.
threShOldS, making it Unlikely that the effects are attributabque make our own phenomeno|ogica| isospin decomposition
to mere mass differences. None of the mass distributions akg find a plausible explanation of what is seen.
reproduced by the simple relativistic Breit-Wigner line shape The other existing prediction for the mass distribution of
with PDG-given centroid and width. The" = ~ channel peaks  {he 57 final states is that of Lutz and Soyeurd]. In their
at a higher mass than the~z" channel, while having a g called double kaon pole model, the combined effects of the
width that is ggmﬁcgntly .smaller. The charge dependencaz(1385) and the\ (1405) were considered, and this produced
of the mass dlstr|but|ons_ is largest for between. 2'(.) and some variation among the three charge combinations we have
2.4 GeV. ForW approaching 2.8 GeV the mass distributions o senteq. However, as has been discussed, we subtracted off
tendlto mergeltoget_her. This hmts thatwhathgfrOcoherent he effect of thex(1385) and still are left with a substantial
admixture of isospin states is at work here, it fades away ariation in the three final states. We do not compare our results

higher total energy. Our own fit to the line shapes to extract;: . o L
our best estimates for the mass and width of Alf#405) and leectly to theirs because they are qualitatively similar in shape
to those of Ref.T] and also because they are about a factor of

other structures causing this charge-dependence of the mass . LRI . o
distributions are shown in Sekx our too large in cross section, indicating a serious quantitative

Comparing our line shape results to the prediction of Nacheg'screm”Cy when comparing to our results.
et al.[7] computed in a chiral unitary model approach, we see

in Fig. 18that they are indeed different for ea&hr channel. VII. SYSTEMATIC UNCERTAINTIESAND TESTS
In the chiral unitary theory this was explained as lag 1 )
amplitude interfering with thd = 0 A(1405) amplitude in A. Overall systematics of the run

such a way that th&*x~ andX~x* channels were shifted For systematic uncertainties, there were global contribu-
in opposite directions due to the interference term. The moddions from the yield extraction, acceptance corrections, flux
curves were computed fé, = 1.7 GeV, butwe compare with normalization, and the line shape fitting procedure. The main
our results aF, = 1.88 GeV because our statistics are bettercuts that influenced the yield extraction were thdOF
there. The model calculation uses a Weinberg-Tomozawauts, the CL cuts in the kinematic fit, and the selection of
contact interaction that is energy and angle independenintermediate the ground-state hyperon. All of these cuts were
allowing us to compare the model to the data in any energyaried within each bin of center-of-mass energy and angle,
bin. In our results it is thestz~ channel that is shifted to and the total yields were checked for any differences due to
higher mass with a narrower width, and thex ™ channelis  the cuts. Variation in theATOF width by 02 ns changed
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TABLE Il. The global systematic uncertainties in the experiment. seen, Because our results are shown with 5 Ké\bins, the
They arise from yield extraction, acceptance calculation, targeinass resolution of the line shapes is one to two bins. We also
characteristics, photon flux normalization, and branching ra#8ls [ remark that the absolute mass accuracy of the experiment for
The total was calculated by summing all in quadrature. hyperons such as tH&(1385) and the\ (1520), and of meson
states in this mass range, 34 MeV/c?.

Source Value (%)

ATOF cuts 2-6 B. Removal of K*

(S;Llon .k'neT_at'C ft diate h 3_1223 A concern in the photoproduction line shape analysis of

Te ectlzn 0 _;merme late hyperons 011 theA(1405) region is the effect that the* may have. As seen
arget density ' in Fig. 8, the A(1405) has a kinematic overlap with tik& in

Target length 0.125 - . -

o the strong final-state phase space, so that the difference in line

Photon normalization 7.3 . . )

Live-time correction 3 shapes seen in the variodsr channels could be attributable

Photon transmission efficiency 05 to interference with th&k*. Below we argue that this is not
(1385)— T, Aw 15 the case. _ o

A= pr- 05 We measure the line shape of thg1405) in bins of
=t o pr nnt 0.30 center-of-mass energyy/, and the kinematic overlap of the
S = - 0.005 K* depends strongly on this energy. Fig@eshows nokK*

Total 11.6 overlap at lowW below theK* threshold, strong overlap at

intermediateé, and again no overlap at high.
We tested for the presence &f* interference by cutting
out regions of Ktz ~ invariant mass centered around the

i . rop . K* mass and in multiples of /2, whereT is the width
the acceptance-corrected yield between 2—-6% in each blrff the K* listed in the PDG. Figurd9(a)shows the effect

. . 0
Changing the CL from the nominal 1 to 10%, changed the f eachK* rejection cut up to:l:%l* at W — 20 GeV. For

acceptance-corrected yields by 3-12% in each bin. For th@
majority of the bins, the final yields changed by less than 4%%‘Ch cut, we reprocessed all of the MC samples of the other

channels used in the template fit, redid the fit, and applied
0 1 i)
for the ATOF cuts, less than 7% for the C’L cuts, and less thar}icceptance corrections. If there were any interference between
2% for the ground-state hyperon selection.

Stability of the normalization was monitored throughouttheK and theA (1405), we would expect it to be strongest

X . . > in the region where th&* is strongest, whereas our results
the run. The fluctuations in target density were determined fQnow that even with the overlap region removed, the final

be a negligible AL1%, while the target length was me""Suredresult is remarkably unchanged by this drastic removal. In
4 ‘arg .

to 0.125%. The photon normalization was examined On arkjq 19(h) the line shape changes significantly only for the

hour-by-hour basis by measuring teroductionyields$7, ¢ at+3r (green downward triangles), but this is simply

and the uncertainty for the normalization was determined to bgjp taple to the loss of phase space and acceptance, because
7.3%. The live-time correction that was necessary to determing. .t removes about 150 M@M of K+ invariant mass

the photon flux introduced an additional uncertainty of 3%, anttantered around th&*. This is reflected in the Dalitz-like

the photon transmission efficiency addes, so that the total plot of the strong final state in Fi@, where the boundaries

uncertainty for the photon normalization wa8%. of £I" around thek* mass are shown as vertical dashed
For the final systematic uncertainty, all of the above globaljnes. Figures19(c) and 19(d) are more evidence of the

uncertainties were added in quadrature to yield a final valugysensitivity of thex mass distributions to th&*. A similar

of 11.6%. A summary of each uncertainty is shown instydy was done to test for possible coherent interference

Tablell. _ _ ~ betweenk** A andK *(1385), and again no such effect was
The mass resolution of the line shape results was investyetected.
gated by generating MC samples of zero width centeréthat We conclude that, although we cannot completely rule out

invariant masses 0f.406, 1.450, and 1500 GeV/c?. Because interference due to th&*, our results are not significantly

the X invariant mass is equivalent to the missing mass offajtered even when we apply a drastic cut on Exeregion,

the detected*, the £ mass resolution was related to the thereby removing most of its strength. Because the photopro-
momentum resolution of th& . However, kinematic fitting  duction line shape of tha(1405) is not known to any accuracy,

of most of the channels improved the overall mass resolutionye do not attempt any further analysis of the interference with
For all generated events in all bins of center-of-mass energyhe g *. We anticipate our measurement will further stimulate
and angle, th&r invariant mass for the accepted events washeoretical interest in this state, and with more theoretical

fit with a Gaussian to determine the resolution. This Showethut, a more elaborate ana|ysi5 may be possib|e in future
that for the lower energy bins, the resolutiono() was better  experiments.

than 6 MeV/c?, while for the higher energy bins it was up
to 8 MeV/c?, with worse resolution in the backward kaon
angles, where the CLAS magnetic field is weaker. Without
the kinematic fit, as in th&z° results, the mass resolution
averaged about 2 MeV wider at hight and large angles. No We have shown that the line shapes of Hwe final states
shift of the center of the Gaussian larger than 1 MeMvas  are far from those of a simple Breit-Wigner form. Indeed, there

VIIl. MODEL FOR ISOSPIN DECOMPOSITION
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FIG. 19. (Color online) Final results for the line shape in Bjer ~ channel when thé& * is removed successively in stepsiofI", where
T is the width of theK* quoted in the PDG. The black circles represent our final results without a cut défi*thwehile the red squares, blue
triangles, and green downward triangles represent cutdgR, +T, i—gl“ centered around thE*, respectively.

are two main modifications to the picture of a simple single

Let #; be the complex matrix element that takes the initial

resonance for the\(1405) mass region that we consider to yp state via a transition operatdi’) to the final state that
gain a reasonable representation of the experimental resultsontains the kaon and tier system in thdy, = I state, so
The first arises from the channel coupling between the detectetiat

> r final state and the undetectdtX final state. This is done
by using a Fla#-like formalism §15] to enforce two-channel

1712 = (1, 0TDyp)|2.

(10)

unitarity and analyticity of the production amplitude. The The magnitude-squared matrix element for creating a particu-
second arises because we find that the different charge staties charged final-state paif;,.s» (a, b € {+—, 00, —+1}), can
have markedly different mass distributions, implying thatthen be obtained by combining these expressions. For example,
amplitudes other thalh = 0 must participate in the reaction the probability of populating ther == ") state is proportional

mechanism. This is treated by including coherdnt 1

amplitudes that interfere with the= 0 amplitude.

Because the electromagnetic interaction does not conserve
isospin, the initialyp state in this reaction can have both
I = 1/2 or 3/2 character and will lead to a fin&l™ (X ) state

to

|Tn*):+|

1, 1 5
P e
3|0| +2|1| +

wherein theXs system is in a superposition éf, =0, 1,

and 2 states. The three measuked final states all have their
third component of isospin2_, equal to zero. If we denote
the isospin state of the system dssy, ﬂz) we can write

V3

("= TO+ TO 4 Ty p) 2

1 5
_t —
6|2|

|t1||22| COS12 +

(11)

NG

2
3 |tol 72| COSeo2, (12)

|70l 71| COS¢o1

in which the real relative phases between the three isospin

each of the three measured final charge combinations usirgmplitudes arepoi(m), ¢12(m), and ¢oz(m). The other two
charge combinations have similar forms. Thus, there are five

Clebsch-Gordon coefficients as

1 1 1
Y7y = —10,0) + —|1,0) + —|2, 0),
| ) ﬁl ) ﬁl ) \/(;| )
|7°%0% = —i|o 0) 4+ 0|1, 0) +\/?|2 0)
7 , 3120
1 1 1
72t = —10,0) — —|1,0) + —|2, 0).
| ) ﬁl ) ﬁl ) Jél )

real parameters, assuming one phase is set to zero. We expect
the matrix element to have the kinematic dependé@hce =

T,-s+(W, m), whereW is the available overall center-of-mass

value of W andm we have three measured cross sections that

Before going on, we chose at this point to apply the

)
invariant energy and: is the Xx invariant mass. At a given
(8) are proportional to the three quantiti#s.s», SO we cannot
determine all five numbers uniquely.
€)
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all of the interference in this reaction is betweks- 0 and We assume that the line shape for each isospin contribution
I = 1 amplitudes only. This assumption is consistent with allto the intermediate hyperon state is described by a relativistic
previous work on this subject, for example, Refg 9], in Breit-Wigner distribution with suitable phase space factors
which the dynamics of the\(1405) is presumed to be all and normalization. The total width of the resonaniCg(g),
within 7 = 0 and/or both/ = 0 and 1. With this assumption, is the sum of partial decay widths, but for a single decay
we can write the expressions for the production strength of thehannel designated by a “1”, let it be the partial decay width
threeXz channels as I';.1(g1(m)). The width of the resonance going into a single

, 1 9, 1 2 decay mode 1 is, in the relativistic formulation, dependent on
|Te-s+|" = éltol + Elt1l - 76|t0||t1| cosgo1, (13)  the mass and is written as
1 m 1(m 2L+1
| Tosol” = Sltol, (14) Frotg) = Tralgr) = TP, — <q ( )) . (@D
m qR

|Trrs- 12 = %Ifol2 + %|tl|2 + 2 ltol|11] COSgpo1.  (15)  wherel'?, denotes a fixed decay width that will be determined
G by the fit, andg1(m) is the available momentum in this decay
These relationships can be combined to show several thinggode at mass:. This expression accounts for the increasing
First, the sum of the measured line shapes gives the sum of thighase space available for the two-body decay across the
[ =0and/ =1 amplitudes’ squared magnitudes: resonance, and it forces the width to zero at threshold. (Later
Tyost |2+ | Tyogo 2+ | Toes- |2 = 002+ 0% (16) W€ will a_malytically continueg below threshold, however.)
We consider onl\. = 0 or S-wave decays, as required for the

that s, the interference terms cancel and we see the incoheregfid-parity A (1405) decaying to a pseudoscalar meson and an
sum of the isospin channels. Tle= 0 amplitude is propor-  octet baryon.

tional to thex°z° channel alone, as per E(@.4). Thel = 1 The overall coupling strength of the resonance represented
amplitude’'s magnitude squared is given by by Eq.(20)for the reactiory + p — K+ 4 A(1405) is given
1t1)% = [T+ |2 4 | Ty 5|2 — 2| Tyoxol, (17) by the parameters in Eq19). We take these to be fixed

o ] (at a given value ofW) over the whole range of the mass
whichimplies that the average of the charged final states shoulgistributions:.

be greater than or equal to the neutral final state, depending on Fqr several of the fits to the data (discussed below) we used
the size ofi,|. The interference between the isospin states igijther two7 = 0 or two 7 = 1 Breit-Wigner amplitudes. In

accessed using all cases these amplitudes were added coherently. We selected
5 ) 4 Adgy for the “first” or “dominant”/ = 0 amplitude to be zero,
|Tres- 1= Tr-5+|" = %Vo”fﬂ COSgo1. (18)  so the other strong phases were determined relative to it.

For hadronic reactions we must also consider the dynamical

This equation shows how any difference between the chargeg,sequences of the opening of thresholds to decay channels
decay modes is directly related to the interference of the tWQihar than the single channel denoted 1. In the present

isospin channels. Note thab; is the mass-dependent phase g;i,ation there is theVk channel that 0pens atiresh=

betweenty(m) ands (m). Apart from that mass dependence,mK + my ~ 1434 MeV/c?, which is within the range of

we aI'Iow an arbitrary strong production phase for each of theo mass distribution of th&r system under study. This

amplitudes, callem_&d), beloyv. . ) can significantly impact the line shape of the resonance. To
Forthe productionreaction+ p — K™ + (Ex)Wewrite  hregerve unitarity and the analytic form of the decay amplitude

the contribution from an amplitude of isospinat fixedyp 5 3 mass threshold is crossed, we modify the amplitude of

center-of-mass energy andxz massn as Eq.(20)in a specific way. If we denote the second decay mode

t1(m) = C;(W)e'2% B, (m), (19) aschannel “2”, then the total width of the resonance is

where C;(W) is a real number representing the effective Tiot(m) = Ty a(g1(m)) + Ty 2(g2(m)), (22)
strength of the excitation and¢; is a corresponding pro- . ] .
duction phase. The Breit-Wigner amplitude has the form  Where the second decay channel is described by the width

2[ \Jmemra/an Frala) = T3, (4212 )M. (23)
By (m) = \/; [ ] (20) | " m

2 qr

mé —m? — imgTioq) . .

. . . . Here,g,(m) is the decay momentum available for decay mode
wheremy is the centroid of the resonance distribution, i3 4t masg,, andr?, is the constant factor for the width of this
this case thgin invariant massl“?.|s the fixed dgcay width partial decay mode. Below threshotes, the momentum
to a given final state, anfla(¢) is the total width to all .y is nominally zero. However, in the Flatmethod 45]
final states. The available momentum in the decaying hyperoa/e analytically continue the momentum to imaginary values,
cen_ter-of-mass system is calledand in thl_s frameyg is t_he denoting it asgy’ = —ig, for m < muyesnh Furthermore, we
available decay momentumsat= m. Inthisway of writing - iniroduce a Flat parameter for the branching fraction of the
the amplitude, the numerator has no phase space factor, b(':i'écay modes as
this is included below when we write the final expression for

the line shape. y =T7,/T],. (24)

035206-18
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Below threshold for decay mode 2, the total decay width is production or tails of higher mass hyperons. The need for such
. / a background parametrization is seen in the data, which show
Ftot(m) = T'1.1(g2(m)) + iy T'r.1(g2 (m). (25)  thatin several mass distributions the trend at the high-mass end
while above the threshold the total decay width is of the scales is not toward zero, but rather to a cﬁcglsgant or even
_ a rising slope. The problem was mainly with tBez" final
Fror(m) = T'a(qa(m)) + ¥ T1(g2(m)). (26) state, the one for which it was not possible to make a direct
and these two expressions are used, respectively, {2@&q experimental measurement of tké background, and we had
Apart from the overall strengifi; and phaseé\¢,, there are  to rely on the MC model alone. The slopes of the backgrounds
two free parameters in these expressions for a single resonaneggre not fit parameters, but were matched to the differential
the intrinsic widthI"?, and the relative branching fraction mass distributions at GeV.
between decay modes The fits were made over the whole
range of energy¥ (in nine bins from 2.0 to 2.8 GeV), and
these two parameters were fixed to the same value fév all
The experimental results for kaon-angle integrated mass
distributions are in the form of differential cross sections
dog,/dm with ab € {+—, 00, —+}; the expression for this We can now take the mass distributions found in this
cross section includes relevant flux and phase space factorsalysis and separate the information from the three charge
Figure 1 illustrates how this reaction requires the use ofcombinations in theXn final states according td =0
three-body phase space. To arrive at it we factorize this phasehd 7 = 1 components. This is crucial toward the goal of
space into two two-body pieces using standard methé@ls [ understanding the contribution from the trn¢1405), which
the first for theK*Y* hyperon intermediate state of mags is by definition 7 = 0, and anything else happening in the

IX. ISOSPIN DECOMPOSITION

and the second for the decay of this state te. reaction mechanism.
The fully differential form of the cross section is We found that fitting twd = 0 amplitudes to just thE°z°
doy, (e)? pr-q data I_ed to a very good fit after in_cluding the Féatthannel
= s | Tpass |2, (27)  coupling 7). A“two-pole” explanation of theA (1405) would
dQg+dQsdm  (47)° p,ps favor such aresult. The centroids and widths offthe O states

where the momentum of the kaon in the overall center-oftemained stable when dn= 1 amplitude was added toinclude
mass system igx+, the momentum in th&r final state is the Ttx~ and £~ =" final-state combinations. However, it
the aforementioned, and./s = W. The invariant production was found that a much better fit could be obtained wihngle
amplitudeT, 5 is defined by Eqg(13)+15). I = 0 amplitude and two separate coherert 1 amplitudes.

In the experiment we measure the decay distribution ofThis is the result we show here. More complete details of the
Y* — Tz over the full solid angleQs, so the data are fits will be given in the separate papdf], but here we present
automatically integrated over this variable. Formally, we takethe “best fit” results.

T.s to be independent of this decay angle. The reaction The fitswere made to areduced data setto exactly match the
is not “flat” with respect to kaon angle, as we know from kaon angular coverage of the three decay modes, and to remove
measurement of the differential cross sectids/dQ+. data points in the vicinity of the\(1520) where there was
However, for studying the line shapes we are forced to integratevidence (Fig.17) of less-than-perfect MC matching. There
over kaon angle to gain enough statistics for the analysisvere a total of 34 free parameters and 1128 data points. The
We therefore takd, s to be the kaon-angle averaged matrix reducedy? of the fit was 2.15, the best we achieved with any
element and integrate ov&y-. Figurel shows that there is amplitude combination. Most of the parameters were taken up
a vertex involving the photon, and the strength at this vertexvith the overall strength of each amplitudg;, in eachW

must be proportional ta/a, wherea is the fine structure bin. The centroid, width, and Flé&tparameters of the fitted
constant. Factoring this out of the matrix element meansimplitudes as per EqL9) are given in Tabléll .

the previously defined fit parametafs become an effective The I = 0 piece of the reaction was found in the fit to be
strong coupling with units of/GeV. The final expression for at the Xz threshold. The fit was flexible enough to let this

the differential-in-mass cross sections is then centroid move smoothly below threshold if necessary, but the
do, Tic)? fit was optimal with the centroid of tha (1405), nominally
o _ ey’ pkq | Tpass |2 (28)  at 1405 MeV?, pushed down to 1338 Me\?. The rising

dm 64 pypW? and falling of the line shape is controlled by the opening of

There is an interplay among the phase space factors in fromhase space from threshold on the low-mass side, and by
of the matrix element. For a given invariant enefly p,, is  the inflection caused by the opening of theX threshold
determined. However, the possible rangepgf andm are  on the high-mass side. The intrinsic width of tde=0
also limited, so the largepg+- becomes, the smallex and, resonance was fitted to 85 Mé¥?. However, we expect this
therefore, the smaller must be. width to be poorly determined due to the dominance of the

In addition to the coherent sum of the isospin components athresholds above and below the centroid. The Elatiupling
the line shapes, it was necessary to include a linear backgroumérameter is close to unity. A value of 0.91 means there is
function under each of thEx mass distributions. This sloping a strong switchover to th& K decay mode as the available
background was introduced to represent less-than-perfeenergy exceeds this threshold. This switchover is consistent
subtraction of the backgrounds owing, for example ktv  with theoretical expectation8]|
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TABLE Ill. Results of the fit using oné = 0 and twol = 1 Breit-Wigner line shapes.

Amplitude Centroid Width Phase Flatt

mg (MeV/c?) Y, (MeV/c?) A®, (radians) factop
I1=0 1338+ 10 85+ 10 N/A 0.91+0.20
I =1 (narrow) 1413t 10 52+ 10 20+0.2 041+0.20
I =1 (broad) 1394t 20 1494+ 40 01+0.3 N/A

Figure20shows only the&e* ~ data and the corresponding wide contribution. The centroid, width, and FEapparameter
fit, including the underlying separate isospin curves. The blackor this and the other curves are given in Table
solid curve shows the dominaht= 0 line shape which is the Analogous to Fig20, Fig.21shows only thee°z° data and
same for allW bins. It exhibits a distinct edge and change corresponding fit, including the underlying separate isospin
in curvature at theNK masSmresh due to operation of curves. Thel = 0 line shape (solid black) is three times the
the Flaté effect. It is evident that the data demand this sort=%z° curves (solid blue), as given in E€L.4), apart from the
of slope discontinuity in thesx distributions. The fit has incoherent background. Here the effect of using tive 1
some problems foW = 2.1, 2.2, and 2.3 GeV, where the amplitudes can be considered. This channel ig al 0, but
prominent narrowing around 1400 Mg¥ is not reproduced. in accommodating the global fit to all channels, the position,
We have been unable to find a combination of fit parameter§trength, and width of the single= 0 piece is affected. The
and amplitudes that would improve this situation. fitis less good than when fitting tH&°7° final state alone and
One sees in this and the next figures the “narrawz=  Of about equal qualitative goodness as when using/two0
1 contribution (dotted lines) plus a second quite “wide” amplitudes and ong = 1 amplitude §7]. The £°7° channel
contribution (dashed lines). Only the narrow line was alloweddid not help us discriminate which amplitude combination is
to have a Fla# break at theVK threshold, but not the very SUP€rior.

3-5 T T I T T T ] 3.5 : T T I T T T ] 2-5 |: T T T I T T T
3 W=2000ev] 3 W=210Gev] o [o W = 2.20 Gev_]
2.5 - 25 — b 4
2 J 2 q 15 H -
15 -1 15 I 1 % _|
1 41 1 - H ; 1
0.5 -1 05 J 05 ¢ friy egp it N

N DX 2

(O M L e

14 15 1.6

[==Y
N
=
(6]
-
[e)}

W = 2.50 GeV—

do/dm (ub/GeV)

>r Invariant Mass (GeV/cZ)

FIG. 20. (Color online) Data and fits f&*z ~, with each panel showing a different value Wt Data and fitted shapes are in red. The
isospin contributions arg = 0 (solid black), narrow = 1 (dotted black), and widgé = 1 (dashed black). The black curves are the same in all
panels except for normalization. The vertical dashed lines shoa théhresholds on the left, the nominal 1.405-GeV location, and\lie
threshold. The incoherent background is shown as a thin dashed line (red).
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FIG. 21. (Color online) Data and fits fa°z°, with each panel showing a different valueWt Data and fitted shapes are in blue. All the
other lines and curves are exactly the same as inZdgThe I = 1 curves are not included here. The incoherent background is shown as a
thin dashed line (blue).

Figure 22 shows only theX 7" data with the corre- magnitudes of the isospin components as a functioW afre
sponding fit (solid green), including the underlying separateshown in Fig23. These are the real coefficients as per(#8)
isospin contributions. In this case the fits are uniformly goocdthat enter each Breit-Wigner amplitude (in magnitude). Above
across all values div. The black curves are the same in each2.2 GeV thel = 1 strengths combined are as large as half
panel except for their fitted magnitudes, which are the samef the I = 0 strength. The relative phase angle of the broad
in Figs.20, 21, and22 at eachw. I = 1 amplitude is close to zero with respect to the- 0

The fit comfortably accommodates Breit-Wigner-like= amplitude. This means there is no interference between them
1 structures centered near 1394 and 1413 M€VThere apart from the Breit-Wigner phase dependence. However, the
are no standard quark-mod&l states that would fit this two I =1 amplitudes have a large phase with respect to each
description. The observation at least tentatively suggeststher, as given in Tabldl, and for this we have no simple
evidence forthé = 1,J7 = 1/2-, ¥* state predicted in some explanation.

extensions of the basic quark mod&8J. However, our fit is We think the work discussed above makes the case that
a phenomenological parametrization of the= 1 amplitude the A(1405), as seen experimentally in photoproduction on
and not a direct identification of resonant states. the proton, is not an isolatetl= O resonance centered near

The broad/ = 1 structure is hard to interpret because 1405 MeV/c?. The observed line shape (or mass distribution)
it is so wide. It could result from a nonresonant coherendiffers in each of the thre&€x decay modes, which shows
three-body amplitude present in the reaction mechanism. Thidnat there is substantial = 1 strength in the system. We
fit is substantially better when including this secohe= 1  found it necessary to carefully consider the opening of the
amplitude; in fact, it is crucial for providing the separation NK decay mode. We have interpreted the- 1 strength in
between the mass distributions in the threshold region of théerms of two Breit-Wigner resonances that interfere with the
three charge states. purel = 0 stateA(1405). After this was done, we arrived at

The component curves for the odle= 0 and two/ =1  a satisfactory representation of the experimental results. Even
amplitudes contributing tdo/dm are the same in shape, but our bestfit does not reproduce the data fully, and it is difficult to
differ in magnitude, on each panel. It is evident thatthe 0  tell whether the remaining discrepancies indicate unresolved
strength is the largest contribution to the reaction, but the twsystematic issues with the data or additional physics content
I =1 contributions are far from small in comparison. Thethat we have not identified.
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FIG. 22. (Color online) Data and fits f& ~z*, with each panel showing a different valueWf Data and fitted shapes are in green. All
the other lines and curves are exactly the same as ir2Bid-he incoherent background is shown as a thin dashed line (green).

According to our best fit, a narrow = 1 amplitude is a amplitude, the true\ (1405). It must be emphasized that this
substantial piece of the overall production strength of whatl = 1 strength has nothing to do with the stand@{1385)
has loosely been called the\{1405).” A wide contribution
also appears to be needed. The extra 1 strength must
have J* = 1/2 to interfere as it does with thd =0
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JP = 3/2* because that state was carefully excluded much
earlier in the analysis process, both by explicit subtraction
and by recognition that it cannot interfere in the present
angle-integrated spectra. Although our angular coverage of
the hyperon decays is not complete, a majority of the range
has been measured.

Assuming we are correct in the identification and assign-
ment of quantum numbers of the Breit-Wigner amplitudes we
see, we can discuss them in light of recent theoretical models.
First, the low mass of thé = 0 amplitude is consistent with
predictions of a two-pole structure for the(1405), wherein
the lower of the two poles is more likely to couple to the
Y final state. For example, in the chiral-unitary model of
Ramos, Oset, and Bennholdd], the lower-mass pole is at
1390+ i66 MeV/c?. However, the same analysis predicts a
¥ with 1/2~ at 15794+ i274 MeV/c?, which is not consistent
with the structure we see. In the model of Oller and Meissner
[5] the I = 0 lower-mass pole is on two Riemann sheets at
1379— i28 and 1433- i11 MeV/c?, whereas thé = 1 pole
is at 1444— i69 and 1419+ i42 MeV/c?. Hence, this latter

FIG. 23. (Color online) Strength of each of the isospin amplitudesmodel is somewhat closer to our results. The meson-exchange
as a function ov. These are the real coefficients of the amplitudes,model of Haidenbaueat al.[12] also predicts a two-pole struc-
of which the magnitudes give the contributions of each isospirture for theA (1405) with positions at 1333 + i62.3MeV/c?

component.

and 14338 + i25.6 MeV/c2. The lower of these is at thEx
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threshold, as found by us in the present fit. When we fit with  Interference off = 0 and/ = 1 isospin channels appears
two I = 0 line shapes47], however, the higher mass centroid to lie at the root of the differing line shapes for the three
does not match the predicted pole position. The resonancEx final states. That is to say, therelis= 1 strength present
pole positions in the various models do not correspond directlyvith the same/” = 1/2~ quantum numbers as the(1405).
to the centroids of Breit-Wigner mass distributions, so thesédmplitude-level fits suggest that there may be-dike state in
numerical comparisons are only qualitative. this mass range and that the centroid ofthe 0 A(1405) state
To make a further connection to previous theoretical worklies essentially at th& s threshold. This places th&(1405)
we can make some remarks about previous efforts to identiffar from the nominal PDG mass value, in a place where
a ©*(1/27) state near 1380 MeX2. As mentioned in the threshold effects will have to be understood quantitatively to
Introduction, positing such a state was a consequence afbtain anaccurate picture of this state. From the same analysis,
examining several open issues in hadron structure using even thex%z° channel, which is purely = 0, cannot be
five-quark baryon ansatZ§]. In that class of models, the represented by a relativistic Breit-Wigner line shape alone.
dominant configuration of some excited baryons consists ofVe find that a channel-coupling to the unmeasu¥ed final
two diquarks and an antiquark in a mutda=0 or L =1  state via a Flaé-style unitarization can lead to a satisfactory
state. This in turn can lead to low mass, negative parityshape and that indeed this channel-coupling dominates the
isovector states such as the one under discussion here. Thbserved mass distribution. Thus, we find some signature
results we obtained here may relate to the observation that theffect for a two-pole picture of thé = 0 A(1405), in which
line shape of thex(1385) does not conform to its expected the reaction amplitude couples significantly to both final states.
P-wave character, as discussed in Sé4.. If there isindeed However, we see also how tlie= 1 amplitude adds one more
an admixture of an/ =1 amplitude withJ? =1/2= at layer of complexity to the experimental picture by influencing
nearly the same mass, one can, in principle, have interferencéise charged final states. The choice of ahe- 0 and two
that modify the line shape of the experimentally sefem I = 1 amplitudes presented in this paper led to the best fit
final state. We have not pursued this question further aAmong several choices. Similar results were obtained using two
this time. We emphasize once again thaPavave decay [ = 0 and ong = 1 amplitude, which may correspond more
cannot be biasing our results for tievave X data because closely to current theoretical ideas, but these are described
we integrate over the hyperon decay angles, canceling amglsewhere47].
interference. In addition to the results shown in this paper, the photopro-
The CLAS results for thesr mass distributions in the duction differential cross sections of thig1405), A(1520),
vicinity of 1405 MeV/c? are compelling in the following andXx(1385), will be presented in a separate papé}.[Also,
sense. The mass distribution differences between the chardgige same data have been used to directly measure the spin and
states are large and systematic across our measured kingarity of the A(1405), and this result will also be presented
matic space. The need fdr= 1 strength is inescapable. separately49].
Furthermore, we have shown that th¢1385)(32") is not Clearly, both more theoretical modeling of the present re-
a player in this phenomenology, and we have taken care tsults and additional experimental data are needed. The present
show that theK* production background also does not play work has, we conclude, provided detailed line shape results, to
a role. Finally, the line shape fits that we have made showvhich a parametrization with a set of Breit-Wigner amplitudes
that thel = 1 strength is described at least in part by Breit-shows the importance df= 1, J* = 1/2~ strength centered
Wigner/ = 1 amplitudes with the masses and widths given innear 1394 and 1413 Me\?, with a dominant/ = 0 piece
Tablelll . very near thez s threshold.
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