Physics Letters B 771 (2017) 142-150

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Differential cross sections and polarization observables from CLAS K*
photoproduction and the search for new N* states

The CLAS Collaboration

@ CrossMark

ARTICLE INFO ABSTRACT

Article history:

Received 26 September 2016

Received in revised form 14 March 2017
Accepted 11 May 2017

Available online 16 May 2017

Editor: V. Metag

Keywords: resonances are reported.
Baryon spectroscopy
Meson photoproduction

Polarization observables

The reaction yp — K**A was measured using the CLAS detector for photon energies between the
threshold and 3.9 GeV at the Thomas Jefferson National Accelerator Facility. For the first time, spin-
density matrix elements have been extracted for this reaction. Differential cross sections, spin density
matrix elements, and the A recoil polarization are compared with theoretical predictions using the BnGa
partial wave analysis. The main result is the evidence for significant contributions from N(1895)1/2~
and N(2100)1/27 to the reaction. Branching ratios for decays into K* A for these resonances and further
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1. Introduction

The thresholds of new channels in photoproduction provide a
promising way to search for new baryon resonances or to study
their properties. At and just above a threshold, low-spin reso-
nances can often be identified which otherwise may be hidden
behind dominating higher-spin resonances. The N(1535)1/2~ res-
onance with spin J =1/2 and negative parity is the most promi-
nent feature of n photoproduction and hard to find in photopro-
duction of pions. The N(1710)1/27" is clearly seen in yp — KTA
while it has been controversially discussed in N elastic scatter-
ing. At or just above the K** A threshold at 2007 MeV, a number
of missing resonances is expected. In particular, the negative-parity
states are predicted to have large couplings to K** A [1] and might
reveal their existence in photoproduction of this final state. The
isospin of the A is zero, so any resonance decaying into K**A
must belong to the nucleon sector. The K** A threshold falls into a
range where several nucleon resonance are reported but only two
of them, N(1900)3/2%" and N(1875)3/2~, are listed in the RPP14
[2] with three-star status. Hence it is interesting to study the re-
action yp — K** A and to search for baryon resonances that may
contribute to the reaction.

In this Letter, we report on the first measurement of the spin
density matrix elements of K**(892) mesons observed in the re-
action chain:

yp — K*T(892)A ; A(missing)

K*t(892) > Ksm¥; Ks >mntm™. (1)

http://dx.doi.org/10.1016/j.physletb.2017.05.029

For most of the data presented here, the A is reconstructed as a
missing particle. For the determination of the A recoil polarization,
the neutral kaon is treated as a missing particle.

2. Data and data analysis

The experiment used the CEBAF Large Acceptance Spectrome-
ter (CLAS) [3] at the Thomas Jefferson National Accelerator Facility.
Real photons were produced by bremsstrahlung from a 4.02 GeV
electron beam from the Continuous Electron Beam Accelerator Fa-
cility (CEBAF) incident on a thin gold foil. The photon energy
was determined event-by-event with an energy resolution of about
2-3 MeV by measuring the recoil electron energy in a dipole mag-
netic field. The tagged photons were collimated and then impinged
on a 40 cm long liquid hydrogen target positioned near the center
of the CLAS spectrometer. The CLAS detector has a toroidal mag-
netic field, along with tracking drift chambers and high-precision
timing scintillators used to identify particles emanating from the
target in coincidence with the tagged photon. Details of the CLAS
detector are given in Ref. [3].

Data selection and a method to subtract the background are
described in detail in Ref. [4] where results on differential cross
sections were fitted with Legendre polynomials. In Ref. [4], the
momenta of the three pions from the decay sequence K*' —
Kgn+ — wtm 7t were measured, and the A was identified via
its missing mass. The same data selections (particle identification,
vertex cuts, etc.) are used here. We outline here the major steps.

Ks candidates are defined by a Mg & 15 MeV mass cut while
the rare events with both M(;"7~) and M(x, 7 ~) falling into
this window are removed. Integrated over all data, the Ks has
a signal to background ratio of 2:3 and a mass resolution of
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Fig. 1. Example of two Gaussians plus a second order polynomial fit to the recon-
structed A and £° missing mass peaks (adapted from Ref. [4]).

o >~ 6 MeV. Events in the Ks side bins (see Fig. 2 in Ref. [4]) are
subtracted. In the event-based likelihood method described below,
they enter the calculation with negative weight. Further, the miss-
ing mass of the three pions, i.e.,, the mass of the A candidate, is
required to fall into the window M + 35 MeV. Fig. 1 shows the
distribution of the missing mass recoiling against the 7+t7x 7+
system. The signals due to A and =0 are seen.

The resulting event sample is still not yet free of background.
The main source is due to the reaction yp — KsX**(1385) with
»*+(1385) — Ax™t but also higher mass X*'s resonances con-
tribute to the background. For the present analysis, we used four
background-subtraction methods: one consisting of a series of cuts,
the other three exploit a variant of the Q-factor method developed
in Ref. [5]. The motivation for investigating different background
subtraction methods is to estimate the systematic uncertainties as-
sociated with the different methods. In a fifth method, we use a
Monte Carlo simulation of the background.

In the first method, two additional cuts were applied: the
missing mass recoiling against the Ks should not be compatible
with the £° mass, and the three-pion mass should be consistent
with the M(K**(892)) mass (i.e., M(w+t7~m) between 850 and
935 MeV).

In the second method we veto the ©° mass as above and ap-
ply the Q-factor method to identify the K**(892) mesons. The
wtmw~7wt mass distribution is fitted for every 100 MeV bin in
photon energy and nine bins in cosfk, as a sum of a Breit-Wigner
with the 892 MeV mass and 50 MeV width and a polynomial back-
ground. Every event with a given 7+ ~7+ mass has the proba-
bility Q to be a K**(892):

Signal

K*(892)) = .
QK" (892)) Signal + Background

(2)

When all events are weighted with the Q-factor, the K* signal
emerges without background.

In the third method, the Q-factor is first applied to remove
events that are compatible with K** %9 production. The distribu-
tion of missing masses recoiling against the Ks (for fixed energy
and K**(892) angle) is fitted as a sum of a Breit-Wigner function
(with M = 1383 MeV and I' = 36 MeV) and a polynomial back-
ground (see Fig. 2) and the Q-factor is calculated. Subsequently,
a second Q-factor is determined to extract the K**(892) in the
presence of a 77~ background.
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Fig. 2. Example of a fit eliminating = (1385).

The fourth method is a variant of method 2 but the Breit-
Wigner function is replaced by a convolution of Breit-Wigner func-
tion with the M =892 MeV and I' =50 MeV and a Gaussian, the
so-called Voigt function. The Gaussian resolution is determined in
the fit to 0 <o <5 MeV. Fig. 3 shows a few examples of fits us-
ing a Voigt function. Although the fits shown in the figure are not
ideal, the consistency between the fit results and the other meth-
ods to obtain the signal give us confidence that the uncertainties
are handled properly.

In the fifth method, events due to yp — KsXT(1385),
»1(1385) — An™, and due to yp — KsX1(1800), =+ (1800)
— Am™, are generated with phase space distributions, and re-
constructed with the CLAS event reconstruction program. X (1800)
is supposed to represent the contribution of higher mass ¥* res-
onances. The data are fitted with these two background contri-
butions and a Voigt function, with no constraints for energy and
angular dependence. In some cases, a residual background is seen
for which we have found no explanation. However, the extraction
of the K* signal yields a stable result. This unidentified background
may be the reason that in some cases, the p density matrix ele-
ments scatter more than expected.

The methods 2 to 5 give nearly identical results for all dis-
tributions. The results on the differential cross section are fully
consistent with those presented in Ref. [4]| but differ slightly; we
assign these differences due to the systematic uncertainties in the
background subtraction and use the difference between the results
from Ref. [4] and the fourth method to estimate the systematic un-
certainty for the differential cross section; for the p density matrix
elements we use the mean difference between the first and the
fourth method to estimate the systematic uncertainty. The results
from Ref. [4] or, respectively, from the fourth method are used as
central values. In addition, there is an overall flux uncertainty of
48%. This is included in the error on branching ratios given below.

To extract the density matrices we have fitted every energy and
K** angle bin with the following equation [6]:

1
(1= poo) + 5Bpoo = 1) cos’ ©

3 /1
W(cos®,d)=—| =
4 \ 2

- \/fRepw sin2@cos® — p1_1 sin? © cos 2@).

(3)

Here ® and ® are angles of the Ks in the K*7(892) rest system.
The events were rotated to have XZ as the reaction plane and
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Fig. 3. KgJT+ invariant mass distributions for 2200 < W < 2300 MeV and nine equidistant ranges in cosé covering the full angular range, starting from backward angles in
the top-left plot. The solid curve represents a fit with a Voigt function (dashed) plus background from a Monte Carlo simulation.

boosted from the center-of-mass system keeping the direction of
the Z-axis (Adair system). The function (3) was minimized with an
event by event maximum likelihood method with

Ndata w giata

L:l_[ NMCJ

, (4)
iy W,.MC

where W; is calculated from (3) for each event in the data and
Monte Carlo sample. In the likelihood fit, every event was mul-
tiplied with its Q factor. Different Q-factor distributions led to
slightly modified density matrix elements; these variations are in-
cluded in the systematic uncertainty. As mentioned above, the
systematic errors are determined from the difference between
two methods of background substraction. This method was cho-
sen since some distributions (examples are shown in Fig. 3) show
a background which is not fully understood. Often, the differences
are large enough in these cases. But in some cases, the differences
are small leading to (unrealistic) small total errors.

The A recoil polarization P is determined from the A — pm~
decay asymmetry. In this case, the momenta of the proton, the
7~ from the A decay and the 7+ from K** — K97+ were mea-
sured and the K® was reconstructed as a missing particle, where
the background was subtracted using the two side bands. Full de-
tails of the A recoil polarization extraction are given in Ref. [7].
The statistical power of the P measurement is limited; it was
hence determined for four angular bins only excluding backward
production of A hyperons. We show the differential cross sections
and the p density elements in Figs. 4, 5 and the A polarization in
Fig. 6. Integration of the differential cross section yields the total
cross section shown in Fig. 7.

3. Partial wave analysis

The amplitude for photoproduction was fitted in the framework
of the P-vector approach [8] where the photon-nucleon interac-
tion is taken into account as production of an initial state. The
strong interacting part is treated in the framework of the D-matrix
approach where the real part of the loop diagram is calculated us-
ing a N/D-based technique. The regularization of the amplitude is
achieved by one subtraction. The details of this approach are given
in Ref. [9]. The background contributions are obtained from the
reggeized exchanges of pseudoscalar, scalar, and vector mesons in
the t-channel [9,10].

The primary aim of this study is to search for missing resonances
and to identify N* resonances decaying into K*A. Therefore we
limit the fit range for the differential cross section and density ma-
trix elements to W < 2.6 GeV even though the fits are shown over
the full W range. The new data on yp — K*TA are included in
the BnGa data base, which contains data on yp — 7N, np, KTA,
K=, 7%, 7%p, n=p - K°A, mp - K=, m~p — 7% 0,
and the SAID amplitudes for 7z N elastic and charge exchange scat-
tering. References to the data base used in the BnGa analysis can
be found elsewhere [11-13]. Recent additions can be found on
our web page [14]. Those parameters that describe the data fit-
ted earlier were fixed to those from the solution BnGa2014 [13].
A selection of resonances is allowed to decay into K*A: these cou-
plings as well as parameters for the t-channel exchange amplitudes
were fitted freely in all fits discussed here.

First fits with either KT, K**, or K;* exchanges alone, with
no N* — K*A decays admitted, result in bad descriptions of the
data (x2/Ngaa = 3799/720 where the error is calculated from the
squared sum of statistical and systematic errors in Figs. 4-6); in
particular the recoil polarization is predicted to vanish identically.
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Fig. 4. (Color online.) Differential cross sections (top) and the pgo and density matrix elements (bottom) for the reaction yp — K*¥(892)A. The uncertainties contain
statistical and systematic contributions. The solid curves represent the final BnGa fit, the dashed (red online) curves are fit with t-channel contributions only, the dotted
(blue online) curves are fit with the new high-mass resonances omitted. The fits are restricted to invariant mass below 2.6 GeV, making curves at higher energies a prediction.
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Fig. 5. (Color online.) The p1o (top) and pq1 (bottom) density matrix elements for the reaction yp — K**(892)A. The uncertainties contain statistical and systematic
contributions. The solid curves represent the final BnGa fit, the dashed (red online) curves a fit with t-channel contributions only, the dotted (blue online) curves a fit in
which the new high-mass resonances are omitted. The fits are restricted to invariant mass below 2.6 GeV, making curves at higher energies a prediction.



The CLAS Collaboration / Physics Letters B 771 (2017) 142-150 147

] P
cos 6=-0.165 cos 6=0.165
0.5F - {
SOUVR
0 - - =3 2
0.5F -
-1 L L L L L L
cos 6=0.835
0.51 -
0 - -
-0.5F -

5200 2600 2800
M(yp), MeV

5400 2600 2800
M(yp), MeV

Fig. 6. Recoil polarization of the A. The solid curves represent the final BnGa fit, the
dashed (red online) curves a fit with t-channel contributions only, the dotted (blue
online) curves a fit in which the new high-mass resonances are omitted. The fits
are restricted to invariant mass below 2.6 GeV, making curves at higher energies a
prediction.

With all three t-channel processes admitted, the fit improves con-
siderably, but it is still far from being satisfactory. The x?2/Ngata
for the differential cross section is 5.64 for the 126 data points,
for density matrix elements 4.58 for 378 data points and for re-
coil polarization 2.59 for 38 data points. The fit exhibits significant
deviations between data and fit curve. This fit is shown as dashed
(red online) curves in Figs. 4, 5 and 6.

Exploratory fits showed that the subthreshold N(1895) 1/2~
and N(1880)1/2" resonances play an important part in the reac-
tion. We hence tried a fit with t-channel contributions and where
the two resonances N(1895)1/2~ and N(1880)1/2% were allowed
to decay into K*A. The fit improves considerably, x2/Ngaa de-
creases to 3.37 for the differential cross section, to 3.31 for the
density matrix elements and to 1.15 for the recoil asymmetry. Re-
stricted to the W region below 2.2 GeV, x2/Ngaa goes down to
2.05 for do /d cos ® (54 points) and to 1.66 for p (162 points).

As a next step, we included the N* — K*tA decays of all
resonances used in Ref. [13], ie, N(1875)3/2~, N(1880)1/2%,
N(1900)3/2F, N(1990)7/2%, N(2000)5/2%, N(2060)5/27,
N(2100)1/2%, N(2190)7/2~. Most of the resonances give N* —
K** A branching ratios with small values, compatible with zero.
Those were set to zero in the further fits.

This fit, shown by the dotted (blue online) curves in Figs. 4, 5
and 6, gives a reasonable description of the data with a x2 =1.92
(differential cross section), 1.84 (density matrix elements), and
0.61 recoil asymmetry for 126, 378 and 38 data points, respec-
tively. However, significant deviations are still observed in the
mass region 2200-2350 MeV. In particular, the total cross section -
obtained by integration of the predicted differential cross section —
shows a lack of the intensity in this mass region (and an excess
at high energies). Therefore we added to the fit one by one res-
onances with total spin up to 9/2. Visible improvements of the
fits are achieved with added negative-parity resonances with spin
J=1/2, 3/2 or 5/2, masses between 2220 and 2350 MeV, and
widths in the range of 150 to 300 MeV. Resonances with 7/2 and
9/2 with negative or positive parity provided only marginal im-
provement and did not fill the lack of intensity in the total cross
section.

The best solution is achieved when three states with JP =
1/27,3/27,5/27 are introduced to the fit. The fit describes the
data with x2/Ngaa 0.84, 1.84 and 0.76 (differential cross sec-

Table 1
Branching ratios for N* — K*A decays. For the states denoted with * we assume
Iyp=0.1 MeV.

N(1880)1/2* 0.8+0.3% N(1895)1/2~ 6.3 +2.5%

N(2100)1/2F 7.0 £4% N(1875)3/2~ <0.2%

N(2120)3/2~ <0.2% N(2060)5/2~ 0.8 +£0.5%

N(2000)5/2* 2.24+1.0% N(1900)3/2% <0.2%

N(2190)7/2~ 0.5+0.3% N(2355)*1/2~ 6+1.5%

N(2250)*3/2~ 10 £ 5% N(2300)*5/2~ 4.5+ 1.4%
Table 2

Masses and widths of tentative additional resonances contributing to the reaction
yp— K*TA.

Resonance Mass Width

N(2355)1/2~ 2355 £ 20 MeV 235+ 30 MeV
N(2250)3/2~ 2250 + 35 MeV 240 + 40 MeV
N(2300)5/2~ 230013 MeV 205 = 65 MeV

tion, density matrix elements, recoil asymmetry). However, the
fit is still acceptable when only two of the three resonances are
introduced. The three combinations of nucleon resonances with
JP =12 +5/27,1/2= +3/27, and 3/2~ + 5/2~ produce the
description of very similar quality. The masses and widths of the
JP =172~ and JP =3/2 states are rather stable in all fits, the
mass of the JP =5/2~ state is somewhat low for the fit with
3/27 4 5/27 states.

We notice that in highest-energy bins the predicted cross sec-
tion of the full model (solid curve) is larger than the measured
cross section, and that the model with no resonances is closer
to the data. However, in the last four mass bins the total x?2 is
1281 for the full fit (with resonances) and 2120 for the fit with-
out (dashed). The prediction for the p density is thus much better
for the fit with resonances included. When the last four bins were
included in the fit, the masses and widths of the resonances re-
mained stable.

In Table 1 we list the branching ratios for the resonances con-
tributing to the reaction. Here, there is one principle problem: the
pole positions of two resonances, N(1880)1/2% and N(1895)1/27,
are below the threshold for K*A decays. Branching ratios are de-
fined at the nominal mass, and hence they vanish when the mass
is below the K*A threshold or are very small if they are just
above. For this reason, we have integrated the K*A decay spec-
trum of these two resonances and normalized this number to the
total number of events assigned to the resonance.

The three new resonances have a large product of branching ra-
tios for N* — Ny and N* — K*A. The photocoupling of the new
resonances cannot be determined, and hence no definite conclu-
sions can be drawn. In Table 1 it is assumed that the y N partial
decay width is about 0.1 MeV.

Here we should add one word of caution. The three resonances
listed in Table 2 describe the data but are seen only in this one
reaction. It is possible that these resonances actually stand for a
large number of resonances expected at these high masses; their
common effects might be reasonably well described by a sum of
two or three resonances with appropriate spin-parities. Hence the
evidence is weak at present that these resonances have the masses,
widths, and spin-parities listed in Table 2.

Fig. 7 shows the total cross section for the reaction yp —
K**A and the dominant contributions. At its maximum, the t-
channel K and Kg(1430) exchange contributions make up more
than 50% of the cross section; K* exchange is also included
but is much less pronounced. However all three exchanges to-
gether produce a range that is shown by vertical (blue online)
hatched region. The sum provides a rather stable fraction of the
total cross section (see the enclosed dot-dash region in Fig. 7).
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Fig. 7. (Color online.) The total cross section for the reaction yp — K**A and the
decomposition into its main components: the sum of t-channel exchanges, and the
contributions from the I =1/2, JP =1/2~ and 1/2% partial waves. The hatched
regions are labeled above, and the solid curve represents the final BnGa fit. The
dashed line represents a fit which excludes the three high-mass resonances.

Just above the threshold, the most significant contributions stem
from N(1895)1/2~ and the JP = 1/2% partial wave with two
resonances, N(1880)1/2% and N(2100)1/2F. The contribution of
the N(1895)1/2~ resonance depends on the introduction of the
N(2355)1/2~ resonance. The hatched areas shown in Fig. 7 include
the range of all fits with two or three high mass states added to
the basic solution. The change in the intensity of the 1/2~ partial
wave influences also the contribution of the 1/2% partial wave to
the cross section shown by enclosed dashed region.

4. Discussion and conclusions

Preliminary results on differential cross sections for yp —
K*tA [15] and yp — K*OE* [16] had been presented at NSTAR
2005. Oh and Kim fitted the differential cross sections and found
that K; exchange might provide a significant contribution to the
K*0%+ but is less important for K** A [17]. Ozaki, Nagahiro, and
Hosaka reproduce the total cross section for yp — K*TA [18] as-
suming that the reaction is dominated by t-channel exchanges.
However, their predictions for the energy dependence of the den-
sity matrix element show a wrong sign and a wrong energy depen-
dence. Ref. [19] is the first on which addresses possible contribu-
tions from N* resonances. In a fit to the differential cross sections
for 2100 < E,, < 2700 MeV, they find small contributions from two
resonances. One is now known as N(2120)3/2~ and a new res-
onance N(2200)5/2~ (which we might see at 2300 MeV); other
partial waves are not investigated, and most intensity is assigned
to t-channel exchanges. We notice however that the backward re-
gion is not well described. Also the structure seen at 6 ~ 55° is not
reproduced by their fit. In a more recent work, S.H. Kim, Hosaka
and H.C. Kim reinvestigated K*A photoproduction off protons [20].
The comparison of the results of our work with earlier partial wave
analyses underlines that t and u-channel contributions are not suf-
ficient to describe the data. The fit in [20] included K*, K, and
K exchange in the t-channel, A, X, and X* exchanges in the
u-channel, a contact term, and in the s-channel, the nucleon. How-
ever, several N* resonances were required in addition. The latter
work presented the most comprehensive analysis; we compare the
results from our work with their results.

In [20] the N* resonances N(2000)5/2%, N(2060)5/27,
N(2120)3/2~, and N(2190)7/2~ were included. The properties
of the resonances were fixed to values derived in [11,21] or to val-
ues predicted in a relativistic quark model [22]. The N(2100)1/2%
was not included in [20] because of the lack of information. The
analysis [20] and the one presented here agree that in the region
E, < 2.5 GeV, Born terms contribute about 60% of the total cross
section at its peak value (0.4ub) but N* resonances in the fourth
resonance region and above are required to get a good fit. The
detailed partial wave contributions remain, however, controversial.

In [20] the N* resonances N(2120)3/2~ and N(2190)7/2~ pro-
vide the strongest contribution; N(1895)1/2~ and N(2100)1/2%
are not tested in [20]. We believe that the data on yp — K*T A
do require N(1895)1/2~ and contributions from the JP =1/2%
wave. N(1895)1/2~ requires an electric dipole transition Eg to be
excited, and decays into K*A in a relative S-wave. N(2100)1/2%
(and N(1880)1/27") require magnetic M;_ transitions and P-wave
decays. These resonances provide the strongest contribution in our
analysis. These contributions are missing in [20]; this may be the
reason for the poor fit quality for 1.8 < E, <2.3 GeV in [20]. Fi-
nally, we point out the importance of polarization information for
constraining partial wave analyses. Data with beam or target po-
larization are not available, but here we use at least the recoil
polarization and the p density matrix elements.

Summarizing, new data on the spin-density matrix elements
for the K* mesons and the A recoil polarization produced in the
reaction yp — K*TA are presented. The data are fitted within
the BnGa partial wave analysis. It is found that N(1895)1/2~ and
N(2100)1/27% provide very significant contributions to the reac-
tion. Indications for three new resonances decaying into K*A is
reported.
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