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The yp — K+ x0 differential cross section at extremely forward angles was measured at the BGOOD
experiment. A three-quarter drop in strength over a narrow range in energy and a strong dependence on
the polar angle of the K* in the centre-of-mass of the reaction is observed at a centre-of-mass energy
of 1900 MeV. Residing close to multiple open and hidden strangeness thresholds, the structure appears
consistent with meson-baryon threshold effects which may contribute to the reaction mechanism.
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1. Introduction

Recent discoveries of “exotic” multi-quark hadronic states be-
yond the conventional three and two constituent quark models
have challenged the understanding of the degrees of freedom af-
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forded in QCD. In the charmed sector this includes for example,
the P, pentaquark states [1,2] and a plethora of XYZ mesons [3],
and in the light quark sector, the A(1405) [4] and d*(2380) hex-
aquark [5].

Descriptions of multi-quark states have existed since the con-
ception of quark models [6-8], and due to the proximity of the
chiral symmetry breaking scale to the nucleon mass, it is possi-
ble that light mesons effectively interact as elementary objects,
giving rise to molecular systems and meson re-scattering effects
near thresholds [9,10]. Models including meson-baryon interac-
tions and dynamically generated states [11-16] have had improved
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success in describing nucleon excitation spectra. In the strangeness
sector, the A(1405) is considered a molecular KN state to some
extent [16,17], which is also supported by Lattice QCD calcula-
tions [18]. Similar states may have been observed in K=+ photo-
production, where a “cusp” was observed where the cross section
quickly reduces by a factor of 75% at the K*A and K*=° thresh-
olds [19,20]. This was described by the destructive interference of
amplitudes driven by intermediate K*A and K*X channels [21].
Other hadronic molecules with hidden and open strangeness have
been proposed. This includes molecular KX states with masses
and quantum numbers (I JP = %%7 and %%_) consistent with the
N*(1875) and N*(2100) resonances [22], bound ¢N systems with
a mass of 1950 MeV just below the p¢ threshold [23] and a
three-hadron K KN molecule comprised of ag(980)N and f(980)N

components with JP = %+ [24]. It is interesting to note the al-
most mass degeneracy of these predictions close to 1900 MeV
and close to numerous thresholds, including K*K~p, Kx(1385),
KT A(1405), fo(980)p, ap(980)p and ¢p.

To experimentally verify the formation of any such extended,
loosely bound molecular systems requires minimal momentum
transfer kinematics. For fixed target photoproduction experiments,
access to forward meson angles and corresponding low momen-
tum transfer to the recoiling baryon is therefore crucial.

This letter presents differential cross section data for yp —
K+=9 from threshold at forward angles, where the cosine of the
centre-of-mass polar angle of the K+ (cosegM) is between 0.9
and 1.0. There is limited data available for this reaction in this
kinematic regime. The CLAS datasets only extend to cos@é‘M <
0.95 [25,26], and do not agree in this most forward angle in-
terval. The SAPHIR data [27] extend to cos6&, = 1.0 however is
significantly lower than the CLAS data and with lower statisti-
cal precision. The only data with K* %0 in the final state in this
kinematic regime are from the Sphinx Collaboration, where they
reported preliminary strange pentaquark evidence in the diffrac-
tive production: p 4+ C — [Y°K*+]+ C [28]. The proposed X(2000)
was observed in the K* X0 invariant mass spectra with a width
of 91 MeV. To ensure a coherent process, the Sphinx Collaboration
required a transverse momentum of the K* 0 system to be lower
than 300 MeV/c. Crucially in photoproduction experiments, access
to small transverse momenta when away from threshold also re-
quires very forward meson acceptance. This has not been achieved
with any existing photoproduction measurements and indeed a re-
view in 1997 could not confirm the X(2000) has been observed in
the CLAS data [29].

The presented yp — K+%0 cross section was measured at
the BGOOD experiment [30] at the ELSA electron accelerator fa-
cility [31,32]. This is the first dataset with the statistical preci-
sion, forward K+ acceptance and resolution to describe the data
trend in this low momentum transfer region. A cusp-like drop in
strength is observed at extremely forward angles at a centre-of-
mass energy of 1900 MeV.

2. Experimental setup and analysis procedure

BGOOD is composed of a Forward Spectrometer for charged par-
ticle identification and momentum reconstruction over laboratory
frame polar angles 1° to 12°. This is complemented by the BGO
Rugby Ball, an almost 47 central calorimeter ideal for photon de-
tection with sub-detectors for charged particle identification. The
experimental conditions and KT identification are described in
refs. [30,33].

The data were taken over 22 days using an electron beam en-
ergy of 3.2 GeV and a 6 cm long liquid hydrogen target. The
electron beam was incident upon a thin diamond radiator to pro-
duce an energy tagged bremsstrahlung photon beam which was
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Fig. 1. ¥’ energy in the X0 rest frame, with a peak consistent with the expected
energy from the X% — Ay decay. Simulated spectra of K*x° (green line), K*A
(red line), A°7+ (magenta line) and et /m* background (cyan line) are fitted to
the data. The summed total fit is the blue line. The dashed vertical lines show the
1o and 20 selection cuts described in the text.

subsequently collimated.* The photon beam energy, E y» was deter-
mined per event by momentum analysing the post bremsstrahlung
electrons in the Photon Tagger. K™ were identified in the Forward
Spectrometer via their momentum and B determination. The pho-
ton from the decay ° — Ay (labelled )’ herein) was required
to be identified in the BGO Rugby Ball. Photons were rejected as
y’ candidates if the invariant mass of combinations of two pho-
tons was within 30 MeV/c? of the 7% mass (corresponding to
20 of the mass resolution). The missing mass to the KTy’ sys-
tem was determined for remaining ' candidates and the photon
where this was the closest to the A mass was identified. The
four momentum of the remaining y’ candidate was subsequently
boosted into the rest frame of the 0. Fig. 1 shows the y’ en-
ergy in this frame, where the peak at 74 MeV is consistent with
the expected two-body decay momentum. The simulated K+x°
data exhibit a small, almost flat distribution under the peak aris-
ing from misidentified 7% decay photons and neutrons from the
subsequent A decay. An additional combined background where
forward e and 7" are misidentified as K™ is also included. The
et originated from pair production in the beam in random coinci-
dence with hardware triggers. The 7+ contribution was relatively
small and arose from other hadronic reactions at high momentum
(over approximately 800 MeV/c). These distributions were gener-
ated by an equivalent analysis identifying forward going negatively
charged particles, where the e~ and 7~ distributions are the same.
Two datasets were obtained, applying either a one or two sigma
selection over the peak (69 to 79 MeV or 62 to 86 MeV respec-
tively and approximating the peak as a Gaussian distribution).

The remaining candidate events were rejected if charged and
neutral particle multiplicities exceeded either decay modes: 0 —
YA —> y(non) or y(m~p). No requirement was made upon the
detection of the A decay particles as to do so significantly lowered
the overall detection efficiency.

The missing mass recoiling from forward K+ after the y’ iden-
tification is shown in Fig. 2. A fit was made using spectra from
simulated KA, KTX° and K+x0(1385) events, and real data
from misidentified et /7 described above.” The simulated data
used distributions from previously measured cross sections, how-

4 A diamond radiator was used to produce coherent, linearly polarised photon
beam with a maximum polarisation at a beam energy of 1.4 GeV, however the po-
larisation was not required and was averaged out for the presented analysis.

5 Simulated K*A(1405) spectra were not used due to the mass degeneracy to
the £0(1385).
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Fig. 2. Missing mass recoiling from forward K* candidates after a 20 or 1o y’
identification (below and above W = 1930 MeV respectively). Every third E, inter-
val is shown and labelled in MeV. The Y-axes are counts per 24 MeV/c? interval. The
spectra are fitted with simulated K+ %0 (green line), K* A (red line), K+ x°(1385)
(purple line), and e* /7 background (cyan line). The blue line is the summed total
fit.

ever the energy and angle intervals were sufficiently small so that
the spectra depended solely on the resolution and response of
the experimental setup. Simulated data of non open-strange final
states including =+ were also investigated. The most dominant
channel was 7%A™*, however even this proved to be a negligible
contribution and made no significant impact.® The fit used sepa-
rate scaling factors for each of the missing mass templates in order
to extract the K+ =0 yield.

The 1oy’ selection gave an expected lower yield of events by a
factor of 2/3, however the signal to background improved by a fac-
tor of 3/2 for energies over W = 1740 MeV. For the 20y’ selection
above W = 1930 MeV, the integral of the background exceeded
the signal within the signal region. To avoid additional systematic
uncertainties which may have arisen from separating such large
background contributions, the results presented in sec. 3 use the
20y’ data below W =1930 MeV, and the 1oy’ data above. The
reduced x2 of the fits to the 10'y’ missing mass spectra are shown
in Fig. 3(a). The 1oy’ missing mass spectra have an average re-
duced x?2 of 1.01 over the full energy range, and the fits to the
20y’ missing mass spectra have an average of 1.90 for W below
1930 MeV. The cross sections calculated using both the 20y’ and
1oy’ data are shown in Fig. 3(b). There is good agreement over

6 Background from 77+ A® had an even smaller contribution as the 7+ from this
channel had a lower momentum and contributed less under the K signal.
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Fig. 3. (a) Reduced x? for each fit to the missing mass spectra shown in Fig. 2. The
red triangles and blue squares correspond to the 1oy’ and 20y’ selection respec-
tively. (b) The differential cross section for cosegM > 0.9 calculated using either the
1oy’ or 20y’ selection. The green circles are the difference.
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Fig. 4. Detection efficiency versus W for the 20y’ selection. The statistical error is
typically 1% for the full 0.90 < cos6%, < 1.00 interval (thick black line with filled
circles) and 2-3% for the smaller cosfg, intervals (open data points).

the full energy range, where the difference (the green filled cir-
cles) is consistent with zero.

The detection efficiency shown in Fig. 4 includes the loss of
approximately 50% K+ decaying mid-flight. A smooth distribution
is observed, with an increase in efficiency at the more forward
cos Gé(M intervals. The detection efficiency was determined using a
simulated model of the BGOOD experiment with Geant4 [34]. The
simulation includes the full experimental geometry, including the
Photon Tagger system, target holding structure, cladding material
surrounding the crystals in the BGO Rugby Ball, and individual fi-
bres and wires for the Forward Spectrometer detectors. The Open
Dipole magnetic field vector was both measured and simulated
throughout the volume of the Open Dipole, including the fringe
field beyond the magnet’s yoke. Energy and time resolutions for
all detectors were determined and included, and the efficiency of
MOMO, SciFi, the Drift Chambers and the TOF walls were mea-
sured as a function of particle 8 and position from real data and
applied to the simulation (see Ref. [30] for details). Including the
individual detector efficiencies changes the net detection efficiency
of forward going particles by the order of approximately 5%.
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The efficiencies of the hardware triggers were also measured
and included (see Ref. [33] for details). The trigger used for these
results required approximately 80 MeV energy deposition in the
BGO Rugby Ball, and a forward track identified by timing coinci-
dences between the SciFi and ToF detectors. Due to the large time
range and slight misalignment of the trigger windows, the effi-
ciency of this trigger varied smoothly from 90% to 95% for forward
particle 8 of 0.58 and 0.92, corresponding to W = 1688 and 1973
MeV respectively.

Cross sections of well known reactions have been previously
measured to ensure an accurate understanding of the Forward
Spectrometer geometry, the track finding algorithm efficiency and
trigger efficiencies. Ref. [30] shows the differential cross section,
for example, for y p — np when the proton is identified in the for-
ward spectrometer. The measured cross section gave a good agree-
ment to previous datasets. The differential cross section was also
shown versus the meson polar angle for four energy intervals over
the N(1535)1/2~ resonance. The distribution was smooth and al-
most flat as would be expected, agreeing with PWA solutions. The
measured yp — K+ A differential cross section using the same
experimental setup is shown in Ref. [33] and is of particular rel-
evance as the K detection was very similar to the analysis pre-
sented here. The data exhibited a smooth, almost flat distribution
over the Forward Spectrometer acceptance of 0.9 < cos QgM < 1.0,
with good agreement to previous data at a slightly more backward
cos OCKM. No cusp-like structure was observed at the same K+ mo-
mentum of 1 GeV/c, as is presented in the results in section 3.

Systematic uncertainties are the same as described in ref. [33]
and are divided into two components. The scaling uncertainty is a
constant fraction of the measured cross section, where the entire
dataset would be expected to scale by a fixed value. The dominant
sources of this are the photon beam spot position and the photon
flux normalisation, both estimated as 4%. The uncertainty in the y’
identification of 1.5% was determined by comparing the differential
cross section for both the 1oy’ and 20y’ selection over a small
range of the photon beam energy where the signal to background
ratio is high (approximately W = 1770 to 1870 MeV). The fitting
uncertainty arises from extracting the number of events from the
missing mass spectra. As each fit to an energy and angle interval is
independent of the others, this uncertainty permits the individual
scaling to larger or smaller values for each data point. This was de-
termined by additionally including simulated A%+ events in the
background distribution (which proved to have a negligible effect)
and by varying the fit range. The fitting uncertainty is small over
most energies, rising from 4% to 8% between W = 1870 and 1920
MeV. From W = 1920 MeV to 1975 MeV, the fitting uncertainty
rises quickly to 28% due to the missing mass distribution of the
signal becoming broader and the yield reducing compared to the
background. Data beyond W = 1975 MeV were considered insuffi-
ciently accurate and rejected.

3. Results and interpretation

The K+ %0 differential cross section for cos 95\,[ > 0.9 is shown
in Fig. 5. The CLAS datasets also shown are at the more back-
ward angle of 0.85 < cos@é‘M < 0.95, and the SAPHIR data are
the only other from threshold at this most forward cos QCKM inter-
val. The pK~ K™ threshold (which is close to the other thresholds
mentioned in the introduction) is also shown.

This new dataset has the highest statistics from threshold to
a centre-of-mass energy, W = 1970 MeV. The statistical error is
approximately half of that of the SAPHIR [27] and CLAS data of
Bradford et al. [26] and smaller than the CLAS data of Dey et
al. [25] below 1850 MeV, above which it is comparable.

The drop at W = 1900 MeV was regarded as a peak or a
bump in the cross section in previous measurements. Numerous
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Fig. 5. yp — K+x0 differential cross section for cosgf, > 0.90 (black circles).
The systematic uncertainties on the abscissa are in three components: The shaded
blue, red and grey bars are the scaling, fitting and summed uncertainties respec-
tively. Data from Dey et al. (CLAS) [25], Bradford et al. (CLAS) [26], Glander et al.
(SAPHIR) [27], Sumihama et al. (LEPS) [35] and Shiu et al. (LEPS) [36] are addition-
ally shown and labelled in the legend. The CLAS data are at the more backward
angle of 0.85 < cos6f,, < 0.95. The Bonn-Gatchina PWA solutions [41] with and
without the inclusion of the new data are the solid magenta and dashed cyan lines
respectively. The pK+ K~ threshold is indicated by the dashed black line.

PWA and isobar model solutions attributed this to a N(1895)3/2~,
N(1900)1/2F, N(1910)1/2F and N(1900)3/2~ [37-40] resonance
for example, but with no firm agreement. The improved statistics
and cos 9cKM forward acceptance of this new dataset however allow
a cusp-like structure to be resolved at this energy, where the cross
section drops by approximately one-third over a 20 MeV range.
The high cos@cKM resolution for BGOOD at forward angles permits
the fine binning shown in Fig. 6, where the differential cross sec-
tion is in 0.02 cos 6'é<M intervals versus W. The cusp becomes more
pronounced at the most forward angle interval, cosegM > 0.98,
where there is a reduction of over 50% over a 30 MeV range. At the
most backward intervals, the cusp is difficult to discern, starting to
only become visible around 0.94 < cos@,:’(M < 0.96. This is evident
in Fig. 7 where the ratio of the average cross section immediately
before and after the cusp is shown. The same ratio is shown for the
CLAS and SAPHIR datasets. The extent of the cusp changes quickly
with cos6f,;, demonstrating that the CLAS datasets and this new
data are compatible and that the cusp only becomes visible at the
acceptance limit of CLAS.

Given the quickly changing strength of the cusp and the differ-
ent cos 0§M intervals for the datasets, only a comparison between
the data below the cusp at W = 1900 MeV can be sensibly made.
Within this W region, there is an agreement between these data
and the Bradford CLAS data to within approximately 5%, which is
smaller than the combined systematic uncertainty of 13%. The Dey
CLAS data are higher by approximately 20%, which is larger than
the combined systematic uncertainty of 15% and the SAPHIR data
are 25% lower, which is nearly double the combined systematic
uncertainty of 14%.

The Bonn-Gatchina BG2019 solution [41] (the dashed cyan line
in Figs. 5 and 6) was constrained by a combined fit to both CLAS
datasets.” The fit obtained a reduced x? of 6.03. After including
the BGOOD data and refitting all couplings to resonant contribu-
tions and ¢t and u channel exchange amplitudes and including a
refit of reactions in the Bonn-Gatchina database, a notable im-
provement of the reduced x2 to 2.08 was achieved (the solid

7 This was achieved by weighting the data according to the statistical error. The
algorithm generally allows a change of weighting factors by a factor up to 1.4 to
obtain optimal combined fits to previous and newly introduced data.
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magenta line), with no significant changes to the fit occurring at
more backward angles (cos QCKM < 0.85) covered by the CLAS data.
It should be stressed that the fit is still dominated by the CLAS
results given the larger amount of data points available compared
to BGOOD. Additional resonant contributions were iteratively in-
cluded to test for further improvements. A A(1917)5/2~ with a
relatively narrow width of 59 MeV gave the best improvement to
these data (not shown in the figures), only influencing the most
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forward data points. This improvement however cannot adequately
describe the cusp at 1900 MeV.

The strong dependence on cos@é‘M and momentum exchange
may suggest threshold dynamics or meson-baryon interactions
play a significant role in the reaction mechanism. If an experimen-
tal observation was due to extended loosely bound structures, for
example meson-baryon type multi-quark configurations, a strong
dependence upon momentum transfer in t-channel production
processes could be expected. To investigate such behaviour, the
data were determined as a function of the Mandelstam variable,
t. To extrapolate the data to the minimum possible momentum
transfer, tmin, where the K+ has a polar angle of 0°, t was de-
termined for each W and cos 9é<M interval, examples of which are
shown in Fig. 8 and fitted with the function in eq. (1). Only the
statistical error of each data point was included in the fit.

do . do
dt ~ dt lt=tmin

The fits to the t dependence for each W interval were used to
determine do /dt|i—,,, and S. The slope parameter, S, shown in
Fig. 9 is positive and appears flat (although with limited statistical
precision) for approximately the first 150 MeV from threshold, in-
dicative of s-channel contributions. The fact that this occurs over a
larger W range compared to KT A shown in Ref. [33] may be due
to both N* and A* resonance contributions. S begins to drop ap-
proximately 50 MeV before the cusp and becomes zero or slightly
negative at 1900 MeV, as would be expected for a dominating t-
channel process. Above 1900 MeV, there is a sharp rise back to

S lt—tmin] (1)
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Fig. 10. yp — K+ X0 differential cross section, do/dt extrapolated to tm;, versus
W (filled black circles). Data from the CLAS Collaboration for the K+ A(1405) and
K+x0(1385) final states are included, which were estimated from ref. [42] (red
squares and blue triangles respectively). The magenta diamonds are the ¢p cross
section from the LEPS collaboration [43]. The vertical dashed lines indicate the re-
spective thresholds, with the addition of the K*K~p threshold indicated by the
black dashed line. The predictions of the KKN [24] and ¢N [23] bound states are
shown as the cyan and green lines at arbitrary scales.

positive values of S, where it then remains flat. This quick change
with respect to W may indicate that a significant t-channel contri-
bution is lost and could be interpreted as a threshold effect, where
an off-shell contribution becomes on-shell above W = 1900 MeV.

The differential cross section extrapolated to tp, in Fig. 10 ex-
hibits a particularly pronounced drop in strength at W = 1900
MeV. The following subsections discuss these data in relation to
the predictions and evidence of bound hadronic states outlined in
the introduction.

3.1. The X(2000) pentaquark candidate

This new dataset is in a similar kinematic regime to the diffrac-
tive K+ =% production reported by the Sphinx Collaboration [28].
The proposed X(2000) became only apparent in the Sphinx Collab-
oration analysis when it was required that the K* (or =) trans-
verse momentum, pr was smaller than 141 MeV/c. For the BGOOD
data, pr at the cusp is labelled in Fig. 6 for each cosegM interval.
pr is approximately three times smaller in the most forward angle
interval than what could be accessed with the CLAS data, where
it becomes comparable to the Fermi momentum of the deuteron.
The quickly changing strength of the cusp with respect to pr could
suggest an extended, loosely bound meson-baryon system where
the constituents travel parallel at very low pr. The proposed width
of 91 MeV/c? ensures that the X(2000) would significantly overlap
the observed cusp.

3.2. Predicted hadronic bound states

Superimposed on Fig. 10 are the predicted KKp and ¢p bound
states [23,24]. The KK p state mass of 1920 MeV is exactly at the
cusp, and the width of 100 MeV (which is an approximation) ap-
pears comparable to the width of the cusp.

The predicted bound N¢ state [23] has a mass of approximately
1950 MeV, which appears immediately after the cusp. Ref. [23]
proposed the state could be produced experimentally using a gold
target, where due to Fermi momentum the ¢ could have suffi-
ciently low relative momentum to another spectator nucleon to
form a bound system. At the cusp at W = 1900, the three momen-
tum component of t is very similar (between 500 to 550 MeV/c)
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to the momentum at the maximum amplitude of the bound state
formation (see fig. 4 in ref. [23]).

The predicted strange pentaquark consisting of a bound
¥ (1385)K state is calculated to have a mass of 1873 and a bind-
ing energy of 7.4 MeV [22], lying approximately 20 MeV below the
cusp.

3.3. Near threshold behaviour of channels with open and hidden
strangeness

Cross section data for K* A (1405), K*=°(1385) and ¢p at tmin
are also shown on Fig. 10. The K*Y channels are from CLAS [42]
(an approximation from extrapolating graphical data), and the p¢
data are from the LEPS collaboration [43]. As all of the predicted
bound states described in the previous section have I = % the
K+x9(1385) has been multiplied by the corresponding Clebsch-
Gordan coefficient.

All four channels have thresholds close to the cusp. There ap-
pears to be an almost “smooth” transition between the K+ =9 and
p¢ cross sections. There also seems to be a similar behaviour of
the KT x%(1385) channel compared to K+ %°, where a pronounced
drop is observed at a similar W. Qualitatively, it could be argued
that a conserved quantity of ss constituent quark pairs is dis-
tributed across the different channels and bound states.

4. Conclusions

Differential cross sections for yp — K*%° for cos6f, > 0.9
have been measured from threshold to W = 1970 MeV. A strong
asset of this new dataset is the forward angular acceptance up to
cos eé(M = 1.0, exceeding previous CLAS measurements and having
only been previously achieved with SAPHIR at a lower precision.
With the large dataset and fine resolution in cos6k,, the BGOOD
experiment is able to resolve a cusp-like structure at W = 1900
MeV. No firm conclusions can yet be made, however the behaviour
may be indicative of re-scattering effects close to open and hidden
strange thresholds in an energy region where there are multiple
predictions of hadronic bound states.
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