Physics Letters B 832 (2022) 137277

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Evidence of a dibaryon spectrum in coherent 77 %7 % photoproduction
at forward deuteron angles

Check for
updates

T.C. Jude®*, S. Alef®2, R. Beck®, A. Braghieri9, P.L. Cole®, D. Elsner?, R. Di Salvo",

A. Fantini ¢, 0. Freyermuth ¢, F. Frommberger ¢, F. Ghio i A, Gridnev®, K. Kohl?,

N. Kozlenko ¢, A. Lapik’, P. Levi Sandri kv, Lisin/, G. Mandagliol’m, D. Moricciani H%1,

V. Nedorezov!-!, D. Novinskiy ¢, P. Pedroni¢, A. Polonskiy/, B.-E. Reitz*?, M. Romaniuk fn
G. Scheluchin®?, H. Schmieden?, A. Stuglev ¢, V. Sumachev ', V. Tarakanov ¢

2 Rheinische Friedrich-Wilhelms-Universitdt Bonn, Physikalisches Institut, NufSallee 12, 53115 Bonn, Germany

b Rheinische Friedrich-Wilhelms-Universitiit Bonn, Helmholtz-Institut fiir Strahlen- und Kernphysik, Nufallee 14-16, 53115 Bonn, Germany
¢ Petersburg Nuclear Physics Institute NRC “Kurchatov Institute”, Gatchina, Leningrad District, 188300, Russia

4 INFN sezione di Pavia, Via Agostino Bassi, 6, 27100 Pavia, Italy

€ Lamar University, Department of Physics, Beaumont, TX, 77710, USA

f INFN Roma “Tor Vergata”, Via della Ricerca Scientifica 1, 00133, Rome, Italy

& Universita di Roma “Tor Vergata”, Dipartimento di Fisica, Via della Ricerca Scientifica 1, 00133, Rome, Italy

N INFN sezione di Roma La Sapienza, Ple Aldo Moro 2, 00185, Rome, Italy

U Istituto Superiore di Sanita, Viale Regina Elena 299, 00161, Rome, Italy

I Russian Academy of Sciences, Institute for Nuclear Research, Prospekt 60-letiya Oktyabrya 7a, 117312, Moscow, Russia
K INFN - Laboratori Nazionali di Frascati, Via E. Fermi 54, 00044, Frascati, Italy

U INFN sezione Catania, 95129, Catania, Italy

™ Universita degli Studi di Messina, Dipartimento MIFT, Via E S. D’Alcontres 31, 98166, Messina, Italy

M Institute for Nuclear Research of NASU, 03028, Kyiv, Ukraine

ARTICLE INFO ABSTRACT

Article history: The coherent reaction, yd — 7% % was studied with the BGOOD experiment at ELSA from threshold
Received 25 March 2022 to a centre-of-mass energy of 2850MeV. A full kinematic reconstruction was made, with final state
Received in revised form 10 June 2022 deuterons identified in the forward spectrometer and 79 decays in the central BGO Rugby Ball.

Accepted 29 June 2022
Available online 2 July 2022
Editor: D.F. Geesaman

The strength of the differential cross section exceeds what can be described by models of coherent
photoproduction and instead supports the three isoscalar dibaryon candidates reported by the ELPH
collaboration at 2.38, 2.47 and 2.63 GeV/c2. A low mass enhancement in the 797 ° invariant mass is also

Keywords: observed at the d*(2380) centre-of-mass energy which is consistent with the ABC effect. At higher centre-
BGOOD of-mass energies, a narrow peak in the 7°d invariant mass at 2114 MeV/c?> with a width of 20 MeV/c?
Dibaryon supports a sequential two-dibaryon decay mechanism.

Coherent photoproduction © 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction symmetry for baryons, denoted Dy for isospin I and spin J. With
the addition of the ground state deuteron, Dgi, and the virtual
unbound state, Dg, observed as structure in NN scattering, four
non-strange states, D12 and Dy1 (NA), and Dys and D3p (AA)
were predicted, the masses of which were determined from the
deuteron mass and nucleon scattering data. These calculations led
to a plethora of searches for dibaryon states throughout the 1960s
and 70s, focussing mainly on isovector (I = 1) dibaryon candidates
with mixed interpretations (for a recent review see ref. [2] and ear-
¥ Correspondi lier reviews in refs. [3,4]). In addition to genuine dibaryon states,
orresponding author. .
E-mail address: jude@physik uni-bonn.de (T.C. Jude). One Pion Exchange models (OPE) between nucleons, for example,
1 Deceased. were also used to describe peaks observed in wmwd and wd sys-
2 No longer employed in academia. tems [5,6].

Our understanding of hadron structure and relevant degrees
of freedom is a crucial test for QCD in the low energy non-
perturbative regime. Until recently, the deuteron was considered
the only bound dibaryon system, however as early as 1964, Dyson
and Xuong [1] predicted a sextet of dibaryon states from SU(6)
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Structures in the mass range of the suspected d*(2380) hex-
aquark, first identified in the fusion reaction pn — dz%n® [7,8]
have sparked renewed interest in dibaryon searches in the non-
strange sector (see ref. [9] for a review), particularly for isoscalar
(I = 0) dibaryon candidates. A strong indication of the d*(2380),
with IJP =03%, has been observed in a multitude of final states
and observables [10-16], and it has been considered the Dys3 in
a AA configuration. This agrees with the predictions of Gold-
man [17], a three-body m NA calculation of Gal and Garcilazo [18,
19], and is further supported by partial wave analyses (see for ex-
ample refs. [11,12]). Indirect evidence of the d*(2380) may first
have been observed in the 1960’s via low mass enhancements of
the 7%70 invariant mass [20-22] and named the ABC effect after
the authors, Abashian, Booth, and Crowe.

Models employing OPE mechanisms and “box-diagrams” have
also been used recently in an attempt to describe the d*(2380)
structure [23,24]. It is not clear however that such models can
achieve the measured narrow width of 70MeV/c? and also to
describe the data consistently well over the broad range of kine-
matics and reaction channels that the d*(2380) has been observed
in [25].

Numerous calculations have determined a sizeable colour con-
fined hexaquark component of the d*(2380) (see for example,
ref. [26]) and if it exists, its structure and properties may have
important astrophysical implications [27,28]. Electromagnetic pro-
duction of a dibaryon directly from the deuteron ground state
would impose constraints on its size and structure via transition
form factors. The ELPH collaboration measured the yd — 7%7°
cross section [29] which was in agreement with the coherent
photoproduction model of Fix, Arenhovel and Egorov [30,31]. The
lowest energy data point at approximately E, = 570MeV how-
ever suggested a d*(2380) contribution, which is also supported
by preliminary data from the A2 collaboration [32]. An additional
ELPH dataset at higher energies [33] exhibited peaks at 2.47 GeV/c?
and 2.63 GeV/c2 which could be described by the quasi-free exci-
tation of one nucleon followed by a coalescence of the nucleons to
the deuteron. The angular distributions however were suggested to
originate from two isoscalar dibaryons in the reaction mechanism.
There was also an indication of the 2.14 GeV/c? isovector Diy in
the w%d invariant mass spectrum.

The reaction yd — 7°%7%d is an ideal channel to search for
dibaryons. The isoscalar final state is only sensitive to intermedi-
ate isoscalar dibaryons, compared to yd — 7 "7 ~d which also has
isovector coupling and background contributions from the large
yNm* coupling in the Kroll-Ruderman term (see for example
ref. [30]). Isovector dibaryons can still be identified in the 77°d in-
variant mass via sequential dibaryon decays. The suppressed cross
section for conventional coherent processes, which reduces quickly
with momentum transfer to the deuteron, may also help to iden-
tify structure originating from dibaryon formation.

Experimentally, a kinematic complete identification of the re-
action with a clean separation of deuterons and protons is es-
sential to separate the small number of events from coherent
reactions compared to the large amount of non-coherent quasi-
free events from y p(n) — 7%z %p. The BGOOD experiment [34] at
ELSA [35,36] described in sec. 2 is ideal as the Forward Spectrom-
eter cleanly separates charged particles via their mass reconstruc-
tion and the BGO Rugby Ball identifies neutral meson decays.

This letter presents differential cross section data for yp —
7979 at forward deuteron angles, which cannot be described via
a conventional coherent reaction as this is strongly suppressed due
to the large momentum transfer to the deuteron. The data is in-
tended to shed more light on the dynamics of two-baryon systems
at forward angles and the contrasting interpretations of earlier
observed structures. Combined with the recent measurements in
the isoscalar channel referenced in this introduction, the data will
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hopefully aid the possible discovery and characterisation of gen-
uine dibaryon resonances.

2. Experimental setup and analysis procedure

BGOOD [34] is comprised of two main parts: a central region,
ideal for neutral meson identification, and a forward spectrometer
for charged particle identification and momentum reconstruction.
The BGO Rugby Ball is the main detector over the central region,
covering laboratory polar angles 25 to 155°. The detector is com-
posed of 480 BGO crystals for the reconstruction of photon mo-
menta via electromagnetic showers in the crystals. The separate
time readout per crystal enables a clean separation and identifica-
tion of neutral meson decays. Between the BGO Rugby Ball and the
target are the Plastic Scintillating Barrel for charged particle identi-
fication via AE — E techniques and the MWPC for charged particle
tracking and vertex reconstruction.

The forward spectrometer covers a laboratory polar angle 1 to
12°. The tracking detectors, MOMO and SciFi are used to track
charged particles from the target. Downstream of these is the
Open Dipole Magnet operating at an integrated field strength of
0.216T-m. A series of eight double sided Drift Chambers track
charged particle trajectories after the curvature in the magnetic
field and are used to determine particle momenta with a reso-
lution of approximately 6%.> Three Time of Flight (ToF) Walls down-
stream of the drift chambers determine particle 8 and are used in
combination with the measured momentum for particle identifica-
tion via mass determination. Track reconstruction in the Forward
Spectrometer is described in ref. [34].

The small intermediate region between the central region and
the Forward Spectrometer is covered by SciRi, which consists of
concentric rings of plastic scintillators for charged particle detec-
tion.

The deuterium target data presented was taken over 26 days
using an 11 cm long target and an ELSA electron beam energy of
2.9GeV. The electron beam was incident upon a thin diamond ra-
diator* to produce an energy tagged bremsstrahlung photon beam
which was subsequently collimated. The photon beam energy,
E,, was determined per event by momentum analysing the post
bremsstrahlung electrons in the Photon Tagger. The total number of
energy tagged photons from E,, =450 to 1200 MeV was 7.5 x 10'2.
The hardware trigger used for the presented analysis required an
energy tagged incident photon and an energy deposition in the
BGO Rugby Ball of approximately 150 MeV (see ref. [37] for de-
tails).

Candidate events were selected where exactly four photons
were identified in the BGO Rugby Ball (via a veto with the Plas-
tic Scintillating Barrel) and one charged particle in the Forward
Spectrometer, corresponding to the two 7% — yy decays and a
forward going deuteron. Events were rejected if any additional
charged particle was identified.

The invariant mass of each two photon system was required
to be within 40MeV of the w° mass (corresponding to approxi-
mately 2.50). For a given event, all combinations where two 7°
from the four photons could be reconstructed were retained for
further analysis.

Two mass determinations of the forward going particle were
made per event. The first was the mass reconstruction in the for-
ward spectrometer via momentum and 8 measurements, referred

3 The resolution improves to 3% if the Open Dipole Magnet is operating at the
maximum field strength of 0.432T-m.

4 A 560pm thick diamond radiator mounted on a 65um thick kapton foil was
used to produce coherent, linearly polarised photon beam with a maximum polar-
isation at a beam energy of 1.4 GeV, however the polarisation was not required for
the presented analysis.
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Fig. 1. Measured mass, with the requirement that 270 are identified in the BGO
Rugby Ball and the forward going particle momentum is between 800 to 950 MeV/c.
(a) All events from the dataset are shown in blue. The red line corresponds to events
passing additional selection criteria described in the text and scaled by a factor of
2000. (b) A fit to the events (black circles) passing the additional selection crite-
ria, including simulated 7%7% events (shaded green area) and quasi-free proton
background (blue curve). The total fit is the red curve.

to as the measured mass. The second was the missing mass re-
coiling from the w97 ® system, referred to as the 7 %79 missing
mass. For the dominant quasi-free background reaction, y p(n) —
7979, the measured mass is peaked at the proton mass, whereas
the 797 % missing mass is higher than the deuteron mass and in-
creases with E, due to the assignment of the target mass to that
of the deuteron.

The blue histogram in Fig. 1(a) shows the measured mass af-
ter two 7% have been identified. There is a small peak at the 7+
and a larger peak at the proton mass from quasi-free production.
The peak corresponding to deuterons is barely discernible in the
high energy tail of the proton candidates. Additional selection cri-
teria were used to enhance the signal from deuterons in order to
visualise the mass distribution. The angle between the missing mo-
mentum from the w97 ® system and the forward going charged
particle was required to be smaller than 7.5° and the 7 %70 miss-
ing mass was required to be lower than 1900 MeV/c? to remove
background from quasi-free production off the proton. The red his-
togram in Fig. 1(a) (scaled to equal the number of protons in the
blue spectrum) shows the measured mass after these selection cri-
teria, where a peak at the deuteron mass is clear. Fig. 1(b) shows
the same data (not scaled and with finer binning), where a fit has
been made using simulated yd — w979 events and real data of
quasi-free production off the proton, with good agreement to the
data.

The mass distribution in Fig. 1(b) was used to determine a
sensible deuteron mass selection cut for the measured mass, after
which the selection criterion on the 27 missing mass to enhance
the deuteron signal was removed. The measured mass was subse-
quently required to be between 1550 to 2500 MeV/c2, correspond-
ing to 1.30 below to 2.60 above the deuteron mass (approximat-
ing the distribution as Gaussian). The asymmetric selection limited
the contribution of background from quasi-free protons.

The %70 missing mass after these selection criteria is shown
in Fig. 2. A peak at the deuteron mass of 1876 MeV/c? is evi-
dent, with background from quasi-free production off the proton at
higher mass. This background contribution is described by chang-
ing the measured mass selection to between 600 to 1300 MeV/c?
over the proton mass.” A fit was made to extract the yield of
yd — 7%7% events using this quasi-free background and sim-
ulated 797 % events with a phase space distribution. The two
distributions, shown in Fig. 2 as the shaded green and blue regions

5 An alternative method to describe the quasi-free background was studied us-
ing liquid hydrogen data and selecting forward particles with a measured mass over
the deuteron mass region. The lower statistics and the absence of the target Fermi
motion however demonstrated that selecting the quasi-free events from the liquid
deuterium data was preferred.
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Fig. 3. yd — 7°7%d detection efficiency for congM > 0.8 assuming a phase space
distribution and an intermediate isovector dibaryon (black circles and red squares
respectively). The efficiency of detecting background channels despite selection cri-
teria removing most events are shown as the green and blue triangles for yd —
797979 and yd — nm°d respectively.

are scaled to minimise the x? per degree of freedom for each E,
interval.

Fig. 3 shows the detection efficiency for the reconstruction of
yd — 7%7%d events assuming a phase space distribution and if a
sequential decay of two dibaryons is assumed (discussed later in
sec. 3). The differential cross section in sec. 3 used the weighted
detection efficiency of these two distributions, indicated by the
purple stars.

Simulated coherent production of 377%d and 57 °d events were
used to investigate possible background from these channels where
the cross sections are poorly known. The false efficiency of the ex-
tent that these channels pass the selection criteria is also shown



T.C. Jude, S. Alef, R. Beck et al.

w
[=)

n
o

N
o

Counts per 20 MeV/c?
S

-
)]

E, = 885 MeV
W = 2615 MeV

10

000 2200
Missing mass to 210 [MeV/c?]

Fig. 4. An example of systematic uncertainties evident in w%mw® missing mass at
E, =885MeV. (a) A “standard” fit using the simulated signal and quasi-free proton
background, as is shown in Fig. 2. (b) The inclusion of additional background from
simulated yd — 37°d events (filled magenta). (c) Using a liquid hydrogen target.

in Fig. 3. With approximately 25% relative to the 797 efficiency,
it is clear that they cannot be neglected. The 7%7° missing mass
spectra were therefore also fitted including the additional simu-
lated background channels. The fit could accommodate a signifi-
cant fraction of 37w % background, an example of which is shown
in Fig. 4(b). This additional background however was predomi-
nantly under the quasi-free proton events and did not significantly
affect the extracted yield of the 7%7% channel or the x? per de-
gree of freedom of the fit over most of the beam energy range.
The systematic uncertainty in the yield extraction arising from
this background contribution increased approximately exponen-
tially with beam energy, and was estimated as 5%, 12% and 26%
for E, =900, 1000 and 1100 MeV respectively. The systematic un-
certainty arising from reactions off the target cell windows was
determined by an equivalent analysis of data using a hydrogen tar-
get. Shown in Fig. 4(c), it is clear there is negligible signal with
only background from reactions off the proton. The uncertainty
was therefore considered to be 1% or less.

Systematic uncertainties from the modelling of the detector ef-
ficiencies (3.6%), forward track finding (1.0%), timing cuts (2.0%)
and beam spot alignment (4.0%) were measured previously [37].
Systematic uncertainties from the 7% — yy identification (3.5%
for both 7°) and the angle selection cut between the missing
and measured deuteron momentum (1.0%) were determined by an
equivalent analysis of the reaction yp — 7%7%p with a hydrogen
target where the beam and trigger conditions were identical to the
deuterium target dataset. The measured differential cross section
(not shown) gave a good agreement to previous results from the
A2 Collaboration [38].

3. Results and interpretation
3.1. The yd — %7 0d differential cross section versus W

The differential cross section for cos Q(C:IM > 0.8 (where QgM is
the centre-of-mass polar angle of the deuteron) is shown in Fig. 5.
The data peaks at W ~ 2650 MeV with a cross section of 4 nb/sr.
This is approximately an order of magnitude higher than the model
prediction of Fix, Arenhovel and Egorov [30,31] which assumed
coherent production off the deuteron, where at forward angles
the cross section falls very quickly due to the increasing momen-
tum transfer. For cos QgM > 0.8 at W =2300 and 2800 MeV, the
three-momentum transfer to the deuteron is 0.4 and 1.0 GeV/c re-
spectively, which is much higher than the Fermi momentum of the
constituent nucleons (typically 80 MeV/c) and therefore what can
be transferred to the deuteron for it to remain intact.

Physics Letters B 832 (2022) 137277

do/dQ [nb/sr]
[6)]
T T 1T ‘
———

2300 2400 2500 2600 2700 2800
W [MeV]

Fig. 5. yd — 7% differential cross section for cosf%,> 0.8. Systematic errors
are the grey bars on the abscissa. Superimposed is the model prediction from Fix,
Arenhével and Egorov [30,31] scaled by a factor of five (green line), and the toy
pickup model set at an arbitrary scale (red line, see text for details).
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Fig. 6. Possible mechanisms contributing to the yd — 7% %d reaction. (a) The Toy
pickup model described in the text. (b) A sequential dibaryon decay mechanism.

Fig. 5 also shows the results from a toy pickup model depicted
in Fig. 6(a) arbitrarily normalised to fit the data. The model does
not include intermediate dibaryons, but instead A%r* are pro-
duced in a quasi-free reaction off the proton and the 7 subse-
quently rescatters off the spectator neutron, producing a A™. This
model uses the same diagram as a conventional AA excitation
by t-channel meson exchange that was previously suggested as a
mechanism for the ABC effect [39-42] before it was attributed to
the d*(2380). In the model, the proton and neutron from the de-
cays of the As coalesce to form the deuteron in the final state if
their relative momentum is smaller than a momentum sampled
from the internal Fermi momentum distribution of the deuteron.
On-shell momentum and energy conservation is assumed, with the
Breit-Wigner mass and width of the A and the spin dependent
(1 4+ 3cos®6) decay angular distribution. A uniform initial state
photon energy distribution was used, and the output was weighted
according to the pion exchange propagator, 1 /(m?r +g¢%)2, where
q is the pion momentum in the centre-of-mass frame of the 7w+
Nspectator System. An additional q* weighting was assumed for the
dominant magnetic coupling at the y pA°r+ vertex. The model is
simplistic and used only to judge if this or a similar mechanism
could provide a significant contribution to the observed spectrum
and if so over which range of W. The toy model produces a broad
distribution which peaks roughly at twice the A mass. The distri-
bution is at an arbitrary scale and would need to be weighted by
the Am photoproduction cross section for an accurate determina-
tion, however it is clear that the width and shape cannot describe
the yd — 7979 excitation spectrum alone. Other combinations
of higher lying resonances were also investigated, where the mass
distributions became broader and moved to higher energies, but
also could not describe the data.

Fig. 7 shows the same differential cross section data but fit-
ted with the d*(2380) and the two additional isoscalar dibaryons
reported by the ELPH collaboration [33]. A Breit-Wigner function
is assumed for each dibaryon candidate, with masses and widths
fixed from ref. [33] but not their relative amplitudes. A term pro-
portional to the square of the centre-of-mass momentum is also
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points are the differential cross section for the first of the sequential dibaryon can-
didate determined from the 7% invariant mass distributions shown in Fig. 9 with
a Breit-Wigner function fitted and the mass and width labelled inset. Only the sta-
tistical uncertainties are shown.

included. This is a small contribution, rising slowly with W and
approximates the phase space available to the deuteron and two
79 in the final state. The fit used the statistical and fitting system-
atic uncertainties summed in quadrature and achieved a x? per
degree of freedom of 0.96. The fit therefore is consistent with the
three dibaryon scenario, however the limited statistical precision
and resolution in W cannot rule out other reaction mechanisms.
The inclusion of the d*(2380) is tentative, for example, as a reason-
able x?2 per degree of freedom of 1.35 is achieved if it is omitted
and any small enhancement at low W could also be described by
variations of the toy pickup model described above.

The blue squares and fit showing a proposed sequential di-
baryon decay are discussed in sec. 3.3.

3.2. 797° and 7% invariant mass distributions over the d*(2380)
mass range

Fig. 8 shows the invariant mass of the 7% and 7°%7? sys-
tems for W from 2270 to 2441 MeV (corresponding to five tagger
channels). This is centred over the d*(2380) mass, covering ap-
proximately 90% of the Breit-Wigner function in Fig. 7. Background
from quasi-free production off the proton was subtracted by scal-
ing the background according to the fit to the w970 missing mass
spectra in Fig. 2. Only events within 30 of the deuteron mass in
the missing mass spectra were included to reduce the amount of
quasi-free background required to be subtracted. An additional sys-
tematic uncertainty of 10% for the subtraction of this background
was estimated by varying the selection cut, giving a total of 13.5%
when combined in quadrature with the other systematic uncer-
tainties.

The phase space distribution gives a reasonable description of
the 70d invariant mass in Fig. 8(a), with qualitative agreement
to the w97 ¥ invariant mass in the previous photoproduction data
from the ELPH collaboration [29]. Also shown is the invariant mass
for double pionic fusion to deuterium at W = 2380 MeV [7], which
is narrower than the data.

The 7970 invariant mass in Fig. 8(b) exhibits a low mass en-
hancement and a dip at approximately 0.34 GeV/c2. This also ap-
pears to be in agreement with the ELPH collaboration data and is
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line, only shown in (b)).

similar to the ABC effect in refs. [7,8] which was attributed to the
d*(2380). The cyan and magenta lines (scaled to match the data
at 0.29GeV/c?) show the distribution in double pionic fusion to
deuterium [7] and “He [43] respectively, where in both cases it is
interpreted that an intermediate d*(2380) is formed. Qualitatively
there is a good agreement and is preferred over the phase space
spectrum, despite limited statistical precision. A fit was made (not
shown) to the data including the double pionic fusion to deuterium
spectrum and a Gaussian distribution centred around 0.4 GeV/c?
to describe the higher invariant mass range. A x% per degree of
freedom of 1.18 was achieved, which is an improvement over 1.39
when fitting with only a phase space distribution. A differential
cross section for yd — d*(2380) — %7 % was subsequently de-
termined as (22 = Ggtat = 4sys) Nb/st for cos egM> 0.8. The system-
atic uncertainty was estimated by varying fit parameters and by
comparing the fits using the different double pionic fusion spectra.
The angular distribution of the d*(2380) is already well deter-
mined in fusion reactions (see for example, ref. [7]), and so the
total cross section can be extrapolated to (11.3£3.25t5¢+2.75ys) nb.
This is of a similar order of magnitude to what was determined us-
ing an extended chiral constituent quark model in ref. [44], where
the resonance peak was calculated (assuming certain caveats) as
1.4 nb. With improved statistics, this fitting method to the ABC ef-
fect can enable a particularly accurate d*(2380) photoproduction
cross section measurement.

3.3. Proposed sequential dibaryon decay for W > 2500 MeV

For W higher than 2500 MeV, a double peaking structure is
observed in the 7% invariant mass (Fig. 9 (left panels)), which
is similar to what was observed by the ELPH Collaboration [33],
where it was interpreted as an isovector dibaryon with a mass of
2140 + 11 MeV/c? and a width of 91 + 11 MeV/c? from the decay
of an isoscalar dibaryon. This is depicted in Fig. 6(b), where the
N*N and AN configurations are proposed as dibaryons in the se-
quential decay. This reaction mechanism was input to the BGOOD
simulation where the mass and width of the isoscalar dibaryon
was varied until a comparison to the real data over multiple W
intervals achieved a minimal 2. Shown in Fig. 9 (left panels) as
the blue line with an additional phase space contribution in green,
a mass of 2117 MeV/c? and a width of 20 MeV/c? proved optimal.
The higher energy broader peak is the reflection of the uncorre-
lated 79 combination. A systematic uncertainty of 10 MeV/c? is
attributed to the mass due to the energy calibration of the BGO
Rugby Ball. The mass is comparable to the mass of 2140 MeV/c?
determined by the ELPH collaboration when accounting for the sta-
tistical and systematic uncertainties in both measurements.

The measured 20MeV/c? width of the dibaryon candidate is
approximately the same as the experimental 7%d mass resolu-
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Fig. 9. Differential cross section versus the invariant mass of the (left panels) 7%
and (right panels) 7970 system for cosegM > 0.8 and W intervals labelled inset
(corresponding to four tagger channels each). The measured data are the black data
points and the systematic uncertainties are the grey bars on the absisca. The fitted
distribution to the 7%d invariant mass (red line) is comprised of phase space (green
line) and proposed sequential dibaryon decay (blue line) contributions.

tion and can therefore be considered an upper limit. This is much
narrower than the width of 91 MeV/c? reported by the ELPH col-
laboration, which cannot be accounted for in this data and cannot
give a satisfactory fit. The fact that the peak is below the NA
threshold and is much narrower than the A may suggest this is a
genuine dibaryon state. Similarly to the ELPH measurement how-
ever, a phase distribution for each of the decays was assumed,
which does not take into account angular momentum and a prop-
erly coupled two 70 system, the dynamics of which may affect
the 79d invariant mass distributions. These reasons and alterna-
tive mechanisms may yet explain the small deviation in mass and
significantly different width of the observed structure.

The proposed dibaryon sequential decay and phase space con-
tributions are superimposed onto the 7970 invariant mass dis-
tributions in Fig. 9 (right panels). Unsurprisingly, the two distri-
butions are similar as the simulation used relative s-wave (phase
space) distributions for the dibaryon decays. Whilst this distribu-
tion describes the data reasonably well, in all three W intervals
there appears some structure between 0.4 to 0.5 GeV/c? which
may hint at dynamics beyond relative s-wave decays, albeit lim-
ited by statistical precision. This structure in the 7%7° invariant
mass distribution can be more clearly seen in Fig. 10, where W
extends over the full range of the sequential dibaryon decay candi-
date. A dip at 0.45GeV/c? is observed, where the strength reduces
by approximately 50%. The modelled distribution gives a poor de-
scription with a x 2 per degree of freedom of 2.55, however an im-
provement can be made by including dibaryon decays with higher
angular momenta. Shown in Fig. 10, changing the angular mo-
mentum of both the first and second dibaryon decays to relative
p-wave for example gives an improved fit with a x? per degree
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Fig. 10. 7°7° invariant mass distribution for 2523 < W < 2738 MeV (over the pro-
posed sequential dibaryon decay). The shaded red distribution is comprised of the
phase space (thick green line) and two sequential dibaryon decays both in s-wave
(shaded blue area). The thick red line is comprised of the phase space and the two
sequential dibaryon decays both in p-wave (thick blue line).

of freedom of 1.78. This is only a demonstration of the impact the
angular distributions may have, without including dynamics which
may arise from a properly coupled two 70 system.

The 79 invariant mass for each W interval was fitted to ex-
tract the differential cross section of the proposed sequential decay
in Fig. 6(b), shown as the blue squares in Fig. 7. A Breit-Wigner
function was fitted, extracting a mass of (2618 + 14)MeV/c? and
width of (148 & 29)MeV/c? with a x? per degree of freedom of
1.18. Both the mass and width agree with the proposed high-
est mass dibaryon from the ELPH collaboration [33] (also fitted
in Fig. 7). A full implementation of angular momentum dynam-
ics is required to properly describe any sequential decay, however
the evidence is at least consistent with the observation of two de-
cay modes of an isoscalar dibaryon, either directly to w97 % or
to 79Dy, where the D, is an NA configuration. It is interest-
ing to note that the mass and width are compatible with a bound
N(1680)5/2*N dibaryon system. Numerous other four star reso-
nances® have a similar mass to the N(1680), however couple less
strongly to m N and with smaller photoproduction cross sections.
The positive parity also requires a decay with odd relative angu-
lar momentum to the NA 7 system, which is both supported by
the 7%70 invariant mass distribution, where two relative p-wave
decays give an improved description, and by the change in spin
required of the constituents in the two dibaryon candidates.

4. Conclusions

The differential cross section for the coherent reaction, yd —
7%7% has been measured at BGOOD for cos6%,> 0.8 via the
identification of 7% — yy in the BGO Rugby Ball and the deuteron
in the Forward Spectrometer. In this kinematic regime, the mo-
mentum transferred to the deuteron is significantly higher than
the internal Fermi momentum and prevents the strength and
shape of the excitation spectra being described by the conven-
tional coherent photoproduction models of Fix, Arenhdvel and
Egorov [30,31], or by a simplistic toy model of quasi-free pro-
duction where final state nucleons coalesce to form the deuteron
via Am rescattering. Instead, the data supports the findings of
the ELPH collaboration, with proposed isoscalar dibaryon states at
2380, 2470 and 2630MeV/c2. The lowest of these states agrees
in mass and width to the d*(2380) dibaryon. Finer W resolution
and higher statistical precision is needed for confirmation how-
ever.

A low mass enhancement in the invariant mass distribu-
tion at low W agrees with the ABC effect and adds credence to the

07.[0

6 As defined by the Particle Data Group [45].
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d*(2380) contributing to the excitation spectrum. With knowledge
of the d*(2380) angular distribution, fitting to this spectrum en-
ables an extraction of the yd — d*(2380) — 7%7 % cross section
of (11.3 4 3.25tar = 2.75ys) Nb.

A peak in the 70d invariant mass at 2114 MeV/c? supports the
case of the isovector dibaryon reported by the ELPH collabora-
tion. A striking feature of this new data is the narrow width of
less than 20 MeV/c?, conflicting with the 91 MeV/c? width reported
at ELPH. The differential cross section with respect to W is de-
scribed well by the proposed 2630 MeV/c? dibaryon and supports
the sequential decay of an isoscalar to an isovector dibaryon decay
mechanism.
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