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Status of N∗ spectroscopy

Constituent quark models Vs. experiment

General agreement of N∗ and ∆ spectra, however the
“Missing resonance problem” persists

Cannot also describe the parity
ordering of lowest states, despite:

Wealth of γN data - ELSA,
MAMI, GRAAL & CLAS

Sophisticated PWA, eg
Bonn-Gatchina

Much improved understanding
of known resonances, but few
new states observed

Relevant degrees of freedom?

3 quark states only?

Molecule-like states,
meson-baryon degrees of
freedom?

Glozman & Riska, Phys. Rep. 268 (1996) 263,
Garcia-Recio et al., PLB 582 (2004) 49,
Lutz & Kolomeitsev, PLB 585 (2004) 243
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1. Motivation - parallels in strange & charmed quark sectors?

Structure of the Λ(1405)

Well established since the 1960’s -
considered a K̄N molecule prior to the
quark model
Dalitz & Tuan, PRL 2 (1959) 425

PDG until 2016 - a 3-quark state - now a
K̄N molecule most probable

Difficult to reconcile within a CQM:

Mass too low compared to
N∗(1535)
Large spin orbit splitting to Λ(1520)

Lies between the πΣ & K̄N thresholds

 K. Moriya (CLAS) 
PRC 87, 035206 (2013)

Λ(1405) - dynamically generated by meson-baryon
interactions? Nacher, Oset, Toki, Ramos, & Meißner, NPA725 (2003)181

LQCD: Hall et al., PRL 114 (2015) 132002

UχPT: Molina & Döring, PRD 94, 056010 & 079901 (2016)
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1. Motivation - parallels in strange & charmed quark sectors?

Cusp in the γp → K 0Σ+ cross section

This & earlier CBELSA/TAPS data

K0Σ+ + K*Σ+
M. Nanova et al., 

EPJA35, 333 (2008)

 R. Ewald et al., PLB 713 (2012) 180 (CBELSA/TAPS)

K ∗0 sub-threshold
production rescattering to
π0 & K 0?

Off the proton - destructive interference of  
dynamically generated N*s

Prediction off the neutron - constructive 
interference of  dynamically generated N*s

Ramos & Oset, PLB 727, (2013) 287

The same model - PC 
states as meson-baryon 
dynamically generated!  
Smoking gun for similar 
states in the uds sector
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1. Motivation - parallels in strange & charmed quark sectors?

Parallels between charmed & strange sectors

Charmed-sector Strange-sector
Meson Baryons Meson Baryons

State(s) X (3872) P∗
c (4380/4457) f1(1285) N∗(2030/2080)

π exchange transition D∗0D̄0/D0D̄∗0 Λ∗
c D̄ + ΣcD̄

∗ K∗K̄/KK̄∗ Λ∗K̄ + ΣK̄∗

Quantum numbers JPC = 1++ JP = 3/2− JPC = 1++ JP = 3/2−

3-body threshold D0D̄0π0 Σ+
c D̄

0π0 KK̄π ΣK̄π0

Closed flavour thresh. J/ψω χc1p φf0(500) φp

BGOOD at the ELSA facility, Bonn:

Photoproduction in the uds sector

Charged particle identification at extremely forward angles -
reaction dynamics at very low momentum exchange

K

N

K

Λ / Σ

π

K*γ

K+

p

K+

Λ(1405)

γ
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1. Motivation - parallels in strange & charmed quark sectors?

The BGOOD experiment
Eur. Phys. J. A 56:104 (2020)

Spokespersons: H. Schmieden (Bonn)
& P. Levi Sandri (Frascati)

Located at ELSA (Uni Bonn) - A 3 stage e−

accelerator - continuous beams up to 3.2 GeV

BGO calorimeter (central region) & Forward
Spectrometer combination

High momentum resolution, excellent charged
& neutral particle ID
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1. Motivation - parallels in strange & charmed quark sectors?

The BGOOD experiment, Eur. Phys. J. A 56:104 (2020)
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1. Motivation - parallels in strange & charmed quark sectors?

Analysis example - mass recoiling from forward K+

The study of Y ∗ states in an extremely low momentum transfer region
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Identify Y ∗ states from K+π0 recoiling mass

K+Λ→ K+π0n (Missing neutron mass from K+π0 system)

K+Λ(1405)→ K+π0Σ0 (Missing Σ0 mass from K+π0 system)

K+Σ(1385)→ K+π0Λ (Missing Λ mass from K+π0 system)
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3. Exotic structure in associated strangeness photoproduction?

γn→ K 0Σ0
K. Kohl PhD thesis, arXiv:2108.13319 (2021) (submitted to EPJA)

Peak predicted - “smoking gun” for
reaction mechanism - Equivalent model
that predicted the PC states as
dynamically generated
A. Ramos and E. Oset, PLB 727, (2013) 287

identified via K 0 → 2π0 &
Σ0 → γ(Λ→ pπ−)

Consistent with model prediction - more
statistics required for definitive statement

More data now available

Model prediction - Ramos & Oset, PLB 727, 287 (2013)
Squares - Akondi et al. (A2) EPJA 55 11, 202 (2019),
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3. Exotic structure in associated strangeness photoproduction?

γp → K+Λ(1405)→ K+(Σ0π0)
G. Scheluchin PhD thesis, arXiv:2007.08898 (2021), submitted to PLB

Line shape - good agreement with
previous data

This data & ANKE - 2 peak structure at 1395
& 1425 MeV/c2?

Close to the Λ(1405) proposed 2-pole
structure
Oller & Meißner, PLB 500, 263 (2001)

Cross section of poles appears to change at
forward angles

K+ in the forward spectrometer
(σMass ∼ 13 MeV/c2, cos θKCM > 0.86):
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3. Exotic structure in associated strangeness photoproduction?

γp → K+Λ(1405)→ K+(Σ0π0)
G. Scheluchin PhD thesis, arXiv:2007.08898 (2021), submitted to PLB

Triangle singularity in γp → K+Λ(1405)
Wang et al. PRC 95, 015205 (2017)

N∗(2030) proposed for cusp in K 0Σ+!

N∗(2030) close in mass & strong coupling to
K∗Σ
K∗Σ molecular component?
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3. Exotic structure in associated strangeness photoproduction?

Forward γp → K+Λ, Eur. Phys. J. A (2021) 57:80

Low t data - constraint on hypernuclei electroproduction

Forward angles - sensitive to high spin N∗
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3. Exotic structure in associated strangeness photoproduction?

γp → K+Σ0
T.C. Jude et al., Phys. Lett. B 820 (2021) 136559

Highest statistics to date for cos θKCM > 0.9 (CLAS data in cos θKCM 0.85 to 0.95)
Resolve discrepancies in world data set & reveals “cusp” at W ∼ 1900 MeV
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3. Exotic structure in associated strangeness photoproduction?

γp → K+Σ0
T.C. Jude et al., Phys. Lett. B 820 (2021) 136559

Data extrapolated to tmin & cos θKCM = 1
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The Cusp is....

at predicted KK̄p and φp bound states

20 MeV above predicted bound Σ(1385)K state

Channel thresholds:

A “smooth” transition between K+Σ0 & pφ

Similar behaviour of K+Σ0(1385)

Evidence that the Jülich-Bonn dynamical
coupled-channel analysis can describe the “cusp”
D. Rönchen, priv. comm. 2022
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3. Exotic structure in associated strangeness photoproduction?

The BGOOD experiment at ELSA - the story so far

Molecular-like structure in the uds sector?

BGOOD - photoproduction at forward angles & low momentum
transfer Eur. Phys. J. A 56:104 (2020)

γn→ K 0Σ0 - dynamically generated meson-baryon resonance
contributions? (parallels to PC states)
arXiv:2108.13319 (2021), submitted to EPJA

γp → K+(Λ(1405)→ Σ0π0) - triangle diagram mechanism?
arXiv:2007.08898 (2021), submitted to PLB

Cusp in γp → K+Σ0 - at thresholds & bound state predictions
PLB 820 (2021) 136559

Forward γp → K+Λ Eur. Phys. J. A (2021) 57:80
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3. Exotic structure in associated strangeness photoproduction?

The BGOOD experiment at ELSA - What is next?
Exotic structures in the light quark sector?

More data this year
Aerogel Cherenkov - forward K+/π+ separation
Higher statistics study in the strangeness sector

K 0Σ channels & different Λ(1405) decay modes
K+Σ− J. Groß, PhD analysis, Uni Bonn

K∗Σ A. Figueiredo, Bachelor thesis 2020, & L. Bauchage, Bachelor thesis 2022, Uni Bonn

In the non-strange sector...

“Dibaryon” searches in coherent reactions

γd → 2π0d TJ, arXiv:2202.08594, submitted to PLB

γd → 3π0d A. Stirner, Masters thesis 2021, Uni Bonn

γd → π0ηd L. Lutter, bachelor thesis & TJ, Proof of principle tests

η′ near threshold S. Alef, PhD thesis 2021, Uni Bonn

γp → π0η: a0 & a2 studies at low p transfer A. Sonnenschein, Masters thesis 2021, Uni Bonn
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Extra slides
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Extra slides

BGOOD - Central region

Accurate neutral meson photoproduction cross sections

γ flux well understood (∼ 4%)

BGOOD - both neutral & mixed charged identification

Well understood degree of linear polarisation
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Extra slides

BGOOD - Forward region

Accurate knowledge of detector & trigger efficiencies, momentum
& β resolution

Right: γp → ηp (proton in F.S) - excellent agreement with existing
data
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γn(p)→ K 0Σ0
K. Kohl PhD thesis, paper in preparation

Fit signal & background off the neutron (3π0n & ηn)

2 fit methods - sim or real BG data with relaxed reaction
selection constraints 200 300 400 500 600 700 800
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γp → K+Λ(1405) G. Scheluchin PhD thesis, paper in preparation

Differential cross section for γp → K+Λ(1405)→ Σ0π0
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Fits from Wang et al. PRC 95, 015205 (2017)
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Dibaryons - Motivation

Discovery of the d∗(2380)
dibaryon

First observed in fusion 
reactions at WASA @ 
COSY

PRL 106, 242302 (2011)

(I )JP = (0)3+

Now observed in
multiple final states in
pn reactions

Deuteron d*(2380)

Huang et al. Chin. Phys. C 7 (2015) 071001

Microscopic chiral quark models: ~2/3 hidden colour (compact) configuration

Microscopic chiral quark models:  2/3 hidden colour (compact) 
configuration, Huang et al. Chin. Phys. C 7 (2015) 071001

Calculations of d∗(2380) in the centre of neutron stars -
Vidana et al, PLB 781 (2018) 112

Dark matter candidate - d∗(2380) BEC formed in the early
universe Bashkanov & Watts, J. Phys. G 47 (2020) 03LT01
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Exotic dibaryon searches at BGOOD - Motivation

Coherent photoproduction, γd → π0π0d∗(2380) challenging - minimal momentum transfer to
target deuteron, & large quasi-free background

Previous data from ELPH Ishikawa et al, PLB 789 (2019) 413:

M0 = 2370, Γ = 70 MeV
M0 = 2469, Γ = 120 MeV
M0 = 2632, Γ = 132 MeV

3 fitted BW: Isovector dibaryon

M0 = 2140 ± 10 MeV
Γ = 90 ± 10 MeV

Phase space
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Dyson-Xuong 
dibaryon sextet, DIJ 
PRL 13 (1964) 815

NN* example 
combinations 
close in energy to 
observed states

Proposed 
isoscalar 
states

Proposed 
isovector 
state

Figure adapted from 
T. Ishikawa 
NSTAR2019 talk

Dyson & Xuong: predictions from SU(6) for baryons - 4 dibaryon candidates PRL 13 (1964) 815

Gal & Garcilazo: 3-body calculations - N∆ & ∆∆ resonances in good agreement NPA928 (2014) 73
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Exotic dibaryon searches at BGOOD

0 500 1000 1500 2000 2500
]2Reconstructed mass [MeV/c

1

10

210

310

410

C
o

u
n

ts
 (

a
rb

it
ra

ry
 s

c
a

le
)

(a)

1000 1500 2000 2500
]2Reconstructed mass [MeV/c

0

5

10

15

20

25

30

35 
2

C
o

u
n

ts
 p

e
r 

3
0

 M
e

V
/c (b)

Fit to 2π0 missing mass spectra (after
forward deuteron ID))

γd → π0π0d (simulated)
Fitted quasi-free γp → π0π0p BG
Total fit

1700 1800 1900 2000 2100 2200 2300 24000

5

10

15

20  = 560γE

W = 23712
p

e
r 

2
0

 M
e

V
/c

1700 1800 1900 2000 2100 2200 2300 2400
0

6

10

12

14

16

18

 = 632γE

W = 2427

1700 1800 1900 2000 2100 2200 2300 24000

5

10

15

20  = 705γE

W = 2482C
o

u
n

ts

1700 1800 1900 2000 2100 2200 2300 2400
0

6

10

12

14

16

18

 = 777γE

W = 2536

1700 1800 1900 2000 2100 2200 2300 24000

5

10

15

20  = 849γE

W = 2589

1700 1800 1900 2000 2100 2200 2300 2400
0

6

10

12

14

16

18

 = 921γE

W = 2641

1800 2000 2200 2400
0

5

10

15

20  = 975γE

W = 2679

1800 2000 2200 2400

]2 [MeV/c0πMissing mass to 2

0

2

4

6

8

10

12

14

16

18

20

22
 = 1024γE

W = 2713

Tom Jude (University of Bonn) BGOOD - Exotics in the uds sector? June, 2022 16 / 16



Extra slides

Dibaryons at BGOOD TJ, arXiv:2202.08594, submitted to PLB

Coherent reaction - γd → π0π0d , deuterons in the forward spectrometer!
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Dibaryons at BGOOD TJ, arXiv:2202.08594, submitted to PLB
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The Electron Stretcher Accelerator (ELSA)
A 3 stage e− accelerator - continuous electron beams up to 3.2 GeV

pol. e 
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Fig. adapted from W. Hillert et al, 
EPJ Web Conf. 134, 05002 (2017)

A. Thiel,
Thu. 11:30, H1
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γp → K+Λ(1405)
G. Scheluchin PhD thesis, arXiv:2007.08898 (2021), submitted to PLB

Line shape & differential cross section for γp → K+(Λ(1405)→ Σ0π0)

γp → K+(Λ(1405)→ Σ0π0)→ K+(Λγ)(γγ)→ K+(pπ−γ)(γγ)

Full reconstruction & kinematic fit

2D fit to signal & background:

Other channels
(cyan line):
ηπp,
K 0Σ+,
K+Σ0,
π0π+π−p
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Forward γp → K+Λ - motivation

Not only Y ∗ states at forward angles important - photoproduction of ground state hyperons at low t
virtually unconstrained by data

D. Skoupil, P. Bydzovsky, PRC 97, 025202 (2018) (& refs. therein)

BGOOD - high cosKCM resolution at forward
angles - sensitive to high-spin intermediate
states

low t photoproduction - crucial constraint for
hypernuclei electroproduction!

Additional models (not shown):

Jülich-Bonn, D. Rönchen, M., Döring, U.G. Meißner, EPJA (2018) 54
BnGa PWA, E. Klempt, A. Sarantsev, U. Thoma, V. Nikonov
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Forward γp → K+Λ, Eur. Phys. J. A (2021) 57:80

Identify Λ→ π0n with low energy
deposition the BGO Rugby Ball

Reconstructed forward K+ mass:
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γp → K+Σ0
T.C. Jude et al., Phys. Lett. B 820 (2021) 136559

After identifying forward K+, boost
all γ in the BGO into the Σ0 rest
frame

74 MeV decay energy, select 1σ or
2σ events:

20 40 60 80 100 120 140 160 180
 rest frame [MeV]

0
Σ’ energy in the γ

0

200

400

600

800

1000

E
v
e

n
ts

 p
e

r 
2

 M
e

V

σ1

σ2 Data points

Summed fit
0

Σ
+

Simulated K

Λ
+

Simulated K
+

∆0πSimulated 

 background+π/+e

Missing mass recoiling from forward K+ after Σ0 decay
photon identification

800 1000 1200 1400
0

50

100

150

200

250
 = 1344 MeVγE

700 800 900 1000 1100 1200 1300 1400 15000

50

100

150

200

2502
C

o
u

n
ts

 p
e

r 
2

4
 M

e
V

/c  = 1156 MeVγE

0
Σ

+
K

Λ
+

K

(1385)Σ
+

K

 BG+π/+e

Sum

800 1000 1200 1400
]2 Missing mass [MeV/c

+
K

0

50

100

150

200

250

 = 1450 MeVγE
700 800 900 1000 1100 1200 1300 1400 1500
0

50

100

150

200

250

 = 1263 MeVγE

Tom Jude (University of Bonn) BGOOD - Exotics in the uds sector? June, 2022 16 / 16



Extra slides

γn→ K 0Σ0
K. Kohl, PhD thesis, arXiv:2108.13319 (2021) (submitted to EPJA)

Peak predicted - “smoking
gun” for reaction
mechanism
A. Ramos and E. Oset, PLB 727, (2013) 287

Equivalent model that
predicted the PC states as
dynamically generated

γn→ K 0Σ0 at BGOOD

K 0 → 2π0 in the BGO Rugby Ball

Identify Σ0 → γΛ & angle cut on Λ→ pπ−

Maximum angle between 𝛬 & 
decay proton or 𝜋- direction
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γp → K+Σ0
T.C. Jude et al., Phys. Lett. B 820 (2021) 136559
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Forward γp → K+Σ0 - Motivation

Limited data at forward K+ angles

W ∼ 1900 MeV at the K+K−p threshold, many
predictions:

φN bound systems Gao, Huang, Liu, Ping, Wang & Z. Zhao, PRC,

95:055202, 2017

Molecular KΣ states, JP = 1/2− & 3/2−

consistent with N∗(1875) & N∗(2100) Huang, Zhu &

Ping, PRD 97:094019, 2018.

A 3-hadron KK̄N molecule with a0(980)N &
f0(980)N components Mart́ınez Torre, Khemchandani, Meißner &

Oset, EPJA 41:361, 2009.

Previous SPHINX data, ZPC, 68:585 (1995)

P + C → [Σ0K+] + C
Coherent diffractive production:

Transverse p < 300 MeV/c,

Proposed X(2000)?

Evidence of crypto-exotic 
baryons B+

ϕ = |uudss̄⟩?

Low transverse p requires forward
kinematics in photoproduction!
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Exotic phenomena in the charmed sector*
*Not what we study at BGOOD!

Pentaquark candidates at LHCb

PRL 115, 072001 (2015)  
PRL 112, 222001 (2019)

Meson-baryon
dynamically
generated
states?

eg Wu, Molina, Oset, &
Zou, PRL 105, 232001
(2010)

Charmed meson sector

X (3872)→ π+π−J/ψ - most cited paper from Belle
PRL91, 262001 (2003)

 BARBAR, PRD 77 111101 (2008)

X (3872) - molecular D0D̄0∗?
eg, Törnqvist, PLB 590, 209 (2004)

S.L. Olsen, 
Front. Phys. 10, 101401 (2015) 
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