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TwoTwo--Baryon ScenarioBaryon Scenario

�� Known knowns:Known knowns:
��

33SS11 deuteron groundstate:        deuteron groundstate:        I (JI (JPP) = 0 (1) = 0 (1++))

��
11SS00 virtual state (NN FSI):       virtual state (NN FSI):       I (JI (JPP) = 1 (0) = 1 (0++))

�� Known unknowns:Known unknowns:
�� Are there sixAre there six--quark bags (genuine dibaryons)?quark bags (genuine dibaryons)?

�� Are there in general resonant states (molecular, dynamic) at allAre there in general resonant states (molecular, dynamic) at all??

�� Early days of dibaryon searchesEarly days of dibaryon searches
�� The dibaryon rush eraThe dibaryon rush era

�� Recent experimental findings:Recent experimental findings:
��

11DD2 2 resonance near the resonance near the ∆∆N threshold:                 N threshold:                 I (JI (JPP) = 1 (2) = 1 (2++))

��
33DD33 resonance much below the resonance much below the ∆∆∆∆ threshold:      threshold:      I (JI (JPP) = 0 (3) = 0 (3++))

�� Are there more states?Are there more states?
�� Model predictionsModel predictions

�� DysonDyson‘‘s multiplets multiplet
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Early Predictions on DibaryonsEarly Predictions on Dibaryons

�� 1964 Dyson & Xoung: 1964 Dyson & Xoung: 6 non6 non--strange statesstrange states

�� 1975 Jaffe: 1975 Jaffe: HH--dibaryon (uuddss: dibaryon (uuddss: ΛΛΛΛ))

�� Thereafter: Thereafter: 

�� multitude of predictions of a vast number of multitude of predictions of a vast number of 

dibaryon states (Nijmegen group, ....) dibaryon states (Nijmegen group, ....) 
��

��

�� LANL theory group (T. Goldman et al.):LANL theory group (T. Goldman et al.):

�� The The „„inevitable dibaryoninevitable dibaryon““: : ∆∆∆∆ I(JI(JPP) = 0(3) = 0(3++))

...
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DysonDyson‘‘s Multiplet Predictions Multiplet Prediction
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State         I       J       Asymptotic Configuration          State         I       J       Asymptotic Configuration          mmtheortheor [MeV]       m[MeV]       m
expexp [MeV]        [MeV]        ΓΓΓΓΓΓΓΓexpexp [MeV] [MeV] 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DD0101 0       1                    Deuteron                    0       1                    Deuteron                    1876                    1876 1876                    1876 

DD1010 1       0                    virtual 1       0                    virtual 11SS00 1876                    1878     1876                    1878     

DD1212 1       2         NN(1       2         NN(11DD22) ) ↔↔↔↔↔↔↔↔ ∆∆∆∆∆∆∆∆N N ↔↔↔↔↔↔↔↔ NNNNππππππππ 2160                    2160                    ∆∆∆∆∆∆∆∆N thresholdN threshold

DD2121 2       1                            2       1                            ∆∆∆∆∆∆∆∆N N ↔↔↔↔↔↔↔↔ NNNNππππππππ 2160                                             2160                                             

DD0303 0       3         NN(0       3         NN(33DD33) ) ↔↔↔↔↔↔↔↔ ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ ↔↔↔↔↔↔↔↔ NNNNππππππππππππππππ 2350               2350               ?

DD3030 3       0                           3       0                           ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ ↔↔↔↔↔↔↔↔ NNNNππππππππππππππππ 2350                2350                ??

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DysonDyson‘‘s Predictions Prediction

√√√√

√√√√

(√√√√)

?
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…… inevitable dibaryon: unique symmetry!inevitable dibaryon: unique symmetry!
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I(JP) = 0(3+) state: totally symmetric in space, spin & color

antisymmetric in isospin

accessed via ∆∆∆∆∆∆∆∆ as doorway ?

I(JI(JPP) = 0(3) = 0(3++) state: ) state: totally symmetric in space, spin & colortotally symmetric in space, spin & color

antisymmetric in isospinantisymmetric in isospin

accessed via accessed via ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ as as doorwaydoorway ??

… inevitable dibaryon…… inevitable dibaryoninevitable dibaryon

N N ∆ ∆∆ ∆∆ ∆∆ ∆ d*⇔⇔⇔⇔ ⇔⇔⇔⇔

Nππππ Nππππ
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Early Dibaryon SearchesEarly Dibaryon Searches

�� Before 1964 Before 1964 (quark model)(quark model)::
�� First hints for resonating First hints for resonating 11DD22 partial wave from pp partial wave from pp ↔↔ ddππ++

(Dubna)(Dubna)

�� After 1975 After 1975 (Jaffe(Jaffe‘‘s Hs H--dibaryon prediction)dibaryon prediction)::
�� Worldwide searches for dibaryonsWorldwide searches for dibaryons

In the following: only non-strange dibaryons
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The Experimental Rush for The Experimental Rush for 

DibaryonsDibaryons

�� Low statistics versus high statistics (quality):Low statistics versus high statistics (quality):
np →→→→ ppππππ−−−− , magn. spectrometer

Abramov et al., Z. Phys. C69 (1996) 409

np →→→→ ppππππ−−−− + + + + nππππ0000, bubble chamber

Troyan & Pechenov, Phys. At. Nucl. 56 (1993) 528

Mpp Mpp
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One of the Conclusions about this One of the Conclusions about this 

Dibaryon RushDibaryon Rush
Kamal Seth (1988)

in

„Dibaryons in 

Theory and Practice“

1) „Nobody has seen a genuine, gold-

(silver-, ... or even un-) plated     

dibaryon, yet.“

2)  „ The days of Q & D ... are over... 

We must do honest hard work, or quit... 

We should do exclusive experiments.“
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More Recent SearchesMore Recent Searches

�� What survived the Dibaryon Rush Era:What survived the Dibaryon Rush Era:

��
11DD22 in  pp systemin  pp system

�� What happened since the New Millenium:What happened since the New Millenium:

�� A new resonance:         A new resonance:         33DD33 in  np systemin  np system



H. Clement 12Encounters with Di-Baryons

The The 11DD22 ResonanceResonance

�� Best seen in pp Best seen in pp ↔↔ ddππ++,,
�� but also in pp but also in pp →→ pnpnππ++ as well as  pp and as well as  pp and ππ++d scattering (phaseshift analyses)d scattering (phaseshift analyses)

σtot (π+d → pp) Argand plot

I (JP) = 1 (2+)

M = 2144 MeV = m∆∆∆∆ + mN – 26 MeV

ΓΓΓΓ = 110 MeV ≈≈≈≈ ΓΓΓΓ∆∆∆∆

R.A. Arndt et al., PRC 48 (1993) 1926
50 (1994) 1796

56 (1997) 635

N. Hoshizaki, PRC 45 (1992) R1424

Prog. Theor. Phys. 89 (1993) 245

251
563

569

Alternative dynamic description: Diss. C.A. Mosbacher, Bonn 1998
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The dThe d** Resonance   I (JResonance   I (JPP) = 0 (3) = 0 (3++))

“ABC resonance”

ΓΓΓΓintr∼∼∼∼50 MeV

Γ≈≈≈≈ 70 MeV

≤ 1/3  ΓΓΓΓ∆∆∆∆∆∆∆∆

Phys.Rev.Lett.106, 242302 (2011)

M ≈≈≈≈ 2370 MeV

≈≈≈≈ 2m∆∆∆∆ – 90 MeV

See poster

M. Bashkanov
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pn pn →→→→→→→→ dd** →→→→→→→→ ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ →→→→→→→→ ddππππππππ00000000ππππππππ00000000

∆

∆

d
π

πp

n

I (JP) = 0 (3+)

M, Γ, ΓΓ, ΓΓ, ΓΓ, Γi ∗ Γ∗ Γ∗ Γ∗ Γf , F(q∆∆∆∆∆∆∆∆)

Mππππππππ

Mdππππ0000

ΘΘΘΘd
*

model

Phys.Rev.Lett.106, 242302 (2011)
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σσσσσσσσ(pN (pN →→→→→→→→ d d π π π π π π π π π π π π π π π π ))

 [GeV]s
2.2 2.3 2.4 2.5 2.6

 [
m

b
]

σ

0

0.2

0.4

0.6

I = 0 + 1

I = 0

I =       1

2  σ2  σ(pn (pn →→ d d ππ00ππ00))

½½ σσ(pp (pp →→ d d ππ++ππ00))

σσ(pn (pn →→ d d ππ++ππ−−))

COSY Annual Report 2012

Phys. Lett. B721 (2013) 229
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Experimentum Crucis for dExperimentum Crucis for d**

�� If If dd* * a true sa true s--channel resonancechannel resonance

�� ⇔⇔
�� then also a resonance in the then also a resonance in the np systemnp system

�� ⇔⇔
�� to be sensed in to be sensed in np scatteringnp scattering

�� ⇔⇔
�� in particular in the in particular in the analyzing poweranalyzing power

�� ⇔⇔
�� resonance effect   resonance effect   ∼∼ PP11

3 3 ((Θ)Θ)
�� i.e. maximal at i.e. maximal at ΘΘ = 90= 9000
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See talk

Ron Workman

today 15:20 A1
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Re

Im

Phys. Rev. Lett. 112 (2014) 202301 

NewSP07

3D3 Partial Wave

Pole at (2380 ±±±± 10) – i (40 ±±±± 5) MeV

See talk

Ron Workman

today 15:20 A1



H. Clement 21Encounters with Di-Baryons 21

 [GeV]s
2 2.1 2.2 2.3 2.4 2.5

a
m

p
lit

u
d
e

­0.2

0

0.2

0.4

 [GeV]nT
0.6 0.8 1 1.23D

3

 [GeV]s
2 2.1 2.2 2.3 2.4 2.5

a
m

p
lit

u
d
e

­0.2

0

0.2
 [GeV]nT

0.6 0.8 1 1.23G
3

 [GeV]s
2 2.1 2.2 2.3 2.4 2.5

a
m

p
lit

u
d
e

­0.2

0

0.2

0.4

 [GeV]nT
0.6 0.8 1 1.23∈

Re

Im

SP07New

3D3 –
3G3 Coupled  Partial Waves

Phys. Rev. Letters 112 (2014) 202301 
See talk

Ron Workman

today 15:20 A1



H. Clement 22Encounters with Di-Baryons
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solutions

Ay Energy Dependence

to be published
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Status of the dStatus of the d** ResonanceResonance

decay channel       branching              statusdecay channel       branching              status

------------------------------------------------------------------------------------------------------------------------------------------------

d  d  ππππππππ00000000ππππππππ00000000 14 %                        observed14 %                        observed

d  d  ππππππππ++++++++ππππππππ−−−−−−−− 23 %                       observed23 %                       observed

ppppππππππππ00000000ππππππππ−−−−−−−− 6 %                       observed6 %                       observed

nnnnππππππππ++++++++ππππππππ00000000 6 %                       isospin mirrored6 %                       isospin mirrored

npnpππππππππ00000000ππππππππ00000000 (12 %, predicted(12 %, predicted+*+*)  observed)  observed

npnpππππππππ++++++++ππππππππ−−−−−−−− (30 %, predicted(30 %, predicted**)   data analysis, HADES)   data analysis, HADES

np                        (10 %, predicted)     observednp                        (10 %, predicted)     observed

++ FFääldt & Wilkin, PLB 701 (2011) 619ldt & Wilkin, PLB 701 (2011) 619

* Albaladejo & Oset, PRC 88 (2013) 014006* Albaladejo & Oset, PRC 88 (2013) 014006

� hadronic decays
arXiv:1310.5532
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d*

Further hints:    Further hints:    γγγγγγγγd d →→→→→→→→ pnpn

26

R. Gilman and F. Gross AIP Conf. Proc. 603 (2001) 55

T. Kamae, T. Fujita Phys. Rev. Lett. 38 (1977)  471

H. Ikeda et al., Phys. Rev. Lett. 42 (1979) 1321

d*

→→→→

d*
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Experiment        SU(6)          QDCSM          BagExperiment        SU(6)          QDCSM          Bag Model  |    FaddeevModel  |    Faddeev

Dyson & XuongDyson & Xuong Goldman, Ping et al.     Mulders et al.      |      Gal & GaGoldman, Ping et al.     Mulders et al.      |      Gal & Garcilazorcilazo

PRl 13 (1964) 815                PRC 89 (2014) 034001           PRl 13 (1964) 815                PRC 89 (2014) 034001           PRD 21 (1980) 2653    PRD 21 (1980) 2653    || PRL 111 (2013) 172301PRL 111 (2013) 172301

Comparison to predictions from Comparison to predictions from 

Quark and Hadron ModelsQuark and Hadron Models

1+     0+

2+

3+

I =  0    1               0    1               0    1           I =  0    1               0    1               0    1           0    10    1 0    10    1

∆∆

∆Ν

ΝΝ

E

…

(     )
(     )

…
…
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Width of dWidth of d**

�� Experiment:    Experiment:    ΓΓ≈≈ 70 MeV70 MeV
�� (t(t--channel channel ∆∆∆∆:   :   ≈≈ 250 MeV)250 MeV)

�� QDCSM:            110 MeVQDCSM:            110 MeV

�� Faddeev:               65 MeV  x 3/2 (?)Faddeev:               65 MeV  x 3/2 (?)

�� Hidden Color ?Hidden Color ?
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State         I       J       Asymptotic Configuration          State         I       J       Asymptotic Configuration          mmtheortheor [MeV]       m[MeV]       m
expexp [MeV]        [MeV]        ΓΓΓΓΓΓΓΓexpexp [MeV] [MeV] 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DD0101 0       1                    Deuteron                    0       1                    Deuteron                    1876                    1876 1876                    1876 

DD1010 1       0                    virtual 1       0                    virtual 11SS00 1876                    1878     1876                    1878     

DD1212 1       2         NN(1       2         NN(11DD22) ) ↔↔↔↔↔↔↔↔ ∆∆∆∆∆∆∆∆N N ↔↔↔↔↔↔↔↔ NNNNππππππππ 2160                    2144                      12160                    2144                      110     10     

DD2121 2       1                            2       1                            ∆∆∆∆∆∆∆∆N N ↔↔↔↔↔↔↔↔ NNNNππππππππ 2160                                             2160                                             

DD0303 0       3         NN(0       3         NN(33DD33) ) ↔↔↔↔↔↔↔↔ ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ ↔↔↔↔↔↔↔↔ NNNNππππππππππππππππ 2350                    2380                       702350                    2380                       70

DD3030 3       0                           3       0                           ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ ↔↔↔↔↔↔↔↔ NNNNππππππππππππππππ 2350                                              2350                                              

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DysonDyson‘‘s Predictions Prediction

√√√√

√√√√

√√√√

√√√√
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State         I       J       Asymptotic Configuration          State         I       J       Asymptotic Configuration          mmtheortheor [MeV]       m[MeV]       m
expexp [MeV]        [MeV]        ΓΓΓΓΓΓΓΓexpexp [MeV] [MeV] 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DD0101 0       1                    Deuteron                    0       1                    Deuteron                    1876                    1876 1876                    1876 

DD1010 1       0                    virtual 1       0                    virtual 11SS00 1876                    1878     1876                    1878     

DD1212 1       2         NN(1       2         NN(11DD22) ) ↔↔↔↔↔↔↔↔ ∆∆∆∆∆∆∆∆N N ↔↔↔↔↔↔↔↔ NNNNππππππππ 2160                    2144                      12160                    2144                      110     10     

DD2121 2       1                            2       1                            ∆∆∆∆∆∆∆∆N N ↔↔↔↔↔↔↔↔ NNNNππππππππ 2160                      ?                      2160                      ?                      ?     ?     

DD0303 0       3         NN(0       3         NN(33DD33) ) ↔↔↔↔↔↔↔↔ ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ ↔↔↔↔↔↔↔↔ NNNNππππππππππππππππ 2350                    2370                       702350                    2370                       70

DD3030 3       0                           3       0                           ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ ↔↔↔↔↔↔↔↔ NNNNππππππππππππππππ 2350                       ?                      2350                       ?                      ??

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DysonDyson‘‘s Predictions Prediction

√√√√

√√√√

√√√√

√√√√



H. Clement 31Encounters with Di-Baryons

A hint for DA hint for D2121 I(JI(J
PP) = 2(1) = 2(1++) ?) ?

�� Pionic Double Charge Exchange in Nuclei:Pionic Double Charge Exchange in Nuclei:

�� nonnon--analog transitions:analog transitions:

A. Wirzba et al., PRC 40 (1989) 2745

M.B. Johnson, L.S. Kisslinger, PLB 168 (1986) 26

intermediate system:

(∆∆∆∆N)I=2, JP=1+

M ≈≈≈≈ 2150 MeV

Γ  Γ  Γ  Γ  ≈≈≈≈ 90 MeV

J. Draeger et al., PRC 62 (2000) 064615

Prediction Gal & Garcilazo: M ≈ 2165 MeV, Γ ≈ 130 MeV
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ConclusionsConclusions

1+     0+

2+

3+

I =I = 0    1    2    30    1    2    3

∆∆

∆Ν

ΝΝ

E

0+

1+

�� NonNon--Strange TwoStrange Two--Baryon SpectrumBaryon Spectrum

�� 3 established states: 3 established states: 33SS11 deuteron groundstatedeuteron groundstate
11SS00 virtual statevirtual state
11DD22 resonance (resonance (∆∆N)N)

�� 1 new 1 new -- presumably exoticpresumably exotic -- candidate:candidate:

dd** resonance resonance (∆∆)(∆∆)

�� Are there more states?Are there more states?

�� NNNN--decoupled states with I = 2, 3?decoupled states with I = 2, 3?

�� Search in pp Search in pp →→ ppppππ++ ππ−−

and in pp and in pp →→ ppppππ++ππ++ ππ−−ππ−−

�� Strange, charmed ... DiStrange, charmed ... Di--Baryons?Baryons?

Dyson‘s 

prediction

Gal & Garcilazo

Ping et al.

See poster

M. Bashkanov


