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TwoTwo--Baryon ScenarioBaryon Scenario

�� What do we know:What do we know:
��

33SS11 deuteron groundstate:        deuteron groundstate:        I (JI (JPP) = 0 (1) = 0 (1++)     )     the only boundstate!the only boundstate!
��

11SS00 virtual state (NN FSI):       virtual state (NN FSI):       I (JI (JPP) = 1 (0) = 1 (0++)     )     in addition in addition ΛΛΛΛΛΛΛΛN FSIN FSI

�� What would we like to know:What would we like to know:
�� Are there sixAre there six--quark bags: hexaquarks (genuine dibaryons)?quark bags: hexaquarks (genuine dibaryons)?
�� Are there in general resonant states (molecular, dynamic) at allAre there in general resonant states (molecular, dynamic) at all??

�� Experimental findings:Experimental findings:
��

11DD2 2 resonance structure at the resonance structure at the ∆∆N threshold:                 N threshold:                 I (JI (JPP) = 1 (2) = 1 (2++)      )      ??????
��

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

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



H. Clement 5Dibaryons --- Molecules or hexaquarks?

Early Predictions of DibaryonsEarly Predictions of 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, ....)

�� ⇒⇒ Dibaryon Rush Era:Dibaryon Rush Era:
�� Many experimental claims Many experimental claims ……

�� but but no single oneno single one established finallyestablished finally
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Possibly the only surviver: Possibly the only surviver: 
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 ≈ 2148 MeV = m∆∆∆∆ + mN – 22 MeV
ΓΓΓΓ ≈ 126 MeV ≈≈≈≈ ΓΓΓΓ∆∆∆∆

R.A. Arndt et al., PRD 35 (1987) 128
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 description: cusp, virtual state, reflection D. Bugg et al.
However, not consistent!!! Kukulin and Platonova PRD 94 (2016) 054039
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Conclusion from the Failures in the Dibaryon Conclusion from the Failures in the Dibaryon 
Rush Era:Rush Era:

�� Our approach: Our approach: 
�� TwoTwo--pion production with best suited equipmentpion production with best suited equipment

�� 44ππ detector: WASAdetector: WASA
�� pellet target: p and dpellet target: p and d
�� storage ring: CELSIUS storage ring: CELSIUS →→ COSYCOSY

�� The learning phase: The learning phase: 
�� pp induced twopp induced two--pion productionpion production

�� Following a trace: Following a trace: 
�� the ABC effect in doublethe ABC effect in double--pionic fusionpionic fusion

�� The surprise:The surprise:
�� a narrow resonance in pn induced twoa narrow resonance in pn induced two--pion productionpion production

Do Exclusive and kinematically complete measurements



H. Clement 8Dibaryons --- Molecules or hexaquarks?

IsovectorIsovector :  Total Cross Sections:  Total Cross Sections

Phys. Lett. B 679 (2009) 30

N*(1440)

∆∆∆∆∆∆∆∆

∆(1600) (?)

isospin 
decomposition

⇒⇒⇒⇒
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IsovectorIsovector :  Total Cross Sections:  Total Cross Sections

Phys. Lett. B 679 (2009) 30

N*(1440)

∆∆∆∆∆∆∆∆

∆(1600) (?)

isospin 
decomposition

⇒⇒⇒⇒

Alvarez-Ruso, Oset  NPA 633 (1998) 519
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Isoscalar :Isoscalar : …… this is what we expected!this is what we expected!
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Isoscalar :Isoscalar : …… and this is what we found!and this is what we found!

Phys.Rev.Lett.102, 052301 (2009) 

CELSIUS/WASA
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IsoscalarIsoscalar : Results from WASA at COSY: Results from WASA at COSY

“ABC resonance”

ΓΓΓΓintr∼∼∼∼50 MeV

M ≈≈≈≈ 2.37 GeV
ΓΓΓΓ ≈≈≈≈ 70 MeV

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

m = 2.37 GeV
Γ  Γ  Γ  Γ  =    70 MeV



H. Clement 13Dibaryons --- Molecules or hexaquarks?

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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hadronic decayshadronic decays
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„„Experimentum CrucisExperimentum Crucis““ for dfor 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 ((ΘΘ))

i.e. maximal at i.e. maximal at ΘΘ = 90= 9000
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Phys. Rev. Lett. 112 (2014) 202301

Ay Angular Distribution at Resonance

SP07
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dd dd →→ 44He He ππππππππ00000000ππππππππ00000000

�� Energy dependence of total cross Energy dependence of total cross 
section section 
�� shows resonance structureshows resonance structure

�� exactly at the same excess energy as exactly at the same excess energy as 
in pn in pn →→ ddππ00ππ00

�� is broadened due to Fermi motion is broadened due to Fermi motion 
and collision dampingand collision damping

�� ⇒⇒ dd** obviously survives even     obviously survives even     
in nuclear surroundingin nuclear surrounding
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Branching Ratios for the Decay of Branching Ratios for the Decay of 
dd**(2380)(2380)

decay channel       branching              derived fromdecay channel       branching              derived from

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

d  d  ππππππππ00000000ππππππππ00000000 14 14 ±± 1 1 %                        measurement%                        measurement

d  d  ππππππππ++++++++ππππππππ−−−−−−−− 23 23 ±± 2 2 %                       measurement%                       measurement

ppppππππππππ00000000ππππππππ−−−−−−−− 6 6 ±± 1 1 %                       measurement%                       measurement

nnnnππππππππ++++++++ππππππππ00000000 6 6 ±± 1 1 %                       isospin mirrored%                       isospin mirrored

npnpππππππππ00000000ππππππππ00000000 12 12 ±± 2 2 %                      measurement%                      measurement

npnpππππππππ++++++++ππππππππ−−−−−−−− 30 30 ±± 4 4 %                      measurement (old data + HADES)%                      measurement (old data + HADES)
np                            12 np                            12 ±± 3 3 %                      measurement%                      measurement

(NN(NNππππππππ))I=0I=0 < 9 %                       measurement< 9 %                       measurement

� hadronic decays

}consistent with consistent with 
isospin coupling isospin coupling 
for a for a ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ interinter--
mediate systemmediate system

EPJA 51 (2015) 87
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Experiment        SU(6)          QDCSM         RGM Experiment        SU(6)          QDCSM         RGM ((∆∆∆∆+CC)|    Faddeev+CC)|    Faddeev
Dyson & XuongDyson & Xuong Goldman, Ping et al.     IHEP(Zhang et al.)|      Gal & GarcGoldman, Ping et al.     IHEP(Zhang et al.)|      Gal & Garcilazoilazo
PRl 13 (1964) 815                PRC 90 (2014) 064003           PRl 13 (1964) 815                PRC 90 (2014) 064003           PRC 60 (1999) 045203     PRC 60 (1999) 045203     || PRL 111 (2013) 172301PRL 111 (2013) 172301

and refs. and refs. therein                       arxiv:1704.01253              |   therein                       arxiv:1704.01253              |   NPA 928 (2014) 73    NPA 928 (2014) 73    

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**(2380)(2380)

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

�� QDCSM:            110 MeV QDCSM:            110 MeV PRC 89 (2014) 034001PRC 89 (2014) 034001

�� Faddeev:              (94 + 10) MeV Faddeev:              (94 + 10) MeV NPA 928 (2014) 73NPA 928 (2014) 73

�� Hidden Color ?Hidden Color ? PLB 727(2013) 438PLB 727(2013) 438

�� RGM (RGM (∆∆ + ∆∆ + CC)   CC)   7272 MeV       MeV       PRC 94 (2016) 014003PRC 94 (2016) 014003
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Branching via Intermediate StateBranching via Intermediate State

√√

} Identical 
Isospin
Relations 

IHEP., PRC 94 (2016) 014003 Gal. PLB 769 (2017) 436

√√

�� d* d* →→ ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ →→ NNNNππππ |  d* |  d* →→ 11DD2 2 ππππππππ →→ NNNNππππ
  | | 
  |  ΝΝ|  ΝΝ ←← →→ ΝΝπΝΝπ
  

  channel    rel. branching  |     rel. branchingchannel    rel. branching  |     rel. branching
  --------------------------------------------------------------------------------------------------------------
  d d ππππππππ00000000ππππππππ0 0 0 0 0 0 0 0 1                          11                          1
  d d ππππππππ++++++++ππππππππ−−−−−−−− 2                          22                          2
  npnpππππππππ00000000ππππππππ0 0 0 0 0 0 0 0 1                          1 1                          1 
  npnpππππππππ++++++++ππππππππ−−−−−−−− 5/2                       5/25/2                       5/2
  ppppππππππππ00000000ππππππππ−−−−−−−− 1/2     1/2     1/21/2

  np                    np                    ≈≈ 0.9                         00.9                         0
  (NN(NNπ)π)π)π)π)π)π)π)I=0I=0 ≈≈ 0                       0                       ≈≈1.31.3



H. Clement 26Dibaryons --- Molecules or hexaquarks?



H. Clement 27Dibaryons --- Molecules or hexaquarks?

Size of dSize of d**(2380)(2380)

�� Estimate from uncertainty relation:                             Estimate from uncertainty relation:                             

R R ≈≈ ħħc / c / √√ 22µµB                                                               B                                                               
BB∆∆ ∆∆ ≈≈ 80 MeV   80 MeV   ⇒⇒ R R ≈≈ 0.5 fm0.5 fm

�� QCD model IHEP                                      0.8 fmQCD model IHEP                                      0.8 fm
�� QCD model Nangjing (LAMPF)                 0.8 fmQCD model Nangjing (LAMPF)                 0.8 fm

�� Faddeev hadr. G&G                           1.5 Faddeev hadr. G&G                           1.5 –– 2   fm2   fm

�� A. Gal: compact hexaquark surrounded by DA. Gal: compact hexaquark surrounded by D1212ππ cloudcloud
PLB 769 (2017) 436

}hexaquark

molecule
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Summary on dSummary on d**

�� dd**(2380) established as a (2380) established as a genuinegenuine ss--channel resonancechannel resonance

�� It is the first unambiguously detected It is the first unambiguously detected nonnon--trivialtrivial dibaryon state.dibaryon state.

�� Narrow width and decay branchings favor a Narrow width and decay branchings favor a compactcompact
hexaquarkhexaquark state.state.

�� LQCD extrapolation by EFT down to pion mass also sees LQCD extrapolation by EFT down to pion mass also sees 
d*(2380)            d*(2380)            arxiv:1708.08071arxiv:1708.08071

�� Astrophysical consequences Astrophysical consequences ……
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Urca cooling

Neutron stars mergers

• Ejecta

• HMNS->black hole

• nucleosynthesis

I. Vidaña, M. Bashkanov, D.P. Watts, A. Pastore, PLB 781 (2018) 112
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d* (2380) in neutron starsd* (2380) in neutron stars
I. Vidaña, M. Bashkanov, D.P. Watts, A. Pastore, Phys.Lett. B781 (2018) 112

GW170817 from arXiv:1710.05938v1
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RRèèsumsumèè

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 resonanceresonance ((∆∆N)N)

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

dd**(2380) resonance (2380) 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−−

Dyson‘s 
prediction

Gal & Garcilazo

Huang, Ping, Wang et al.

Zhang, Chen, Shen et al.



H. Clement 32Dibaryons --- Molecules or hexaquarks?

Where can D21 be seen?

I=2  ⇒⇒⇒⇒ only associated  production

D21

pp → ppπ+ π−
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Total cross section

modified Valencia model (Roper + ∆∆ )

modified Valencia model (Roper + ∆∆ ) + D21

PLB 695 (2011) 115 PRL 121 (2018) 052001

Isospin relation

••••

••••
••••

∆∆∆∆

••••••••
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Invariant Mass 
Distributions

modified Valencia model

modified Valencia model + D21

N.B.: If  ∆∆ dominates :
Mpπ+ =  Mpπ−

Tp=1.2 GeV

PRL 121 (2018) 052001
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Angular distributions

modified Valencia model

modified Valencia model + D21

N.B: If ∆∆ dominates  
θπ+ =  θπ−

Tp=1.2 GeV

PRL 121 (2018) 052001



H. Clement 36Dibaryons --- Molecules or hexaquarks?

Conclusions on D21

� isospin relations for total cross sections demand the opening of a 
new isotensor contribution in pp→ppπ+π−.

� differential Mpπ− and θπ+ distributions show a clear deviation from 
the modified Valencia model calculations.

� total and differential cross sections agree well with assumption that 
in the pp→ppπ+π− channel there is an additional production 
mechanism – the associated production of the isotensor ∆N state 
D21.

�m = 2140(10) MeV,  ΓΓΓΓ = 110(10) MeV     ⇒⇒⇒⇒ same as D12 !



H. Clement 37Dibaryons --- Molecules or hexaquarks?

(Molecular) States near (Molecular) States near ∆∆∆∆∆∆∆∆N N 
ThresholdThreshold

�� I = 1                                I = 1                                I = 2I = 2

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

SS--wave:wave: 22++ ((11DD22)     )     DD
1212

11++ ((33PP11)   )   DD2121

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

PP--wave:wave: 00-- ((33PP00)   COSY)   COSY--ANKEANKE

22-- ((33PP22)         )         --““-- , SAID, SAID

33-- ((33FF33)    SAID  (?) )    SAID  (?) 
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Where can D30 be seen?

I=3 ⇒⇒⇒⇒ only associated  production

D30

pp → ppπ+π+π−π−



H. Clement 39Dibaryons --- Molecules or hexaquarks?

+π+πppM
2.2 2.3 2.4 2.5 2.6

b
/G

e
V

]
µ

 [
p

p
p

ip
i

/d
M

σ
d

0

2

4

6
+π+πppM

­π­πppM
2.2 2.3 2.4 2.5 2.6

b
/G

e
V

]
µ

 [
p

p
p

ip
i

/d
M

σ
d

0

2

4

6
­π­πppM

­π+πppM
2.2 2.3 2.4 2.5 2.6

b
/G

e
V

]
µ

 [
p

p
p

ip
i

/d
M

σ
d

0

2

4

6
­π+πppM

b
/G

e
V

]
µ

 [
p

p
p

ip
i

1

­π­π ­ pp+π+πpp

b
/G

e
V

]
µ

 [
p

p
p

ip
i

1

­π+π ­ pp+π+πpp
b
/G

e
V

]
µ

 [
p

p
p

ip
i

1

­π+π ­ pp­π­πpp

pp →→→→ D30 ππππ−−−−ππππ−−−− →→→→ ppππππ+ππππ+ππππ−−−−ππππ−−−−

TTpp = 2.541 GeV= 2.541 GeV

Double-Roper

D30

Phys.Lett. B762 (2016) 445
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D30 dibaryon upper limit
Phys.Lett. B762 (2016) 445

Γ = 100 MeV

Γ = 50 MeV

Γ = 150 MeV



H. Clement 41Dibaryons --- Molecules or hexaquarks?

Conclusions on D30

� only upper limit so far 

� both background model and data to be improved

� check associated production with d*(2380)
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Outlook and Open ProblemsOutlook and Open Problems

�� Size of dSize of d**(2380)(2380)
�� ⇒⇒ elm excitation of delm excitation of d*       *       γγd d →→ dd* * →→ pn   pn   
�� ed ed →→ eded** →→ ededππ00ππ00

�� Observation at other installationsObservation at other installations
�� HADES @ GSI: under way, but no 4HADES @ GSI: under way, but no 4ππ

�� IHEP ??     eIHEP ??     e++ee--→→ d dd d* * at 4.3 at 4.3 –– 4.6 GeV ??4.6 GeV ??
�� KEK, JPARC, LHCb, others ???KEK, JPARC, LHCb, others ???

�� Are there more (exotic) dibaryons?Are there more (exotic) dibaryons?
�� DD3030 mirror state of dmirror state of d**

�� strange, charmed dibaryons??strange, charmed dibaryons??
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d*

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

43

R. Gilman and F. Gross AIP Conf. Proc. 603 (2001) 55
K. Wijesooriya et al., Phys. Rev. Lett. 86 (2001) 2975

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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γ γ γ γ γ γ γ γ d d →→ ddππππππππ00000000ππππππππ00000000

FOREST@ELPH, 
Ishikawa et al., PLB 772 (2017) 398

Fix, Arenhövel

d*

d*

Crystal Ball @ MAMI
Master Thesis M. Guenther, Basel 2015
PoS (Hadron2017) 051
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Nuclear matter at high density

47
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Neutron stars EoSNeutron stars EoS

48

I. Vidaña, M. Bashkanov, D.P. Watts, A. Pastore

Phys.Lett. B781 (2018) 112
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The d*(2380) in neutron stars

a new degree of freedom? 

49

I. Vidaña, M. Bashkanov, D.P. Watts, A. Pastore, PLB 781 (2018) 112
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From Nucleons to QuarksFrom Nucleons to Quarks

50
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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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WASA at COSYWASA at COSY

2005 - 2006

CELSIUS/WASA
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WASA 4WASA 4ππππππππ Detector Detector 

π

π

p
dγ
γ
nγ

γ


