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HadronsHadrons

�� „„colorlesscolorless““ particles composed of particles composed of 

Quarks (q) and Gluons (g)Quarks (q) and Gluons (g)

�� Quarks and GluonsQuarks and Gluons
�� carry Strong Charge: carry Strong Charge: „„ColorColor““ R, B, G     (QCD)R, B, G     (QCD)

�� are are confinedconfined within interaction range (within interaction range (<< 1 fm) 1 fm) 

⇒⇒

rearrange into rearrange into „„colorlesscolorless““ objects:objects:

�� BaryonsBaryons (qqq,    qqq(qqq,    qqq--gg, qqqgg, qqq--qq, qq, ……))

�� MesonsMesons (qq,   gg, qq(qq,   gg, qq--g, qqg, qq--qq, qq, ……))

�� ExoticsExotics (Dibaryons, (Dibaryons, ……) ???) ???



Quark FamilyQuark Family

�� „„FlavorsFlavors““

u                     c                     tu                     c                     t

d                     s                     bd                     s                     b

�� „„barebare““ masses  [ GeV / cmasses  [ GeV / c2 2 ]]

≈≈ 0.004          0.004          1.2                 1741.2                 174

≈≈ 0.008              0.1                     40.008              0.1                     4

provided by provided by „„Higgs fieldHiggs field““ (weak interaction)(weak interaction)
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NucleonNucleon

Proton (uud) and Neutron (udd)Proton (uud) and Neutron (udd)

�� „„barebare““ mass mass (without gluons)(without gluons)

�� naiv:naiv:

�� sum of bare valence quark (u,d) masses:  10 sum of bare valence quark (u,d) masses:  10 –– 20 MeV20 MeV

�� better:better:

�� pionpion--nucleon sigma term:nucleon sigma term:

σσ00 = (m= (muu + m+ mdd)/2 )/2 ∑∑q=u,d,sq=u,d,s<N|qq|N>/m<N|qq|N>/mqq =  36 (7)  MeV=  36 (7)  MeV

from mass differences in baryon octet (see later)from mass differences in baryon octet (see later)

�� still better:still better:

�� Accounting for Accounting for strangestrange quark content yquark content y

ΣΣππNN = = σσ00 /(1/(1--y) = 64 (8) MeVy) = 64 (8) MeV

from from πΝπΝπΝπΝπΝπΝπΝπΝ scatteringscattering
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NucleonNucleon

�� „„realreal““ mass:mass:

mmpp = 939 MeV= 939 MeV

⇒⇒ most of nucleonmost of nucleon‘‘s mass made by glue (gluon  self interaction) !s mass made by glue (gluon  self interaction) !

⇒⇒ „„dressed or constituentdressed or constituent““ quarks orquarks or

⇒⇒ σσσσσσσσ field       field       ( analog to the Higgs field in weak interaction)( analog to the Higgs field in weak interaction)

⇒⇒ σσσσσσσσ meson  meson  ( chiral partner of pion, gives binding to nuclei )( chiral partner of pion, gives binding to nuclei )



Excitations of the NucleonExcitations of the Nucleon

N                                  ∆                            Λ             . . .∆                            Λ             . . .∆                            Λ             . . .∆                            Λ             . . .
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Nucleon Nucleon –– Nucleon InteractionNucleon Interaction
(Nuclear Force)(Nuclear Force)

�� Boundstates: Boundstates: 
�� d,        d,        ΛΛ,ΛΛ,…… ??????

�� Quasibound states,Quasibound states,

Resonances ???Resonances ???

∆∆∆∆

π, σ, ...π, σ, ...π, σ, ...π, σ, ...
VNN

rNN
1 fm

0

σσσσ

ππππ

�� mediated by mesons:mediated by mesons:



Hadrons in the UniverseHadrons in the Universe

�� Early UniverseEarly Universe

�� Baryogenesis:Baryogenesis:

�� QuarkQuark--Gluon Plasma Gluon Plasma →→ HadronsHadrons

(LEP, RHIC, LHC, FAIR/GSI)(LEP, RHIC, LHC, FAIR/GSI)

�� Nucleosynthesis:Nucleosynthesis:

�� Formation of light nuclei d, Formation of light nuclei d, 33H, H, 33He, He, 44He, He, 66Li, Li, 77LiLi

⇔⇔
pionpion--nucleon coupling constantnucleon coupling constant ggππππππππNN   NN   



Hadrons in the UniverseHadrons in the Universe

�� Late UniverseLate Universe

�� Star Burning Star Burning 

�� Nuclear reaction cross sectionsNuclear reaction cross sections

�� Nuclear structure Nuclear structure 

�� BurnBurn--out phase (compactification):out phase (compactification):

�� Equation of state for nuclear matterEquation of state for nuclear matter

⇒⇒ Herbert Herbert MMüütherther, Kepler Colloquium, Nov. 7, Kepler Colloquium, Nov. 7

�� What happens at high densities ???What happens at high densities ???



Hadrons in the UniverseHadrons in the Universe

�� todaytoday‘‘s Universes Universe

�� CosmicsCosmics

�� GZK cutoff at highest energiesGZK cutoff at highest energies

due to pion production with CBR photons:due to pion production with CBR photons:

p + p + γγγγγγγγCBR CBR →→ ∆∆∆∆∆∆∆∆ →→ p + p + π   π   π   π   π   π   π   π   

i.e., protons get deceleratedi.e., protons get decelerated



Hadrons in the UniverseHadrons in the Universe

�� todaytoday‘‘s Universes Universe

�� Direct Dark Matter Detection:Direct Dark Matter Detection:

�� WIMP scattering on nuclei:WIMP scattering on nuclei:

⇔⇔ measurement ofmeasurement of nuclear recoilnuclear recoil

WIMPWIMP--nucleus cross section:nucleus cross section:

σσσσσσσσWIMPWIMP ∼∼∼∼∼∼∼∼ ΣΣΣΣΣΣΣΣππππππππNN
22 ||const.const. +  y m+  y mss/m/mdd||

22

uncertain to 2 orders of magnitude due to uncertain to 2 orders of magnitude due to ΣΣΣΣΣΣΣΣππππππππN N !!!!!!

ss content

of nucleon

ss content

of nucleon



Strangeness in the nucleon ?Strangeness in the nucleon ?
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ss content

of nucleon

ss content

of nucleon

y =  0                            1/2                    2/3

Our πp results tend to prefer small y



Hadrons in the LabHadrons in the Lab

�� PionPion--Nucleon sigma term:Nucleon sigma term:

What do What do 

we know?we know?

principalprincipal

problem:problem:

Isospin Isospin 

breakingbreaking
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t

ν2

Σ

Phase shift analysis
Hyperbolic Dispersion relations

Fixed-t Dispersion relations

Extraction of  the sigma-term:  extrapolation into unphysical regionExtraction of  the sigma-term:  extrapolation into unphysical region

� High sensitivity to data at and close to threshold !

Threshold

Cheng-Dashen

Point t=2mπ² π π    ± ±→p p



Inconsistencies at energies < 100 MeVInconsistencies at energies < 100 MeV



ππππππππp Scattering at Low Energiesp Scattering at Low Energies

Denz et al. , Phys. Lett. B633, 209 (2006)Denz et al. , Phys. Lett. B633, 209 (2006)



Hadrons in the LabHadrons in the Lab

�� Equation of State for Nuclear MatterEquation of State for Nuclear Matter



�� Equation of State Equation of State 

for Nuclear Matter:for Nuclear Matter:

�� Monopole excitationMonopole excitation

of nuclei:of nuclei:

„„Breathing ModeBreathing Mode““

Hadrons in the LabHadrons in the Lab

E

ρρρρρ0

0

-B
Compressibility 

of nuclear 

matter

Compressibility 

of nuclear 

matter

stiff

soft

Exotics:

Strange matter,

∆ matter,

Dibaryons,…

Exotics:

Strange matter,

∆ matter,

Dibaryons,…



Hadrons in the LabHadrons in the Lab

�� Equation of State Equation of State 

Compressibility of the Compressibility of the 

nucleon:nucleon:

�� Monopole excitationMonopole excitation

of the nucleon:of the nucleon:

„„Breathing ModeBreathing Mode““
½+  N(940)

½+ N(1440)
1.5 GeV

1.0 GeV

„Roper“ resonance

Compressibility 

of nucleon

Compressibility 

of nucleon



ππππππππ and and ππππππππππππππππ Production Production 

@ CELSIUS and COSY@ CELSIUS and COSY

�� ∆∆∆∆∆∆∆∆ NN**(1440)(1440)

�� excitations in the excitations in the NNNN systemsystem

�� …… and in Nuclei and in Nuclei 



ρρρρ

Meson Production at Meson Production at 

WASAWASA

ππππ

ππππππππ

ηηηη

γγγγγγγγ

ωωωω



WASA at COSYWASA at COSY

2005 - 2006

CELSIUS-WASA
Dubna -Hamburg -Jülich -

Lodz - Moscow - Novosibirsk -

Stockholm - Tsukuba -

Tübingen - Uppsala - Warsaw



Roper ResonanceRoper Resonance
NN**(1440)(1440)

�� ππππππππN and N and γγγγγγγγN:N:

�� RoperRoper´́s resonances resonance

�� a resonance without seeing ita resonance without seeing it

�� New generation of measurements:New generation of measurements:

�� the the „„narrownarrow““ RoperRoper



RoperRoper´́s s ππππππππN ResonanceN Resonance



How to excite the Roper?How to excite the Roper?

�� N         N         →→ NN* * (1440)(1440)

I( JI( Jp p ):    ):    ½½( ( ½½ ))+  +  →→ ½½( ( ½½ ))+ + 

⇒⇒

�� scalarscalar--isoscalar excitation:    isoscalar excitation:    σ σ σ σ σ σ σ σ 

oror

�� isovectorisovector excitation:   excitation:   ππππππππ,, γγγγγγγγ (M1), (M1), ……

with spinflip preferredwith spinflip preferred



Where to see?Where to see?

�� γγγγγγγγN N 

�� photo absorptionphoto absorption

�� γγγγγγγγp p →→ p p ππππππππ00000000ππππππππ00000000

�� Where is the Roper?Where is the Roper?

Morsch and Zupranski, PRC 61, 024002 (1999)

∆∆∆∆

D13(1520) …



Where to see?Where to see?

�� ππππππππN scattering:N scattering:

�� Where is the Where is the 

Roper?Roper?

PDG 2006

∆∆∆∆ 2. resonance region D13(1520) …

3. resonance region F15(1680) …

I=3/2I=3/2

I=1/2, 3/2I=1/2, 3/2

I=1/2I=1/2



ππππππππ-- p total cross sectionp total cross section

Where is Where is 

the the 

Roper?Roper?

  10.0 1000.0T
lab

(MeV)  8/25/ 6

SP06 766276 57255/31876 P+=27190/13344 P-=22702/11967 CX=

PN061f  PI-N data VPI&SU   5/06   Arndt  5/17/ 6

 PI-P  SGT    ACM =    0.00 UN-Normalized

     0.00

    73.00

 Plotted data is for ACM =   0.00 to ACM =   0.00

 PE[78] 3

 CA[71] 3

 ZI[58] 1

 DA[72]F0

 BI[66] 1

 CA[68]F3

 DE[65] 1

SAID data base



ππππππππN partial wave analysisN partial wave analysis
�� Partial wave amplitudes Partial wave amplitudes 

Re A                                    

SAID nucl-th/0605082

here is theRoper : here is theRoper : 

SAID:                      MSAID:                      Mpolepole =  1357 MeV=  1357 MeV

ΓΓΓΓΓΓΓΓpole  pole  =   160 MeV=   160 MeV

Bonn Bonn (Sarantsev et al.)(Sarantsev et al.):             1371 (2):             1371 (2)

ππN + N + γγN       N       184 (20)184 (20)

�� Argand plotArgand plot

real

imag

real

imag



What does the What does the „„BibleBible““ tell us today?tell us today?

PDG PDG 

2006:2006:

N(1440) P11N(1440) P11N(1440) P11N(1440) P11 I (JP ) = 1
2 (1

2
+)

Breit-Wigner mass = 1420 to 1470 (≈ 1440) MeV

Breit-Wigner full width = 200 to 450 (≈ 300) MeV

pbeam = 0.61 GeV/c 4π¯̄λ2 = 31.0 mb

Re(pole position) = 1350 to 1380 (≈ 1365) MeV

−2Im(pole position) = 160 to 220 (≈ 190) MeV

N(1440) DECAY MODESN(1440) DECAY MODESN(1440) DECAY MODESN(1440) DECAY MODES Fraction (Γi /Γ)

N π 0.55 to 0.75 398

N ππ 30–40 % 347

∆π 20–30 % 147

N ρ <8 %

N (ππ )I=0
S-wave 5–10 %

pγ 0.035–0.048 % 414

pγ , helicity=1/2 0.035–0.048 % 414

nγ 0.009–0.032 % 413

nγ , helicity=1/2 0.009–0.032 % 413



New Generation of Experiments New Generation of Experiments 

visualizing a visualizing a „„narrownarrow““ Roper (?)Roper (?)

�� αααααααα p p →→ αααααααα X    @ 4.2 GeV                (Saturne)X    @ 4.2 GeV                (Saturne)

�� J/J/ψ ψ ψ ψ ψ ψ ψ ψ →→ N NN N** and N Nand N N* * (BES)(BES)

�� pp pp →→ npnpππππππππ++++++++ @ 1.1 and 1.3 GeV    (WASA)@ 1.1 and 1.3 GeV    (WASA)

pp pp →→ ppppππππππππ00000000ππππππππ0  0  0  0  0  0  0  0  @ 0.65 @ 0.65 –– 1.36 GeV1.36 GeV



New Generation of Experiments:New Generation of Experiments:

1.   1.   α α α α α α α α p p →→ αααααααα X   X   (Saclay)(Saclay)

Morsch et al., PRL 69, 1336 (1992) and PRC 61, 024002 (1999)

Hirenzaki et al., PRC 53, 277 (1996)

� scalar-isoscalar  

probe αααα

however:

� interfering   

background

from projectile 

excitation

ΓΓΓΓ≈≈≈≈ 190 MeV ΓΓΓΓ≈≈≈≈ 400 MeV



New Generation of Experiments:New Generation of Experiments:

2.  J/2.  J/ψψψψψψψψ →→ N NN N** and N Nand N N** (BES)(BES)

n pn pππ−− and pand pππ++ n events  n events  ⇒⇒ I= I= 1/2 1/2 NN** excitations only excitations only 
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Ablikim et al., PRL 97 (2006) 062001

hep-ex/0405030

Roper  M=1358(6,16) MeVRoper  M=1358(6,16) MeV

ΓΓΓΓΓΓΓΓ=179(26,50) MeV=179(26,50) MeV



Decay of RoperDecay of Roper

�� decay channels:             BR(1440)              BR(1371)decay channels:             BR(1440)              BR(1371)

PDG 2006                          Bonn 2007 PDG 2006                          Bonn 2007 (Sarantsev et al.)(Sarantsev et al.)

�� NN** →→ NNπ π 0.55 0.55 –– 0.75                     0.61 (2)0.75                     0.61 (2)

�� NN** →→ NNππππ 0.30 0.30 –– 0.40                     0.39 (5)0.40                     0.39 (5)

�� →→ ∆π  ∆π  →→ NNππππ 0.20 0.20 –– 0.30                    0.18 (2)0.30                    0.18 (2)

�� →→ NNρρ →→ N(N(ππππ))I=L=1I=L=1 < 0.08< 0.08

�� →→ NNσσ →→ N(N(ππππ))I=L=0I=L=0 0.05 0.05 –– 0.10                    0.21 (3)0.10                    0.21 (3)

�� N* N* →→ ∆π  /  ∆π  /  ∆π  /  ∆π  /  ∆π  /  ∆π  /  ∆π  /  ∆π  /  NN* * →→ NNσσσσσσσσ :: 2 2 –– 66 0.9 (2)0.9 (2)

PRC 67 ( 2003 ) 052202 (Pätzold et al)

�� NN** →→ NNππππππππππππππππ:   :   look  in pp look  in pp →→ pppp** →→ ppppππ  :        ππ  :        1.0 (1)1.0 (1)



Status quo Status quo 

ante:ante:

experimental experimental 

and theoretical and theoretical 

situationsituation

ππ ππ ππ ππ production

chiral 

dynamics

Roper

∆∆∆∆∆∆∆∆

←← ←← CELSIUS   CELSIUS   →→ →→

←← polarized     COSY   polarized     COSY   →→ →→



PROMICE / WASAPROMICE / WASA
�� TTp p = 650 = 650 –– 775 MeV775 MeV

Phys. Rev. Lett. 88 (2002)  192301Phys. Rev. Lett. 88 (2002)  192301

Nucl. Phys. A 712 (2002) 75Nucl. Phys. A 712 (2002) 75

Phys. Lett. B 550 (2002) 147Phys. Lett. B 550 (2002) 147

Phys. Rev. C 67 (2003) 052202 Rapid Comm.Phys. Rev. C 67 (2003) 052202 Rapid Comm.

many conference contributionsmany conference contributions

WASA preliminary

WASA

� Tp = 775 – 1450 MeV

M. Bashkanov   

T. Skorodko      

Sarantsev et al.



ππππππππππππππππ Production:          Production:          pp pp →→ ppppππππππππ00000000ππππππππ0           0           0           0           0           0           0           0           

�� Energy Energy 

dependence dependence 

of total cross of total cross 

sectionsection

N*→Nσσσσ

N*→∆π∆π∆π∆π

∆∆∆∆∆∆∆∆

WASA

PROMICE/WASA
bubble chamber data

Roper

Valencia



threshold region:threshold region:

ππππππππ++++++++ππππππππ−−−−−−−−

RoperRoper

excitation and excitation and 

decaydecay

jkkjm

mmm
mmlllll

llllllllll

“σ“

N*
∆∆∆∆
N*

( conventional analysis )

Branching Ratio @  pole:  1440   1350 MeV

N*→∆π∆π∆π∆π / N*→Nσσσσ =       3.4 (3)     0.6 (1)

PDG               4 (2)

δδδδ δδδδ

< <

PRC 67 ( 2003 ) 052202

) )



CELSIUSCELSIUS--WASAWASA

pp pp →→ ppppππππππππ00000000ππππππππ00000000

IIππππ = 0= 0
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Tp = 775 MeV               Tp = 900 MeV

········ BR(∆π/Νσ) = 1 : 2           Iππ = 0 + 1

―—— BR(∆π/Νσ) = 1 : 8           Iππ = 0

⇒⇒⇒⇒⇒⇒⇒⇒ NN* * →→ NNππππππππππππππππ

dominantly N dominantly N →→ NNσσσσσσσσ !!
( nucl( nucl--ex/0612015)ex/0612015)



Conclusions (1)Conclusions (1)

�� Roper Resonance historically:Roper Resonance historically:

�� Originally found in Originally found in ππππππππN phase shifts of PN phase shifts of P1111 partial partial 

wave wave 

�� Interpretation as a BreitInterpretation as a Breit--Wigner resonance in Wigner resonance in ππNN

⇒⇒⇒⇒⇒⇒⇒⇒ M M ≈≈≈≈≈≈≈≈ 1440 MeV, 1440 MeV, ΓΓΓΓΓΓΓΓ ≈≈≈≈≈≈≈≈ 400 MeV400 MeV



Conclusions (2)Conclusions (2)

�� Roper resonance now:Roper resonance now:
M M ΓΓΓΓΓΓΓΓ (MeV)(MeV)

�� SAID SAID ππππππππN N partial wave analysispartial wave analysis:        1357          160:        1357          160

�� Bonn Bonn (Sarantsev et al)(Sarantsev et al) ππππππππN + N + γγγγγγγγN         1371(2)     184(20)N         1371(2)     184(20)

�� Explicitly seenExplicitly seen in:in:

�� αααααααα p  p  →→ α α α α α α α α X                                      1390          190   (?)X                                      1390          190   (?)

�� J/J/ψψψψψψψψ →→ n pn pππππππππ−−−−−−−− 1358          1601358          160

�� p p  p p  →→ p np nππππππππ++++++++ 1380          1501380          150

�� Roper decay  NRoper decay  N** →→ N N ππππππππππππππππ
�� pp pp →→ NNNNππππππππππππππππ ⇒⇒⇒⇒⇒⇒⇒⇒ dominantlydominantly NN** →→ N N σσσσσσσσ



Conclusions (3)Conclusions (3)

�� ScalarScalar--isoscalar probes (isoscalar probes (σσσσσσσσ exchange) see exchange) see „„narrownarrow““

monopole excitation at very low excitation energy :monopole excitation at very low excitation energy :

breathing mode @breathing mode @ ωωωωωωωω ≈≈≈≈≈≈≈≈ 400 MeV ! 400 MeV ! 

i.e. only 100 MeV above i.e. only 100 MeV above ∆∆, the lowest excited state, the lowest excited state



ππππππππ Production in Nuclei and the 
ABC Puzzle

ππππππππππππππππ Production in Nuclei and the Production in Nuclei and the 

ABC PuzzleABC Puzzle

� a standing problem since nearly  50 years!

� nuclei as isospin filter:

ππ – system
� pp → pp  ππ I = 0, 1, 2

� pn → d     ππ                         0, 1

� pd → 3He ππ:                        0, 1                                   

� dd → 4He ππ:                        0

�� a standing problem since nearly  50 years!a standing problem since nearly  50 years!

�� nuclei as isospin filter:nuclei as isospin filter:

ππππ –– systemsystem
�� pp pp →→ pp  pp  ππππ I = 0, 1, 2I = 0, 1, 2

�� pn pn →→ d     d     ππ                         ππ                         0, 10, 1

�� pd pd →→ 33He He ππππ:                        0, 1                                   :                        0, 1                                   

�� dd dd →→ 44He He ππππ:                        0:                        0
} ABC effect} ABC effect

0 0



ABC effectABC effect

�� Inclusive measurements:Inclusive measurements:

pd pd →→ 33He XHe X

Abashian et al.        BerkeleyAbashian et al.        Berkeley

Banaigs et al.          Saclay         Banaigs et al.          Saclay         

⇒⇒

lowlow--mass enhancement !mass enhancement !

Missing mass  [ GeV/cMissing mass  [ GeV/c22 ]]

.3  .4      .5     .3  .4      .5     →→

|  |      |

Θ Θ Θ Θ = 0.3 deg

pd = 3.14 GeV/c

≅≅≅≅
Tp = 893 MeV

((AAbashian, bashian, BBoth, oth, CCrowe )rowe )

NP B67 (1973)1
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First exclusive measurement:    @ CELSIUS-WASA

p d → 3He  ππππππππ @ Tp = 895 MeV
First exclusive measurement:    @ CELSIUSFirst exclusive measurement:    @ CELSIUS--WASAWASA

p d p d →→ 33He  He  ππππππππππππππππ @ T@ Tpp = 895 MeV= 895 MeV

MππMππ M3He πM3He π

π0π0

( I = 0 )

π+π−

( I = 0, 1 )

ABC

(∆∆∆∆∆∆∆∆)int

(∆∆)conventional

Phys. Lett. B637, 

223 (2006)



Angular Distribution of Isoscalar LowAngular Distribution of Isoscalar Low--Mass Mass 

Enhancement ?Enhancement ?

( )00

0cos ππ

π
Θ

Mππππ0000ππππ0000

scalar – isoscalar !

Phys. Lett. B637, 

223 (2006)
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First exclusive measurement:    @ CELSIUS-WASA

p d → d ππππ0000ππππ0000 + pspectator

First exclusive measurement:    @ CELSIUSFirst exclusive measurement:    @ CELSIUS--WASAWASA

p d p d →→ d d ππππππππ00000000ππππππππ00000000 + p+ pspectatorspectator

MππMππ MdπMdπ

Tp = 1.04 GeV

ABC

(∆∆∆∆∆∆∆∆)int

(∆∆)conventional

Proc. MESON 06, 

Int. J. Mod. Phys. 

A22 (2007) 617

Tp = 1.36 GeV



Quasifree pn Quasifree pn →→ ddππππππππ00000000ππππππππ00000000 ((bin Tbin Tpp = 1.0 = 1.0 –– 1.04 GeV)1.04 GeV)

�� Angular distributions:      Angular distributions:      overall cmsoverall cms
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control reactioncontrol reaction

pp pp →→ ddππππππππ++++++++ππππππππ0    0    0    0    0    0    0    0    @  1.1 GeV@  1.1 GeV

�� I = 1 channel I = 1 channel ⇔⇔ nono ABC !ABC !

�� despite despite ∆∆ ∆∆ excitationexcitation

∆∆ σ∆∆ σ∆∆ σ∆∆ σ*(k1 x k2)

∆∆∆∆∆∆∆∆



Total Cross SectionsTotal Cross Sections

�� Isospin relations    Isospin relations    ⇒⇒

pn pn →→ ddππ++ππ−− pn pn →→ ddππ00ππ00

I = 1      1/2                          I = 1      1/2                          --------

I = 0       2/5                      1/5 I = 0       2/5                      1/5 

if if ∆∆∆∆ mechanism   mechanism   

}∗ pp → dπ+π0

∗∗∗∗ 2

∗∗∗∗ 2



WASA@COSY WASA@COSY –– first data on ABCfirst data on ABC

�� First preliminary First preliminary 

results from January results from January 

2008 beamtime2008 beamtime

�� Quasifree Quasifree 

pn pn →→ ddππππππππ00000000ππππππππ00000000

CELSIUS/WASA

JINR, DESY



Total xsectionTotal xsection

pp → dπ+π0

pn → dπ+π-

pn → dπ0π0

Tp = 1.0 GeVTp = 1.2 GeVTp = 1.4 GeV
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 DESY, JINR-π+π d →pn 

 2  COSY• 0π0π  d →pn 

(t−channel)∆∆

ABC resonance



2D x2D x--sectionsection

s

ππM



Sliced xSliced x--sectionsection



∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ System System 
ConclusionsConclusions

�� ∃∃ resonances  in NN resonances  in NN ↔↔ ∆∆ ∆∆ ↔↔ ddππππ

�� trivial (?) ones at threshold: trivial (?) ones at threshold: 

�� m m ≈≈ 2  m2  m∆∆

�� Γ Γ ≈≈ 2 Γ2 Γ∆∆

�� a nona non--trivial one below threshold:trivial one below threshold: I(JI(JPP) = 0(1) = 0(1+ + or 3or 3++))

�� m m ≈≈ 2 m2 m∆ ∆ -- 70 MeV70 MeV

�� Γ Γ Γ Γ Γ Γ Γ Γ ≈≈≈≈≈≈≈≈ 50 MeV50 MeV <<<<<<<<<<<<<<<< 2 Γ2 Γ2 Γ2 Γ2 Γ2 Γ2 Γ2 Γ∆∆∆∆∆∆∆∆

�� ∆∆++ and and ∆∆00 in relative sin relative s--wave!      wave!      ( hetero ( hetero ♂♀♂♀ ))



ππππ0000ππππ0000 Enhancement Gallery  ππππππππ00000000ππππππππ00000000 Enhancement Gallery  Enhancement Gallery  

WASA@COSY:     exclusive measurements      

over full ∆∆ region!

WASA@COSY:     exclusive measurements      

over full ∆∆ region!

pn → d π0π0

@ 1.0 GeV

pn → d π0π0

@ 1.0 GeV

dd → 4He π0π0

@ 1.0 GeV

dd → 4He π0π0

@ 1.0 GeV

pd → 3He π0π0

@ 0.9 GeV

CELSIUS-WASA measurementsb
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heavier 
nuclei ??

S. Keleta, thesis 

Uppsala 2008



� There is more in the NN system than just the 
3S1 boundstate and 

1S0 virtual state :

� There are ∆∆∆∆∆∆∆∆ states, eigenstates of the NN system,
in particular the ABC-effect state with I(JP) = 0(1+ or 3+)
small width and survives even in nuclear medium

⇒⇒⇒⇒more than just a ∆∆∆∆∆∆∆∆ molecule?

�� There is more in the NN system than just the There is more in the NN system than just the 
33SS11 boundstateboundstate and and 11SS00 virtual statevirtual state ::

�� There are There are ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ states, states, eigenstateseigenstates of the NN system,of the NN system,

in particular the ABCin particular the ABC--effect stateeffect state with with I(JI(JPP) = 0(1) = 0(1++ or 3or 3++))
small width and survives even in nuclear mediumsmall width and survives even in nuclear medium

⇒⇒⇒⇒⇒⇒⇒⇒ more than just a more than just a ∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆∆ molecule?molecule?

SummarySummarySummary



� Is it a genuine dibaryon  I(JP) = 0(3+)

accessed via ∆∆∆∆∆∆∆∆ as doorway ?

�� Is it a genuine Is it a genuine dibaryon  I(Jdibaryon  I(JPP) = 0(3) = 0(3++))

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

Summary cont‘dSummary contSummary cont‘‘dd

N N ∆ ∆∆ ∆∆ ∆∆ ∆ d*⇔⇔⇔⇔ ⇔⇔⇔⇔

Nππππ Nππππ



Final SummaryFinal Summary

�� PionPion--nucleon sigma termnucleon sigma term::

�� Strange quark content ?Strange quark content ?

⇔⇔ dark matter scattering cross sectiondark matter scattering cross section

�� Equation of state for nuclear matterEquation of state for nuclear matter::

�� Breathing mode in nuclei Breathing mode in nuclei ⇒⇒ softsoft

�� Breathing mode in nucleon Breathing mode in nucleon ⇒⇒ softsoft

�� Exotics: resonances in the dibaryon systemExotics: resonances in the dibaryon system

⇒⇒ new state of matter new state of matter 

⇒⇒ influence on hot/dense matter?influence on hot/dense matter?
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