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Yukawa's conception for the nuclear force

The intermediate- and short-range nuclear force should be revised somehow.

The most appropriate, consistent and related to fundamental QCD-picture 
way to make the revision is an introduction of the dibaryon degree of 
freedom in hadronic physics, NN interaction and generally in nuclear 
physics.

Nowadays the traditional model for the NN-interaction and basic nuclear 
force, which has been based on the Yukawa's  idea on the meson-
exchange in t-channel, works very well at  large distances rNN > λπ ~1.4 fm 
but there are some  serious problems and fundamental difficulties at 
intermediate (rNN ~ 1 fm) and especially at short ranges (rNN ~ 0.4 - 0.8 fm).







The puzzles of OBE-models at short ranges



The zero-angle 
π

+ production 
in D+p high-
energy 
collisions 
(JINR) at PD=9 
GeV/c





• The nucleon momentum 
distribution in deuteron extracted 
from different type experiments

D(e,e’p) cross section



The p-d momentum distribution in 3He extracted 
from experimental data of Dubna, SREL and 
Triumf



The average 3He(e,e’pp) cross section as a function of missing 
momentum pm at Ee = 750 MeV (the data of NIKHEF). The 
theoretical predictions without (solid line) and with (dashed line) 
pair 2N currents are based on full Faddeev 3N calculations with 
three-nucleon force included



The comparison for the 4He(e,e’p)3H cross section 
between experimental data and Laget calculations with 
PWIA, PWIA+FSI PWIA+FSI+MEC. Disagreement is 
large !



The comparison between nucleon momentum 
distributions in deuteron, 3He and 4He extracted 

from the e.-m. experiments like 4He(e,e’p)R

The experimental results demonstrate unambiguously the dominant contribution from 
direct interaction of the virtual photon with strongly overlapped two-nucleon pair in 4He. 
In particular, it may be illustrated by the momentum distributions in 2He, 3He and 4He 
extracted from different experiments.



Alternative picture of nuclear force at 
short and intermediate distances. 

Why the dibaryons?
In case of heavy meson exchange with m

ρ
≅ mω ≅ 800 MeV the 

Compton wave length λ
ρ

≅ λω ≅ 0.2 fm, so that two nucleons overlap 
deeply!



















The phase shifts of NN scattering in 
low partial waves





The dibaryon model prediction for the two-
pion production via σ-meson at p+n or p+p

collisions



γN, πN, … ⇔ NN collisions

• Nucleon Resonances
– s-channel production         ↔ associate 

production
( if 2-body decay)

– excitation by γ, π, ... ↔ virtual π, σ, ...

• NN system
– only measurements on d    ↔ NN and Nd 

collisions



π and ππ Production 
@ CELSIUS and COSY

– Δ N*(1440)
test case          investigate by σ excitation

– excitations in the NN system

– NN excitations in Nuclei 



Δ excitation in pN → NNπ
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Roper Resonance
N*(1440)

• πN and γN:
– Roper´s resonance
– a resonance without seeing it

• New generation of measurements:
– the „narrow“ Roper



How to excite the Roper?

• N         → N* (1440)
I( Jp ):    ½( ½ )+  

→ ½( ½ )+ 

⇒

– scalar-isoscalar excitation:    σ 
or

– isovector excitation:   π, γ (M1), …
with spinflip preferred



Where to see?

• γN 
– photo absorption
– γp → p π0π0

• Where is the 
Roper?

Morsch and Zupranski, PRC 61, 024002 (1999)

Δ

D13(1520) …



Where to 
see?

• πN scattering:

• Where is the 
Roper?

PDG 2006

Δ 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



π- p total cross section

Where is 
the 
Roper?

  10.0 1000.0Tlab(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



πN partial wave analysis
• Partial wave amplitudes 

Re A                                 

SAID nucl-th/0605082

here is theRoper : here is theRoper : 
SAID:                      MSAID:                      Mpolepole =  1357 MeV=  1357 MeV

ΓΓpole  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 „Bible“ tell us today?

PDG 
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

N ππ 30–40 %

Δπ 20–30 %

N ρ <8 %

N (ππ )I=0
S-wave 5–10 %

pγ 0.035–0.048 %

pγ , helicity=1/2 0.035–0.048 %

nγ 0.009–0.032 %

nγ , helicity=1/2 0.009–0.032 %



New Generation of Experiments 
visualizing a „narrow“ Roper (?)

• α p → α X    @ 4.2 GeV                
(Saturne)

• J/ψ → N N* and N N* (BES)

• pp → npπ+ @ 1.1 and 1.3 GeV    
(WASA)



New Generation of Experiments:
1.   α p → α X   (Saclay)

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

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

� scalar-isoscalar  
probe α

however:

� interfering   
background
from projectile 
excitation

Γ≈ 190 MeV Γ≈ 400 MeV



New Generation of Experiments:
3. pp → npπ+ @ 1.1 and 1.3 GeV  

(WASA)

• beam energy allows only Δ and Roper excitations  ⇒
– no kinematic reflections 

– clean and simple situation

• scalar-isoscalar (σ) excitation of Roper possible

• pπ+ invariant mass:  I=3/2             ⇒ only Δ++

• nπ+ :  I=1/2, 3/2     ⇒ Roper  (Δ+ very 
weak)



3. pp → npπ+

(WASA)

�� TTpp = 1.1 GeV= 1.1 GeV

��TTpp = 1.3 GeV= 1.3 GeV

ΔΔ RoperRoper

MMppππ++ MMnnπ+π+

Data prefer Roper values:Data prefer Roper values:
M M ≈≈ 1355 MeV 1355 MeV 
ΓΓ≈≈ 140 MeV140 MeV

(nucl(nucl--ex/0612015)ex/0612015) ]2 [MeV/c ^+πpM
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Dalitz plots   MC 
pp → npπ+ @ 1.3 GeV

• Δ++ and Δ+ • only 
Roper

� Δ++ ,  Δ+, Roper

Mpπ+ 2

Mnπ+ 2



Decay of Roper

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

PDG 2006                          Bonn 2007 
(Sarantsev et al.)

– N*
→ Nπ 0.55 – 0.75                     0.61 

(2)
– N*

→ Nππ 0.30 – 0.40                     0.39 
(5)

– → Δπ  → Nππ 0.20 – 0.30                    0.18 (2)
– → Nρ → N(ππ)I=L=1 < 0.08
– → Nσ → N(ππ)I=L=0 0.05 – 0.10                    0.21 (3)

– N* → Δπ  /  N* 
→ Nσ : 2 – 6 0.9 (2)

PRC 67 ( 2003 ) 052202



pp → NNππ
• Subsystems :

• NN           FSI

• ππ σ  and ρ  
• Nπ Δ  (1232)
• Nππ N* (1440), N* (1520)
• NNπ(π) dibaryonic systems (  ΔN, ΔΔ, ... )



Status on pp → NNππ

• exit channels :

– ppπ+π−

– ppπ0π0

– nnπ+π+

– pnπ+π0

– d π+π0

• exclusive measurements 
PW       COSY-TOF  CELSIUS-

WASA

+           + ↑ +
+
+ 

( + )
+



Status quo 
ante:

experimental 
and theoretical 

situation

ππ production

chiral 
dynamics

Roper

ΔΔ

←← ←← CELSIUS   CELSIUS   →→ →→

←← polarized     COSY   polarized     COSY   →→ →→



PROMICE / WASA
– Tp = 650 – 775 MeV

Phys. Rev. Lett. 88 (2002)  192301
Nucl. Phys. A 712 (2002) 75
Phys. Lett. B 550 (2002) 147
Phys. Rev. C 67 (2003) 052202 Rapid Comm.
many conference contributions

WASA preliminary

WASA
� Tp = 775 – 1450 MeV

M. Bashkanov   
T. Skorodko      

Sarantsev et al.



ππ Production:          pp →
ppπ0π0           

• Energy 
dependence 
of total 
cross 
section

N*
→Nσ

N*
→Δπ

ΔΔ

WASA
PROMICE/WASA
bubble chamber 
data

Roper

Valencia



Angular distributions

cos Θπ
cm cos Θp
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CELSIUS-WASA

pp → ppπ0π0

Iππ = 0
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Tp = 775 MeV               Tp = 900 MeV

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

―—— BR(Δπ/Νσ) = 1 : 8           Iππ = 0
⇒⇒ NN* * 

→→ NNππππ
dominantly N dominantly N →→ NNσσ !!

( nucl( nucl--ex/0612015)ex/0612015)

See talk Tatiana Skorodko



Conclusions (1)

• Roper Resonance historically:

– Originally found in πN phase shifts of P11
partial wave 

• Interpretation as a Breit-Wigner resonance in πN

⇒ M ≈ 1440 MeV, Γ ≈ 400 MeV



Conclusions (2)

• Roper resonance now:
M Γ (MeV)

– SAID πN partial wave analysis:        1357          160
– Bonn (Sarantsev et al) πN + γN         1371(2)     184(20)

– Explicitly seen in:
– α p  → α X                                      1390          190   (?)
– J/ψ → n pπ− 1358          160
– p p  → p nπ+ 1355          140

• Roper decay  N*
→ N ππ

– pp → NNππ ⇒ dominantly N* → N σ



Conclusions (3)

• Scalar-isoscalar probes (σ exchange) see 
„narrow“ monopole excitation at very low 
excitation energy :

breathing mode @ ω ≈ 400 MeV ! 

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



alternative approach close to threshold: 
inclusion of dynamic σ  by ππ rescattering

☺☺ ππ ππ rescattering   rescattering   ⇔⇔ ππ ππ phase shiftsphase shifts

☺☺ no explicit Roper resonance !no explicit Roper resonance !

☺☺ only 1 parameter  only 1 parameter  ⇔⇔ fixed by absolutefixed by absolute
scale of cross scale of cross 
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C70 (2004) 
014002 and 
057001



dynamic σ , no explicit Roper

Tp = 750 MeV

phase space

calculation 
without free

parameter
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dynamic σ , no explicit Roper 

Tp = 750 MeV           775 
MeV
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Conclusions  on vacuum 
reaction

• close to threshold:   π+π− data consistent with 
dynamic σ

( ππ rescattering )  - however,
fails at higher energies ( no Δ, no 

Roper )

• Tp < 1 GeV :  Roper excitation and decay
resonance parameters – partly in good 

agreement
with most recent results from other 

experiments

• Tp > 1 GeV:   dominant configuration ( ΔΔ ) 0+  ?
present theoretical calculations do not



ΔΔ region
pp → ppπ+π− @ Tp = 1360 MeV
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ππ Production in Nuclei

• medium effects of the ππ system

• 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

} ABC effect

0 0



Inclusive Measurements on Nuclei 
(unresolved nuclear final states)

• Medium modifications of hadrons by
– conventional processes ( e.g. Δ − h ) ?
– partial chiral restoration ?

σ chiral partner of π ?

• Low-mass Mππ enhancement observed
in measurements on nuclei :
– ( π−, π+ π− )      CHAOS @ TRIUMF
– ( π−, π0 π0 )       Crystal Ball @ BNL
– ( γ  , π0 π0 )       TAPS @ MAMI

Lutz et al., NPA542, 521(1992)

}isoscalar effect



Exclusive Measurements on Nuclei 
(bound nuclear final states)

• ABC – Effect:
low-mass enhancement in Mππ

spectra
in scalar-isoscalar channel

⇔

• excitation of the ΔΔ system



ABC effect

• Inclusive 
measurements:

pd → 3He X

Abashian et al.        Berkeley

Banaigs et al.          Saclay         

⇒

low-mass enhancement 
!

Missing mass  [ GeV/cMissing mass  [ GeV/c22 ]]
.3  .4      .5     .3  .4      .5     →→

|  |      |

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:    @ CELSIUSFirst exclusive measurement:    @ CELSIUS--WASAWASA

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

Mππ M3He π

π0π0

( I = 0 )

π+π−

( I = 0, 1 )

ABC

(ΔΔ)int

(ΔΔ)conventiona

Phys. Lett. B637, 
223 

(2006)



Angular Distribution of Isoscalar Low-Mass 
Enhancement ?

( )00

0cos ππ
πΘ

Mπ0π0

scalar – isoscalar !

Phys. Lett. B637, 223 (2006)
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First exclusive measurement:    @ CELSIUSFirst exclusive measurement:    @ CELSIUS--WASAWASA

p d p d →→ d d ππ00ππ00 + p+ pspectatorspectator

Mππ Mdπ

Tp = 1.04 GeV

ABC

(ΔΔ)int

(ΔΔ)conventiona

Proc. MESON 
06, Int. J. Mod. 
Phys. A22 
(2007) 617

Tp = 1.36 GeV



Quasifree pn → dπ0π0 (bin Tp = 1.0 – 1.04 
GeV)

• Angular distributions:      overall cms
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Energy Dependence of ABC
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 2• 0π0π d →pn 

pn → d*
→ ΔΔ → d ππ

(this work)
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(ΔΔ)conventional

pp → d π+π0 (no ABC effect)



π0π0 Enhancement Gallery  

WASA@COSY proposal:     exclusive measurements    

at several energies

pn → d π0π0

@ 1.0 GeV
dd → 4He π0π0pd → 3He π0π0

@ 0.9 GeV

ABC largest 
→ π0π0

enhancement 
huge ?

CELSIUS-WASA measurements
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�� inclusive measurements:  inclusive measurements:  
ππ A A →→ X X ππ   ππ   isoscalarisoscalar lowlow--mass enhancement in Mmass enhancement in Mππππ

γ γ A  A  →→ X X ππ   ππ   increasing with increasing Aincreasing with increasing A

�� exclusive measurements:    exclusive measurements:    
A B A B →→ C C ππππ ⇒⇒ ABC effect:ABC effect:

scalarscalar--isoscalarisoscalar lowlow--mass enhancement in Mmass enhancement in Mππππ

increasing with increasing Aincreasing with increasing A

•• correlated with the excitation of  a  correlated with the excitation of  a  ΔΔΔΔ system !system !
•• specific configurationspecific configuration ( I = 0, J( I = 0, Jpp = 1= 1++ or 3or 3++) in pn syste) in pn syste

Summary on Summary on ππ ππ Production in Production in 
NucleiNuclei

supported by BMBF, DFG ( Europ. Graduate School ), COSY-FFE and Landesforschungsschwerpunkt Baden-Württemberg

}



The physical picture of NN interaction 
at intermediate and short distances



The leading The leading 
contributioncontribution
of the Roperof the Roper
resonance  resonance  

excitation inexcitation in
pppp--collisionscollisions

at at GeVGeV energiesenergies

H.P. Morsch and
P. Zupanski,

Phys. Rev. C 71,
065203 (2005)

RoperΔ



Roper resonance



The (π+
π

- ) low-
energy 
enhancement  at 
Ep =5.9 GeV









Summary

The dibaryon model for nuclear force 
is motivated essentially by QCD and 
quark dynamics. Thus, the success of 
the model opens the door to the 
modern nuclear physics based on a 
fundamental quantum 
chromodynamics!



In this report the Internet material from the talks of
H. Clement and T. Skorodko has been employed (see the site: 
http://www.uni-tuebingen.de/erice/2007/sec/program2007.html).


