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intermediate energies
• Issues NN scattering interm energies
• phenomenology (PSA)

meson exchange, chiral perturbation theory
• pp elastic scattering
• IUCF
• EDDA (COSY)
• meson production
• IUCF
• ANKE(COSY), COSY-11  
• np elastic (spectator model)
• ANKE (COSY)
• Breakup 
• IUCF  
• outlook
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detector 

Spin manipulation



p+p elastic scattering: 
improvement of phenomenology 
(phase shift analyses)
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pp elastic scattering
(IUCF)

B. v. Przewoski et al., Rev. Sci. Instr. 67, 165 (1996)
W. Haeberli et al., Phys. Rev. C55, 597 (1997)
R.E. Pollock et al., Phys. Rev. E55, 7606 (1997)
H.O. Meyer, Phys. Rev. C56, 2074 (1997)
F. Rathmann et al., Phys. Rev. C58, 658 (1998)
B. v.Przewoski et al., Phys. Rev.C58, 1897 (1998)

B. Lorentz et al., Phys. Rev. C61,
054002 (2000)



pp scattering: 0.5pp scattering: 0.5--2.6 2.6 GeVGeV
COSY/EDDA

Polarized, internal target
Polarized, stored beam



Virginia, FA00

Saclay-Geneva

F. Bauer et al., PRL 90, 142301 (2003)
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(External beam)



Additions since ~1990 to NN database

future (COSY): double scattering experiments?





ANKE @ COSY JUELICH

A. Kacharava et al.







ANKE



meson production near 
threshold: 
study of fundamental πNN system, 
meson-nucleon interaction
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→ →p p → pp πo       measured PW  contributions
H.O.Meyer et al., Phys. Rev. Lett. 83, 5439,1999

η= max PCMS
π0 / mπ0

solid lines:  Jülich model
dotted lines : phase space

fit  Ps ~ η6 fit  Pp ~ η8

σTOT = σSs +σPs +σPp labeled with final LNN, lπ

∆σT= σ(↑↓) − σ(↑ ↑) = 2(σPs −σSs +σ*
Pp)

 ← →
∆σL= σ(→) − σ(→)    = 2(σSs + σPs − σPp − 2σ*

Pp)

σPs 1           ∆σT 1 ∆σL—— =   — ( 1 + —— + — —— )σTOT 4           σTOT 2 σTOT
Ps-cross section directly measured



spin-½ on spin-½ with 
three-body final state

π0

q

π0p
Make cuts through 5-dim. phase space

polar angle:
θp or θq

azimuth dependences
φp, φq,  φp+φq,  2φp–φq

∆φ= φp–φq

+ dependence on energy sharing parameter ε

lots of observables, but also lots of information !
(complete mapping of phase space)



pppp→→ppppππ00, , AAyyyy+A+Axxxx and and AAzzzz

π0pπ0

q

C. Hanhart et al.,
PRC42,064008 
(2000)
(Jülich model)

Partial-wave
Fit
with/without
hole correction

Ss, Ps, Pp



pppp→→ppppππ0 0 ,, AAyy, A, Axzxz and and AAyyyy--AAxxxx

π0

q
π0p

Theory: C. Hanhart et al., PRC42, 064008  (2000) (Jülich model)



Chiral Symmetry

• a symmetry of QCD: mu = md = 0 ... mπ= 0
• broken:  mπ ≠ 0 , but small (mπ« M)

Chiral Perturbation Theory ( χPT)
expand amplitude in terms of Q/M (Weinberg, 1979)

• applied to meson-baryon systems (1990)
• organize terms, power counting (Weinberg, 1992)
• applied to pp pp π 0

(Cohen et al., Park et al. 1996 tree-level up to D=1)
(Gedalin et al., 1998 loops up to D=2) 

issues: • convergence (Q <(mπM)½ < 0.4)
• final-state interaction
• relativity



pppp→→ppppππ0 0 ,, AAzz and and AAxyxy--AAyxyx

dependence on ∆φ=φπ-φpp
(‘coplanarity’ angle)

(Observables that are forbidden by parity conservation
in reactions with two-body final state)

cos(θq)

∆φ

beam pol
along

target pol
sideways

target pol
along

Axial observables



→ →p p → pn π+       measured PW  contributions
W.W.Daehnick et al., Phys. Rev. C. 65, 024003,2002

Summary plot
• individual amplitudes fitted to the data
• lines connect summed Ss, Sp+Ps, and Pp 

amplitudes

meson energy in CMS

Ss

Sp,Ps,P
p



W.W.Daehnick et al., Phys. Rev. C 65, 024003,2002

→ →p p → pn π+       angular and energy dependence

Cxx + Cyy

Cxx - Cyy

Czz

cos(θ π)

Julich
model

PW fit

Julich
model



pppp→→meson +Xmeson +X

pp→dπ+ B. v. Przewoski et al., Phys. Rev. C61, 064604 (2000)

Indiana Cooler: spin correlation data

COSY: heavy meson production with polarized beam

pp→ppη Q=40 MeV, COSY-11 group

Swapan K. Saha et al., Phys. Lett. B461, 175 (1999)
W.W. Daehnick et al., Phys. Rev. C65, 024003 (2002)

pp→pnπ+

Theory: polarization in NN 
meson production not understood

H.O. Meyer et al., Phys. Rev. Lett. 81, 3096 (1998)
H.O. Meyer et al., Phys. Rev. Lett. 83, 5439 (1999) 
H.O. Meyer et al., Phys. Rev. C 63, 064002 (2001)

pp→ppπ0

COSY-11Future:



fewfew--nucleon reactionsnucleon reactions

add another nucleon
Reaction mechanism
3 nucleon forces (?)



• anti-symmetric under parity operation.
forbidden in coplanar final states,  e.g. longitudinal 

analyzing power Az

• A 3NF contains some axial operators that can not be 
constructed with pair wise NN forces.

• These axial operators couple strongly to unnatural parity 
states (i.e. (-1)L+1; where L=lp+lq) 

•Axial observables make it easier for the expected small 
unnatural-parity states to contribute via interference with 
large natural-parity states.  Knutson (PRL 73, 3062 (1994))

Axial Observables



Axial Observables in dp Breakup (IUCF)

• Possible axial observables • Measured axial observables

p
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p
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yxxy CC ,, −

zzzC ,

Require 
longitudinal 
beam pol!

-at 9 MeV: Az is vanishingly small
experiment confirms this (George et al.)

-at 135 MeV: Az is 100 times larger!Faddeev calcs, W
itala et al.
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pd pd, 135 MeV
v.Przewoski et al.



Description of Phase Space

• The final state for breakup is described by three 
momentum vectors
– 9 degrees of freedom
– 4 are constrained  by conservation laws
– Thus, 5 parameters are needed to identify an event

• We chose, θp, θq, φp, φq, and | p |

• The axial observables are
invariant under rotations about
the z-axis; thus can only depend 
on  ∆φ = (φp - φq)

neutron
(not 
observed)

x

y

proton 1

proton 2

∆φ (deg)q
p



Faddeev calculations with experimentally realistic constraints
J. Kuros-Zolnierczuk et al., Few Body Systems 34, 259 (2004)

1) Average over true experimental acceptance
2) No need for Monte Carlo calculations
3) Applicable to kinematically complete experiments

Average over theoretical observables weighted by the density in phase space 
(~ cross section, detector efficiency and polarization asymmetry) of the actual 
events

Calculate observables on a grid from 
Faddeev amplitudes and interpolate 
between grid points by multidimensional 
linear interpolation

Difference between observables 
from amplitudes directly and 
observables from interpolation <.003



dp ppn, 270 MeV

Addtl’ physics?

Az

Longitudinal analyzing power

Spin correlation coefficients

Cy,x-Cx,y

Czz,z

CD-Bonn

CD-Bonn+TM’

H.O. Meyer et al., PRL 93, 112502 (2004)



A:   maybe. There is no convincing signal to date

-- Axial observables are reasonably well described by the NN potential 
alone. The Axial observables measured turn out not to be sensitive to 
the 3NF

-- inclusion of 3-nucleon forces in the Faddeev calculations sometimes 
does and sometimes does not improve agreement with the data (the 
same is true for elastic scattering)

Q:    Is there a 3NF?



IUCF 2004 and beyond

LENS=low energy 
neutron source

RERP=radiation 
effects research 
program

MPRI=Midwestern proton 
radiotherapy institute

Nuclear physics
Star
Cold neutrons 
Neutrino physics


