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Motivation: 
3Nucleon Force - What is it? 

•  IUCF Workshop Sep 1998 - Working Session II: 
-  Question: What do we mean by 3NF, and where is the best 

place to look for experimental evidence? 

•  H. Witala (working session notes): 
 H=T + ∑Vij + V1,2,3 

“where the second term is all pairwise i.a. summed over 
the 3N.The rest is 3NF and takes into account any 
distorsion of NN potential energy caused by the presence 
of the third nucleon.” 
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B. V. PRZEWOSKI et al. PHYSICAL REVIEW C 74, 064003 (2006)

FIG. 10. (Color online) Difference between the present data at 135 MeV and the Faddeev calculation with the CD-Bonn potential. The
effect of including the old or the new Tucson-Melbourne 3NFs is shown by the solid lines (TM) and the dashed lines (TM′). The dotted lines
show the difference between calculations with the AV18 and the CDBonn potentials, both without a 3NF.

All three forces mentioned above have been adopted for
insertion into Faddeev calculations [35], including angular
momenta of the 3N system up 13/2 [8]. All theoretical 3NFs
contain adjustable parameters that are determined experimen-
tally. In particular, the overall strength of the 3NF potential is
adjusted by varying the cutoff parameter ! of the π -N form
factor until the 3H binding energy is reproduced. The adjusted
cut-off parameter depends on the NN potential used [43].

D. Comparison of 3NF predictions with the data

The differences between our measurements and the
Faddeev calculation with the CD-Bonn potential are plotted
in Figs. 10 and 11, i.e., the calculation is the zero line.
The effect of including the old (TM) or the new (TM′)
Tucson-Melbourne 3NFs is shown by the solid lines and the
dashed lines, respectively. A comparison of these curves with
the data is justified if calculations with different NN potentials
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FIGURE 2. Left:Measured Az as a function of !" = "p−"q, (where p and q are the jacobi momenta in
the cm), compared to NN and 3NF calculations.Middle & Right: Predicted 3NF sensitivity for Axx−Ayy
and Azz for the present experimental setup obtained by the sampling method and interpolation. As input
phase space coordinates for the interpolation were used: a data sample (middle panel) and phase space
distributed montecarlo generated events (right panel).

Summary

Large values of axial observables in −→d −→p breakup were reported for the first time
using a new analysis technique, applicable to any three-particle final state that is fully
determined. The analysis of the breakup tensor analyzing powers is in progress with
the objective to compare with theoretical predictions extracted from an NN potential at
fourth order of ChPT [10]. The currently available 3NF models are not confirmed by our
measurements of pd elastic and breakup reactions.

ACKNOWLEDGMENTS

The authors wish to thank the IUCF Operations Group for their enthusiastic work at
all hours. The work has been done under NFS Grant No. PHY-0100348, DOE Grant
No. FG0288ER40438 and Grant No. Dnr. 629-2001-3868 from the Swedish Research
Council.

REFERENCES

1. H. Witala et al., Phys. Rev. C63, 024007 (2001)
2. K. Sekiguchi et al., in these proceedings
3. B. von Przewoski et al., acc. for publ. Phys. Rev. C
4. J. Kuroś-Żo!nierczuk, P. Thörngren Engblom, H-O. Meyer, T. J. Whitaker, H. Wita!a, J. Golak, H. Ka-
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J. Phys. G: Nucl. Part. Phys. 40 (2013) 063101 Topical Review

Figure 21. A comparison of the results of the vector analyzing power Ap
y of the p–d breakup

measured at two beam energies, with various theoretical predictions specified in the legends.
Examples for a few selected symmetric configurations are shown. Error bars show statistical
uncertainties alone. The horizontal (cyan) band in each panel represents the systematic uncertainties
(2σ ). Left: results for the beam energy of 190 MeV. Reproduced with permission from [104].
Copyright 2010 Elsevier. Right: results for the beam energy of 135 MeV. Adapted from [92].

according to the description in section 7.1), to the squares of statistical uncertainties, divided
by the number of kinematical points in the data set under consideration. In this approach
systematic uncertainties of the data and any uncertainty of the theoretical predictions are
neglected.

In the case of cross section data, the most relevant systematic factor is their absolute
normalization. It seems to be worthwhile to study the agreement between the data and
predictions when the experimental cross section normalization is allowed to change slightly.
In such an approach one puts more weight on the shapes of the measured distributions, rather
than on their absolute normalization as obtained in the course of data analysis. Both ways
of analysis—with the fixed (experimental) normalization and with the ‘fitted’ one—lead to
the same conclusion that the description of the breakup data at the deuteron beam energy of
130 MeV is improved when 3NF is included [32].

In the case of analyzing powers for the breakup reaction at 100 and 130 MeV, the
theoretical calculations using the realistic potentials (CDB, Nijm I, Nijm II, AV18) provide
very similar results and are treated as a group: they are presented in figures as bands and, in
calculations of χ2/d.o.f., an average value of all predictions is taken (corresponding to the
middle of the band). Calculations using those potentials combined with the TM99 3NF (2N +
TM99) are treated in an analogous way. Predictions obtained within ChPT have well-defined
uncertainties, which in some particular regions are quite significant. They are, however, also
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K. SEKIGUCHI et al. PHYSICAL REVIEW C 79, 054008 (2009)

FIG. 8. (Color online) Deuteron analyzing powers Ad
y, Axx, Ayy , and Axz for the complete breakup reaction 1H( !d, p1p2)n at

135 MeV/nucleon and at the central positions of the detectors (θ1, θ2,φ12), as labeled. For the descriptions of bands and curves see
Fig. 7. All the theoretical predictions are point-geometry results averaged over the same energy bin #S as the data (see text).

Ay,Ayy , and Axx , and less than 0.07 for Axz. As described
in the previous sections, the data have been obtained with
averaging over the finite angular range of the polar angle
#θ1 = ±1◦ and the azimuthal angle #φ1 = ±1.4◦ for the
proton p1 and over the finite hole aperture #θ2 = 0.8◦ for
the proton p2. The relative central azimuthal angle between
p1 and p2, defined as φ12, was 180◦. The data have been
averaged over #S = 8 MeV for Ad

y,Ayy, Axx , and Axz, over

#S = 18 MeV for K
y ′

yy at θ1 = 28◦, and over #S = 12 MeV
for K

y ′

yy at θ1 = 30◦ and 32◦.
The uncertainties of the kinetic energies of the two scattered

protons influence the position of the bin along the kinematical
arc length S and cause the measured observables to be
modified. The time-dependent fluctuations of the kinetic
energy E1, induced by time variation of the magnetic fields,
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135 MeV/nucleon and at the central positions of the detectors (θ1, θ2,φ12), as labeled. For the descriptions of bands and curves see
Fig. 7. All the theoretical predictions are point-geometry results averaged over the same energy bin #S as the data (see text).

Ay,Ayy , and Axx , and less than 0.07 for Axz. As described
in the previous sections, the data have been obtained with
averaging over the finite angular range of the polar angle
#θ1 = ±1◦ and the azimuthal angle #φ1 = ±1.4◦ for the
proton p1 and over the finite hole aperture #θ2 = 0.8◦ for
the proton p2. The relative central azimuthal angle between
p1 and p2, defined as φ12, was 180◦. The data have been
averaged over #S = 8 MeV for Ad

y,Ayy, Axx , and Axz, over

#S = 18 MeV for K
y ′

yy at θ1 = 28◦, and over #S = 12 MeV
for K

y ′

yy at θ1 = 30◦ and 32◦.
The uncertainties of the kinetic energies of the two scattered

protons influence the position of the bin along the kinematical
arc length S and cause the measured observables to be
modified. The time-dependent fluctuations of the kinetic
energy E1, induced by time variation of the magnetic fields,
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Motivation 
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….Progress require theoretical 
development & support à	


Comparison between data and theoretical predictions:	

Combining 3N forces with NN-potentials sometimes lead to 	


	
à improved agreement 	

	
 	
 	
à worse agreement	

	
 	
 	
 	
 	
à no effect	


Kistryn & Stephan J. Phys. G: Nucl. Part. Phys. 40 (2013) 063101	


B. v. Przewoski, et. al, PRC, 74, 064003 (2006), arXiv:nucl-ex/0411019 	

K. Sekiguchi et al., PRC 70, 014001 (2004), PRC 79, 054008 (2009)	

Kalantar-Nayestanakir, Epelbaum, Messchendorp,Nogga; Rep.Prog.Phys 1108.1227 (2011)	




Modern theory of nuclear forces 

u Chiral effective field theory:  
- Systematic & model independent framework for 
low-energy few-nucleon physics 

- Few body forces enter naturally with increasing 
order 

u At N2LO - first nonvanishing terms from the chiral 
Three-Nucleon Force (3NF) 
- Two-pion exchange  
- One-pion exchange 
- Contact interaction 
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Epelbaum, Prog. Part. Nucl. Phys. 57 (2006) 57 
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E. Epelbaum, H.-W. Hammer, U.-G. Meißner, Rev. Mod. Phys. 81 (2009) 1773	

R. Machleidt, D.R. Entem, Phys. Rep. 503 (2011) 1	

E. Epelbaum, U.-G. Meißner, Ann. Rev. Nucl. Part. Sci. 62 (2012) 159-185	




Why pd bup? 3 particles in the final state à  
                                                    5 independent variables 
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Why pd bup? 3 particles in the final state à  
                                                    5 independent variables 
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Jacobi momenta cm:	

p = ½ ( p1 - p2 )	

q = - ( p1 + p2 )	

{ p, θp, φp, θq, φq }	
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the rich 
kinematics	




Why spin? & Why double polarized? 
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13

formalism is based on G.G. Ohlsen, Rep. Prog. Phys. 1972 35 717-801 [34]. The

traditional coordinate system used is according the Madison convention with the beam in

the z-direction, the y-axis pointing upwards, and the x-axis sideways completing a right

hand coordinate system [39].

The notation for the observables and spin alignment components are as follows: The

vector and tensor analyzing powers are Ai and Ajk, respectively, with i, j, k = x, y, z.
Vector correlation parameters are Ci,j , tensor vector correlation parameters are denoted

Cik,j , with the first index referring to the deuteron polarization, and the second represents

the proton polarization state. The proton vector moments are denoted px,y,z. The deuteron
vector components are given by qx,y,z and the tensor moments are qjk with j, k = x, y, z.

The unpolarized cross section is denoted σ0, and the polarized cross section σ is given

by

σ = σ0(1 + pyAy(p) + pzAz(p) +
3

2
qyAy(d) +

3

2
qzAz(d)

+
3

4
(qxpx + qypy)(Cx,x + Cy,y) +

3

4
(qxpx − qypy)(Cx,x − Cy,y)

+
3

4
(qypx − qxpy)(Cy,x − Cx,y) +

3

2
qxpzCx,z +

3

2
qzpx Cz,x +

3

2
qzpzCz,z

+
1

6
(qxx − qyy)(Axx −Ayy) +

1

2
qzzAzz +

2

3
qxzAxz

+
1

6
(qxx − qyy)py(Cxx,y − Cyy,y) +

1

2
qzzpzCzz,z +

1

2
qzzpyCzz, y

+
2

3
qxypxCxy,x +

2

3
qxzpyCxz,y +

2

3
qyzpxCyz,x

+
2

3
qxypzCxy,z +

2

3
qyzpzCyz,z +

1

3
(qxzpx + qyzpy)(Cxz,x + Cyz,y)) (7)

2.4.2 Vector and Tensor Moments

We label the absolute polarization of the proton P , and the magnitude of the vector po-

larization of the deuteron Q. The azimuthal and polar angles of the proton spin alignment

is (Φp,βp), The azimuthal of the outgoing particle is denoted φ, or in the case of elastic

scattering it refers to the scattering plane.

The vector moments of the proton spin:

px = P sin(βp) cos(Φp − φ) (8a)

py = P sin(βp) sin(Φp − φ) (8b)

pz = P cos(βp) (8c)

Analogous for the vector moments of the deuteron spin, with the direction of the

deuteron spin alignment given by (Φd,βd):

qx = Q sin(βd) cos(Φd − φ) (9a)

qy = Q sin(βd) sin(Φd − φ) (9b)

qz = Q cos(βd) (9c)
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Table 3: Tabulated here are the 15 spin correlation observables and 7 analyzing powers

possible in proton deuteron breakup showing the required polarization alignment directions

of beam and target and some combinations thereof. For p (proton) and d (deuteron); U

means alignment up (vertical), S is sideways (parallell to the x-axis) and A is along the

beam direction (longitudinal).

The last two columns refer to the situation when the deuteron spin alignment axis is at

45 degrees which can be accomplished by running current through two guide field coils

simultaneously. With the longitudinal (±z) and vertical (±y) guide field coils on, denoted

dAU, and switched in ± polarity, four directions are achieved. Another four alignments are

obtained with the longitudinal and sideways (±x) combinations, denoted dAS. There are

five observables (here marked in bold font) that are parity forbidden in elastic scattering

and goes to zero in breakup reactions in coplanar kinematical configurations. In the

last two columns also a few observables are included requiring longitudinally polarized

beam. The tensor-vector correlation coefficient Cyz,z is accessible only using longitudinally

polarized beam and diagonal target spin alignment.

PolObs pU dU pU dS pU dA pA dU pA dS pA dA pU dAU pU dAS

Ay(p) X X X X X

Az(p) X X X pA dAU pA dAS
Ay(d) X X X X X X

Az(d) X X X X

Axx −Ayy X X X X X X

Azz X X X X X X X X

Axz X X

Cx,x + Cy,y X X

Cx,x − Cy,y X X X X

Cy,x −Cx,y X X

Cx,z X X pA dAU pA dAS
Cz,x X X X

Cz,z X pA dAU pA dAS
Cxx,y − Cyy,y X X X X

Cxz,x +Cyz,y X X

Czz,z X X X pA dAU pA dAS
Czz,y X X X X X

Cxy,x X X X X

Cxz,y X X

Cyz,x X X

Cxy,z X X pA dAU pA dAS
Cyz,z pA dAU pA dAS
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EXPERIMENTAL SETUP 
PAX interaction point 
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Low beta 
quadropoles	


BRP	


ABS	
 Scattering chamber	


COSY Cooler 
synchrotron & 
storage ring 	

	

600 - 3700 MeV/c 	

	

Polarized proton 
& deuterons	

	


2014-07-10 



PAX detector development 
COSY & AD 
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Detector setup front view 

Inward 
ring	


3 detector layers 
φ-symmetric  
4 quarters   

Hermes 300 μm	
 PAX 300 μm	
 PAX 1.5 mm	


Talk by V. Carassiti	


Double-sided silicon strip sensors	

Pitch 0.7 mm à vertex resolution ≤ 1mm	




Experiment 2DO: 
Double polarized pd bup @30-50 MeV @COSY 

u To test the predictive power of the Modern theory of 
nuclear forces (talk by Nogga) 

Ø  Validity of chiral EFT – N2LO           ---è 
’Low’ energy ~30-50 MeV proton beam energy  

u Proton deuteron breakup à 3 nucleon interactions 
-  Rich variety of kinematical configurations 
•  Five independent kinematical parameters 

-   Using polarized beam & vector-tensor polarized target  
---è22 independent spin observables 
•  7 analyzing powers 
•  6 vector-tensor correlation 
•  9 tensor-tensor correlation parameters 
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More information:	

 COSY Proposal 202, PTE et al., Measurement of Spin Observables in the pd Breakup Reaction, 	

http://www2.fz-juelich.de/ikp/publications/PAC39/PAX_proposal202.1_202.pdf	




Preamble 
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3 particles in the final state: 
Comparison of theory to experimental data  
 
• Problem 1:  

-  Complexity of 3-particle final states 
•  five independent kinematic variables (3 x dof – 4) 
•  what part of phase space to integrate over 
•  …acceptance + efficiency + systematics… 

• Solution 1: 
-  Expose theory to the experiment 
•  Analysis à event list of accepted events 
•  Calculate the theoretical prediction for each event 

• Problem 2: 
-  Time consuming & cumbersome (complexity of theory) 

• Solution 2: 
•  Use pre-calculated grids covering phase space 

• Examples: Azz@135 MeV/A 
• Ay(N)@49.3 MeV proton beam energy 
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The sampling method – a shortcut 
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correctly averaged value for a calculation is thus obtained as the mean of the
corresponding theoretical values Oth for all events k

Othð!Þ ¼ hOthi ¼
P

OthðxkÞ
Nð!Þ

: ð6Þ

This simple recipe constitutes our proposed method: In order to obtain the average
theoretical value, correctly weighted by the product of unpolarized cross section
and detector efficiency, one determines the theoretical Oth for each collected event,
sums these values and divides by the number of events.

It is easy to see that the standard deviation of the theoretical value that arises
from the randomness of the experimental phase-space points that are used to sam-
ple the region ! is given by

"Othð!Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hOth2i$ hOthi2

Nð!Þ $ 1

s

: ð7Þ

The method of Eq. (6), in effect, involves an average over theoretical values,
weighted by the density in phase space of the actual events. This density is propor-
tional to the unpolarized cross section and detector efficiency, but it also depends
on the polarization asymmetry. The latter cancels only if the magnitudes of the
two polarizations with opposite sign are the same, and the corresponding, time-
integrated luminosities Lþ and L$ are the same, or DP & ðPþ $ P$Þ=2 and DL &
ðLþ $ L$Þ=2 both vanish. If DP 6¼ 0, then the averages hOthiþ and hOthi$, taken
with just the data points with positive or negative polarization, respectively, are
different. It is easy to see that in this case the desired theoretical average hOthi0 that
is free of polarization effects can be obtained from the average hOthi obtained with
all events according to Eq. (6), by subtracting a correction term,

hOthi0 ¼ hOthi$
"
DP
P

$ DL
L

#
hOthiþ $ hOthi$

2
: ð8Þ

In the experiment [6] to which we later apply our method, an effort was made
to keep DP and DL small, and the correction term of Eq. (8) turned out to be
insignificant.

3 Theory Used to Calculate Observables

3.1 Basic Definitions

As an example of an application of the method described in this paper, let us
consider the proton-deuteron breakup reaction at an energy below the pion pro-
duction threshold. Here, all three nucleons are moving freely in the outgoing
channel. The kinematics of a three-body final state is determined by nine variables,
but energy and momentum conservation reduces the number of independent vari-
ables to five.

Assume that d þ p ! pþ pþ n is kinematically complete, as is the case when
the energies and directions of the two final-state nucleons are detected. In the
example discussed here, the detected particles were the two protons but could also

262 J. Kuro!ss- _ZZolnierczuk et al.

In simple terms:	


u   Applicable to kinematically complete measurements	

1)  Determine the theoretical Oth for each analyzed event	

2)   Sum these values and divide by the number of events	


NOTE: This can be done for any chosen observable as fcn	

 of any independent parameter of interest	

	

	

	

	

u   In other words:	


- expose the theory to the experiment	




3 particles in the final state: 
Comparison of theory to experimental data  
 
• Problem 1:  

-  Complexity of 3-particle final states 
•  five independent kinematic variables (3 x dof – 4) 
•  what part of phase space to integrate over 
•  …acceptance + efficiency + systematics… 

• Solution 1: 
-  Expose theory to the experiment 
•  Analysis à event list of accepted events 
•  Calculate the theoretical prediction for each event 

• Problem 2: 
-  Time consuming & cumbersome (complexity of theory) 

• Solution 2: 
•  Use pre-calculated grids covering phase space 

• Examples: Azz@135 MeV/A 
• Ay(N)@49.3 MeV proton beam energy 
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The sampling method & dp @ 270 MeV 

• Tensor analyzing powers in dp at 135 MeV/A 
-  Theory CD-Bonn w. & w.o. 3N forces 
-  Theoretical grids by: Kuros-Zolnierczuk  
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A. Nogga: Theory grids 

• Theoretical framework N2LO w. & w.o. 3NF:  Epelbaum & Nogga 
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GRID SPACING 

p # of steps 20 

θp # of steps 9 

θp [deg] 5..90 

θq # steps 18 

θq [deg] 10..180 

φp,q # steps 37 

φp,q [deg] 0..360 

# of grid points 4,435,560 

• Data or simulation: 
(analyzed event list or 
list of bup events 
isotropically 
generated) 
 
• Multidimensional 

interpolation on a 
theory (n2lo) grid 
event by event 



A. Nogga: Theory grids 
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Table 1: Parameters of the contact terms of the 3NF as fitted for various cutoff parameters

of the NN interaction. cD and cE are dimensionless parameters as defined in Ref. [2].

Cutoffs from [22] are given in MeV.

Λ Λ̃ cD cE
450 500 -0.14 -0.32

600 500 -4.71 -2.12

550 600 -0.45 -0.80

450 700 2.43 0.11

600 700 -2.00 -1.07

on (Λ, Λ̃) is small at the energies considered. Therefore, for this first overview, we fixed

(Λ, Λ̃) = (450, 500) MeV.

The sensitivity of a specific observable is found by comparing results of calculations

where the 3NF was included or omitted. For such a comparison, we do not need to describe

the data with high accuracy. Especially, we are allowed to neglect effects of Coulomb forces

for such an exploratory study and assume strict isospin symmetry. Therefore, only τ = 1/2
states are required. We stress that we expect visible Coulomb force contributions for some

kinematical configuration (see e.g.[30, 31]), which need to be taken into account for the

final analysis of the data. The inclusion of the Coulomb force into our codes has just been

finshed [32, 33]. Therefore, these effects will be completely taken into account in future
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For the polarization observables, we follow the conventions of [28, 34]. Unlike in our

previous studies of break-up observables [35, 36], we here calculate cross sections depending

on the Jacobi momenta instead of lab angles and the position on the S-curve. This enables
us to generate all observables on a regular grid of momenta and angular coordinates, which

can be interpolated to all configurations required for the simulation of the experimental

set up [7].

2.3 Systematic Approach to the Three-Particle Phase Space

The analysis of the pd breakup observables has been somewhat restricted by the fact that

comparison to theory was mostly done over limited phase space regions as a function of

the kinematically allowed locus in the plane of the energies of the two detected nucleons

(the so called S-curve)[37]. In order to make full use of the nowadays large coverage of

phase space by the detection systems and a kinematically complete knowledge of the final

states of the reactions, we developed a novel method for analysis, the so called sampling
method 4

. It is general and applicable to any final state with three particles.

2.3.1 The Sampling Method

For a three-particle final state to be kinematically fully determined, five parameters are

required. When extracting observables one has to choose which independent variable to

use and what regions of phase space to integrate over. The acceptance and any significant

efficiency variation has to be well known, most often this is accomplished by advanced

monte carlo simulations. However, with the complete kinematical information of an event

as input, the theoretical prediction for the sought observable can be calculated for that

particular event. A given experimental data set (γ), containing the phase space points
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Five versions w. different cutoffs and corresponding 3NF contact terms	


• Integrations of the 
Lippman-Schwinger eq. 

• Internal loops of the 
diagrams contributing to 
the potential 

• cD, cE dimensionless 
parameters fixed from 3N 
low-energy observables 



Example of sampling: Axz @49 MeV (phase space) 
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Example of sampling: Axz @49 MeV (phase space) 
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Example of sampling: Cxz,y @49 MeV (phase space) 
Observable of interest for TRIC experiment (Eversheim) 

2014-07-10 CGSWHP 2014 - P. Thörngren Engblom<piate@kth.se>  27 

0 10 20 30 40 50 60 70 80 90

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

cxzy3b:th_p {th_q>80&&th_q<110||th_q>140}

50 55 60 65 70 75 80 85 90
-0.08

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

cxzy3b:th_p {((th_q>80&&th_q<110)||th_q>140)&&th_p>50&&(p<60||p>160)}

10 20 30 40 50 60 70 80 90

0
20

40
60

80
100

120
140

160
180
-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

(p) p 49 MeV!cxzy(3N) vs 

10 20 30 40 50 60 70 80 90

0
20

40
60

80
100

120
140

160
180
-0.02

-0.015
-0.01

-0.005
0

0.005

(p) p 49 MeV!cxzy vs "

10 20 30 40 50 60 70 80 90

0
20

40
60

80
100

120
140

160
180

0.0005

0.001

0.0015
0.002

0.0025

0.003

(p) p 49 MeV!cxzy(2N-3N) vs "FOM of 

3N	

2N	


3N	

2N	




Ay (N)@50 MeV  

• Vertically polarized proton beam 49.3 MeV 
• Deuterium cluster gas target 
• Left-Right Silicon Detector Telescopes 

-  Experimental & analysis details à Talk by Bertelli 
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66 W. Augustyniak et al. / Physics Letters B 718 (2012) 64–69

Fig. 2. Schematic drawing of the PAX polarized target with the ABS in the vertical position, the storage cell on the ring axis, and the target diagnostic system in the
horizontal position. The Target Gas Analyzer (TGA) determines the atomic to molecular fraction of the effusive beam from the storage cell, while the Breit–Rabi Polarimeter
(BRP) measures the degree of polarization of the atomic sample.

Fig. 3. Experimental setup for the measurement of the beam polarization. The clus-
ter target beam comes from the top and traverses the beam stored in the machine.
Recoil deuterons are detected by two Silicon Tracking Telescopes (STTs) left and
right to the beam.

3.2. Beam polarimeter

The beam polarization has been measured by detecting elas-
tically scattered protons and deuterons off the ANKE cluster tar-
get (see Section 5.1 for a description of the method). Two Silicon
Tracking Telescopes (STT) [14] have been placed left and right the
deuterium cluster target [15], with respect to the proton beam,
at the ANKE interaction point (see Fig. 3). The ANKE deuterium
cluster target provides a beam of about 10 mm diameter with an
integrated areal density of 1.5 · 1014 atoms/cm2. Each telescope
comprises three position-sensitive detectors, oriented parallel to
the beam direction. The first (second) layer is 65 µm (300 µm)

thick, with an active area of 51 mm by 66 mm. They are located at
a distance of 28 mm (48 mm) away from the beam axis. The third
layer, consisting of 5 mm thick detectors, is located at a distance
of 61 mm from the beam axis. Within the mechanical constraints
of the detector support, the telescope position with respect to the
interaction region is chosen to optimize the figure-of-merit for the
pd analyzing reaction.

4. Spin filtering cycle

In order to perform the measurement, dedicated spin-filtering
cycles have been introduced. The sequence of operations in any
cycle is as follows:

• An unpolarized proton beam is injected in the COSY ring at a
beam energy of 45 MeV. The beam is cooled and subsequently
accelerated to 49.3 MeV. This energy has been chosen for the
spin-filtering experiments, because of existing data of the an-
alyzing power in proton–deuteron elastic scattering [16]. The
typical number of particles injected and accelerated in every
cycle was about 5 · 109.

• At this point the spin-filtering starts. Polarized hydrogen is in-
jected into the storage cell at the PAX interaction point. The
holding field coils are powered on in either up (↑) or down (↓)
orientation for the duration of the spin-filtering period. Two
different durations for the spin-filtering periods have been
adopted: one lasting for 12000 s, and a longer one of 16000 s,
corresponding to about 1.5 and 2 times the measured beam-
lifetime (8000 s). These spin-filtering times were judiciously
chosen to optimize the relative statistical uncertainty of the
final result.

• At the end of the spin-filtering period, the PAX polarized target
is switched off, the ANKE deuterium-cluster target is switched
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Ay (N)@50 MeV & Phase space & Sampling n2lo(3N)  
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Five versions of n2lo-grids at different cutoffs	




Ay(N)@50 MeV & Limited phase space & Sampling n2lo(3N)  
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• Five versions of n2lo(3N) grids at different cutoffs  
• Phase space isotropic distributed events 

- Geometry as using Left-Right Si telescopes à 
-  Limited acceptance in p, θp, θq, φp 
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Ay(N)@50 MeV & Geant phase space & Sampling n2lo(3N)  
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• Five versions of n2lo grids at different cutoffs  
• Geant simulation: 

-  Phase space isotropically distributed events + geant4 
-  Left-Right Si detector telescopes à limited acceptance 
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Table 1: Parameters of the contact terms of the 3NF as fitted for various cutoff parameters

of the NN interaction. cD and cE are dimensionless parameters as defined in Ref. [2].

Cutoffs from [22] are given in MeV.

Λ Λ̃ cD cE
450 500 -0.14 -0.32

600 500 -4.71 -2.12

550 600 -0.45 -0.80

450 700 2.43 0.11

600 700 -2.00 -1.07

on (Λ, Λ̃) is small at the energies considered. Therefore, for this first overview, we fixed

(Λ, Λ̃) = (450, 500) MeV.

The sensitivity of a specific observable is found by comparing results of calculations

where the 3NF was included or omitted. For such a comparison, we do not need to describe

the data with high accuracy. Especially, we are allowed to neglect effects of Coulomb forces

for such an exploratory study and assume strict isospin symmetry. Therefore, only τ = 1/2
states are required. We stress that we expect visible Coulomb force contributions for some

kinematical configuration (see e.g.[30, 31]), which need to be taken into account for the

final analysis of the data. The inclusion of the Coulomb force into our codes has just been

finshed [32, 33]. Therefore, these effects will be completely taken into account in future

calculations.

For the polarization observables, we follow the conventions of [28, 34]. Unlike in our

previous studies of break-up observables [35, 36], we here calculate cross sections depending

on the Jacobi momenta instead of lab angles and the position on the S-curve. This enables
us to generate all observables on a regular grid of momenta and angular coordinates, which

can be interpolated to all configurations required for the simulation of the experimental

set up [7].

2.3 Systematic Approach to the Three-Particle Phase Space

The analysis of the pd breakup observables has been somewhat restricted by the fact that

comparison to theory was mostly done over limited phase space regions as a function of

the kinematically allowed locus in the plane of the energies of the two detected nucleons

(the so called S-curve)[37]. In order to make full use of the nowadays large coverage of

phase space by the detection systems and a kinematically complete knowledge of the final

states of the reactions, we developed a novel method for analysis, the so called sampling
method 4

. It is general and applicable to any final state with three particles.

2.3.1 The Sampling Method

For a three-particle final state to be kinematically fully determined, five parameters are

required. When extracting observables one has to choose which independent variable to

use and what regions of phase space to integrate over. The acceptance and any significant

efficiency variation has to be well known, most often this is accomplished by advanced

monte carlo simulations. However, with the complete kinematical information of an event

as input, the theoretical prediction for the sought observable can be calculated for that

particular event. A given experimental data set (γ), containing the phase space points

4Original idea by Prof. H.-O. Meyer



Ay(N)@50MeV & Experimental data & Sampling n2lo(3N) 
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Data analysis: PhD thesis by K. Marcks von Würtemberg	
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finshed [32, 33]. Therefore, these effects will be completely taken into account in future

calculations.

For the polarization observables, we follow the conventions of [28, 34]. Unlike in our

previous studies of break-up observables [35, 36], we here calculate cross sections depending

on the Jacobi momenta instead of lab angles and the position on the S-curve. This enables
us to generate all observables on a regular grid of momenta and angular coordinates, which

can be interpolated to all configurations required for the simulation of the experimental

set up [7].

2.3 Systematic Approach to the Three-Particle Phase Space

The analysis of the pd breakup observables has been somewhat restricted by the fact that

comparison to theory was mostly done over limited phase space regions as a function of

the kinematically allowed locus in the plane of the energies of the two detected nucleons

(the so called S-curve)[37]. In order to make full use of the nowadays large coverage of

phase space by the detection systems and a kinematically complete knowledge of the final

states of the reactions, we developed a novel method for analysis, the so called sampling
method 4

. It is general and applicable to any final state with three particles.

2.3.1 The Sampling Method

For a three-particle final state to be kinematically fully determined, five parameters are

required. When extracting observables one has to choose which independent variable to

use and what regions of phase space to integrate over. The acceptance and any significant

efficiency variation has to be well known, most often this is accomplished by advanced

monte carlo simulations. However, with the complete kinematical information of an event

as input, the theoretical prediction for the sought observable can be calculated for that

particular event. A given experimental data set (γ), containing the phase space points

4Original idea by Prof. H.-O. Meyer



Ay(N)@50MeV & Experimental data & Sampling n2lo(3N) 
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Summary 

u  Experimental study show large cut-off dependencies in parts of 
phase space for n2lo chiral EFT 

u  Planned experiment @ COSY using the new PAX facility: 

u  Double polarized pd breakup at 30 – 50 MeV 
- Few previous measurement exist 
- Measure most observables with large phasespace coverage 
– Direct comparison of experiment & theory  
➨ Would provide precise data for constraints of chiral EFT in a 

relevant energy range 30-50 MeV 
•  New effects of 3NF that appear at N3LO can be accessed 
•  Cut-off dependencies can be studied in detail 
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Tomonaga’s “The Story of Spin” 

• “[Spin] It is a mysterious beast, and yet its practical 
effect prevails over the whole of science. The 
existence of spin, and the statistics associated with it, 
is the most subtle and ingenious design of Nature  

- without it the whole universe would collapse.” 
-  Foreword by Takeshi Oka 
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Company from 1953, and in the middle of the 1950's, Tippe Tops could be found in cereal boxes
like Post Rice Krinkles in the USA. According to Dan Goodsell from www.theimaginaryworld.com
Tippe Tops could be found in cereal boxes from companies like Nabisco, General Mills and Post
from the 1950's and up into the 1970's.

A famous picture also exists from the opening of the institute of physics at the University of Lund
in Sweden in 1951, where Wolfgang Pauli and Niels Bohr are looking at a Tippe Top. Bohr was
very interested in the physics of the top, and it is believed that also Winston Churchill enjoyed the
top.

Picture from around 1954 of two cereal boxes containing Tippe
Tops. The picture is reproduced with permission from Dan

Goodsell of www.theimaginaryworld.com.

Picture of Wolfgang Pauli and Niels Bohr studying a Tippe Top.
The picture is taken at the opening of the new institute of
physics at the University of Lund on May 31 1951. Credit:



Motivation II 
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H = H0 + V2N + V3N + V4N + ….. 	


MODERN THEORY OF NUCLEAR FORCES 

SPIN2012 / THÖRNGREN 7 

!  Chiral effective field theory:  
Systematic & model independent framework for low-energy few-
nucleon physics 
Few body forces enter naturally with increasing order 
 

! At N2LO - first nonvanishing terms from the chiral 
Three-Nucleon Force (3NF) 
Two-pion exchange  
One-pion exchange 
Contact interaction 
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Low-energy antiproton-proton 
scattering – long range part chEFT 	



