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Three-Nucleon Force (3NF)

- nuclear forces acting in systems more than A = 2 nucleons -

Key to fully understand properties of nucleus

FExistence of 3NF was predicted in 1930°s (after Yukawa’s meson theory).

1957 Fupta-Miyazawa 3NF
'80’s First indication of 3NF : Binding Energies of Triton

'90’s Realistic Nucleon-Nucleon Potential
(CD Bonn, AV18, Nijmegen [, II)

=

Evidence / Candidates of SNF Effects

= Nucleon-Deuteron Scattering at Intermediate Energies

= Biding Energies / Levels of Light Mass Nuclei
= [L.quation of State of Nuclear Matter

etc ...



Three-Nucleon Force
& 2nt-exchange 3NF :

- Main Ingredients :A-isobar excitations in the intermediate

1957 Fujita-Miyazawa 3NF Prog. Theor. Phys. 17, 360 (1957)
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I SNF naturally arises due to the inner structure of Nucleon.
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Three-Nucleon Force
& 2nt-exchange 3NF :

- Main Ingredients :A-isobar excitations in the intermediate

1957 Fujita-Miyazawa 3NF Prog. Theor. Phys. 17, 360 (1957)
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I SNF naturally arises due to the inner structure of Nucleon.
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Three-Nucleon Force
& 2nt-exchange 3NF :

- Main Ingredients :A-isobar excitations in the intermediate

1957 Fujita-Miyazawa 3NF Prog. Theor. Phys. 17, 360 (1957)
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3NFs appear at N2LO




Where ?
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3NFs in Finite Nuclei -

Ab Initio Calculations for Light Nuclei (A < 12): 4He to 12C

® Green's Function Monte Carlo 20| 3 2
= No-Core Shell Model etc.. | J2 Tage o b
..-—;\"5/2 il “de.
e 2NF provide less binding energies w0l ;.ﬁ'ﬁ}; “He 88 T
" - 79 412" | 3\ =
« 3NF : well reproduce the data "Liaz- Tast 3 P
~ I T Wt .
IL2 3NF (Illinois-II 3NF) : > by Homgeclin 2
5 hanee 3NF S T Argonne Vg =0t S T R
m-excnan :;-. -60 . . . -,: . - 3:
5 - With [1linois-2 "Be IRe :“l_ E
+ 3n-ring with A-isobar 5 I : . J S Jh
8 5 | GI'MC Calculations 10Ba 108;;1
3NF effeCtS in BoEo F faa o S .'"'-"-." T
.80'7 —‘\'. | ’I
e 10-25%, [ AVIS
e Attractive © Picper et al, nucl-th/0410115 L2 Exp L o]
' = IEC f
Note : I 12C L2 result is '.‘.l'.‘|'ll|il1:>lrj.'.

T=3/2 3NFs (three-neutron force)
play important roles to explain B.E.
in neutron rich nuclei.
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3N Fs in Finite Nuclei -

Ab Initio Calculations for Light Nuclei (A < 12): 4He to 12C

® Green's Function Monte Carlo - S.C. Pieper PRC 64,014001(2001)
—-20 —
C NO'COI‘C She” Model etc.. I AV18
. . . ="k
e 2NF provide less binding energies L L
. £ £ > AV 18 2 N
e 3NF : well reproduce the data = L .
-25 e
IL2 3NF (Illinois-II 3NF) : = | : UR
2n-exchange 3NF 5 *
+ 3n-ring with A-isobar ,bED £ UR IL2 Exp.
=
= —30—
3NF effects in B.E. /M - 4H 3 N F L2 Exp.
. 10-25% | C 8H e
o Attractive 1
=iy - . IZC |
Note . - 120 L2 result is ;11';1'1||il.£zrj.'.

T=3/2 3NFs (three-neutron force)
play important roles to explain B.E.

in neutron rich nuclei.
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3N Fs in Finite Nuclei

Ab Initio Calctions for Light Nuclei

Energies calculated Energies calculated Schematic picture of two-
from G-matrix NN from Vi x NN valence-neutron interaction
+ 3N (A) forces + 3N (ANLO) forces induced from 3N force

Medium Mass Nuclei Do,
5 NFS PrOVide key Neutron Number (N) Neutron Number (N)

== NN + 3N (A)
[ J
meChanlsmS, Otsuka et al.,Phys. Rev. Lett. 105, 032501 (2010)

e.g. shell-evolution,

boundaries of nuclear
stability.

Proton number Z

Neutron number V
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Neutron Star “Endpoint of stellar evolutlon

3— — 1 T 1 T T T T T 1
' Neutron St

3N Fs in Infinite Nuclei - Neutron Star -

Supernovae

Explosion

Black Hole

A N T B S R R § '. - *
08 9 10 11 12 13 14 15 16
R (km)
A. Akmal et al., PRC 58, 1804(°98)

Discovery of Heaviest Neutron Star
with 2 3solar-mass Maun (PSR J1614-2230)
» Short & Repulsive (® ()

* 3NF 1n Nucler 1s required. ..
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-10F

 Large effects at high density.
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Nature 467 1081 (2010)




How ?



Two & Three-Nucleon Force

@D. Repulsive (2. Attractive (strong) 3. Attractive (weak)

-Short Range- -Intermediate Range- - Long Range -

Two-Nucleon mw y P

Force 0 1.

Three-Nucleon [ fm]
Force

3NFs are momentum, spin, and iso-spin dependent.

e Nuclear Structure
\NeutronSy \




Few-Nucleon Scattering

a good probe to study the dynamical aspects of 3NFs.

v' Momentum dependence

v’ Spin & Iso-spin dependence

Direct Comparison between Theory and Experiment

* Theory : Faddeev / Faddeev-Yakubovsky Calculations

Rigorous Numerical Calculations of 3, 4N System

2NF Input 3NF Input 2NF & 3NF Input

« CDBonn * Tucson-Melbourne e Chiral Effective Field Theory
* Argonne V18 (AV18) e Urbana IX

* Nijmegen I, II, 93 etc..

* Experiment : Precise Data
e do/dQ, Spin Observables (4, K, C;)

Extract fundamental information of Nuclear Forces




Where 1s the hot spot for study of 3NFs ?

To study momentum & spin dependences
Iso-spin dependence : T=1/2 only

Nucleon-Deuteron Scattering
Predictions by H. Witala et al. (1998)

Cross Section minimum for Nd Scattering at ~ 100 MeV/nucleon

Low Energy Nd scattering
log
Higher Energy
/
W - (
\8
SNF | | \NN
= % Forward Backward
3NF
3NF
Oc.m.[deg]




Nd Scattering at Low Energies ( E <30 MeV/A )

=

do/dC) [mb/sr]

100

do/dC) [mb/sr]

10 MeV/A

<

)" @
AL .,
*.I‘l
1
T

@ High precision data are explained
by Faddeev calculations based on 2NF.

( Exception : A, (T11)

No signatures of 3NF

Exp. Data from
Kyushu, TUNL, Cologne etc..

WV. Glockle et al., Phys. Rep. 274, 107 (1996).



Observables for Nd Scattering

¢ Differential Cross Section
* Overall Strength

» Absolute Quantity : normalization to pp or np data

do yields
d2 (target thickness)Xbeam charge)(solid angle) (efficiency)

¢ Spin Observables :

— Analyzing Powers _"
« Vector Analyzing Power : iT, ‘ //r@
— (L * S) interaction d /r Detector
—) _‘ ______
« Tensor Analyzing Power : Ty, Ty, Ts, p Q0
—
— Tensor interaction (D-state) d
— Higher order (L * S) interaction (0)
— Polarization Transfer Coefficient : K;;" ‘
— Spin Correlation Coefficients : Cijr Analyzer Target
 Spin-Spin interaction C‘ O
— P



Facilities
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RIKEN RI Beam Factory (RIBF)

e Polarized d beam

* acceleration by AVF+RRC 65-135 MeV/nucleon
e acceleration by AVF+RRC+SRC :190-300 MeV/nucleon

e polarization : 60-80% of theoretical maximum values

* Beam Intensity : < 100 nA

Spin axis of polarized d beams is freely controlled !

(-2005)

RIBF

olarleter

BigDpol



RCNP, Osaka University

Polarized p beam : 10 - 420 MeV/nucleon

Polarized d beam : 5 - 100 MeV/nucleon
* Polarizations : <70 %

(pol.) Neutron beams by 7Li(p,n)

Beam Intensity : < 1 ,u A ENN course

AVF Cyclotron

Neutron TOF Facility | Y =% | % | 0 > M
(TOF : 100m) | ¢ < : = s

‘\'(BI:‘P-I b g & =

proton beam
Double Arm spectrometers

: Grand Raiden & LAS




Nd Elastic Scattering Data at Intermediate Energies

pd andnd Elastic Scattering at 70—400 MeV/nucleon

Observable 100 200 300 400
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* High precision data set of
do/dQ) & Analyzing Powers

from RIKEN, RCNP, KVI, IUCF

* Energy dependent data
Vv do/dQ
v Proton Analyzing Power
v Deuteron Analyzing Powers
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SNF effects in proton-deuteron scattering 21

K. S. et al., Phys. Rev. C 65, 034003 (2002),
at 7 O _ 2 5 O l\ /‘ e ‘ / K. Hatanaka ct al., Phys. Rev. C. 66, 044002 (2002),
Y. Maeda et al., Phys. Rev. C 76, 014004 (2007),
K. S. et al., Phys. Rev. C 89, 064007 (2014) etc...

* Clear signatures of 3NF Effects in the cross section minimum. mmmmm NN (CDBunn, AV18, Nijm LII)

3NF effects become larger with increasing an incident energy. e TM'(99) INF +

» Spin dependent parts of 3NFs are deficient. NN(CD Bonn, AV1S, Nijm L11)
s Urbana IX INITAVIS

* Serious discrepancy at backward angles at higher energies
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SNF effects in proton-deuteron scattering

Coupled channel approach
with Nucleon & A-isobar

at 70-250 MeV

* Clear signatures of 3NF Effects

* 3NF effects become larger with
* Spin dependent parts of 3NFs a
* Serious discrepancy at backwarc
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A. Deltuva et al., PRC 68, 024005 (2003)
A. Deltuva et al., PRC 71, 054005 (2005)




SNF effects in proton-deuteron scattering
at 70-2560 MeV

_ Relativistic Faddeev Calculations with
* Clear signatures of 3NF Effects TM'99 3NF

* 3NF effects become larger with

« Spin dependent parts of 3NFs a pd/nd @ 250 MeV

* Serious discrepancy at backwarc

50.00 —————— ——— ———— -
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\ 2 Y 5.00
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é C 050 ]
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cC
T 1.00 }
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0.05 N
0.4
..... |- A L
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0005 i ° [ () ° [
Relativistic effects are visible
! . —-0.4
0 60 120 180 at backward angles, but small.

K. Sekiguchi et al., Phys. Rev. C89, 064007 (2014)




So far ...
Nucleon-Deuteron Scattering at ~100 MeV/nucleon

* First Evidence of 3NF effects

* Defects of existing 3NF models

From Now
¢ Deuteron-Proton Scattering at ~100 MeV/N : Golden window of 3NFs

«> Determine 3NFs based on yEFT Nuclear Potential

<> High-precision measurement of Spin Correlation Coefficients

¢Proton-3He Scattering at ~100 MeV/N : New Probe of 3NF Study

3 First Step from Few to Many
©> 3NFs of isospin channel of T=3/2



vEFT & dp elastic scattering

¢ yEFT 2NFs have achieved to high-precision.

5th order of NN potentials (N4L.O+) reproduce pp(np) data with y2/datum=1.00

P. Reinert, H. Krebs, E. Epelbaum EPJA 54, 86 (2018)

dp scattering & N4LO XEFT 2NFs

K. S. et al., Phys. Rev. C 96, 064001 (2017)
_1 1 ] | | I 1 I I L | I T l_‘ ) I L | LI | I T I L I T
F 70 MeV/nucleon _ ¢a ‘5‘. 70 MeV/nucleon

b,

02 .,

¢ dp elastic scattering data
show necessities for the N4LLO 3NFs.

4

Cross Section minimum region
for dp elastic scattering at ~100MeV/nucleon
are “Golden windows for N4LO 3NFs”.
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LENPIC collaboration, ° mﬁm |dc1g210 wo o‘gm [dcg o
Phys. Rev. C 98, 014002 (2018) NN Interactions with R = 0.9 fm

E. Epelbaum, H. Krebs, and U.-G. Meif3ner,
Phys. Rev. Lett. 115, 122301 (2015)
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New Project at RIKEN RIBF

Measurement of Spin Correlation Coethicients
for dp elastic scattering at 100 MeV/nucleon

pd andnd Elastic Scattering at 65—400 MeV/nucleon

First step :

Observable 100 200 300 400
do ® ...‘.: ® . 5 : ‘ - Observables . Cx)x, C Y aIld Cy A
049’ ol ; :
: — : : O (@)
- ¥ : | - Angles : Oc.m. = 37°—155
B A) 0000 o O g O g c.m.
7 A 0 : o :
. — : . 100 MeV/nucleon
g T, @®ee @ o o e ¢ 100 Ay assasssaans 0.6 :
T,| @ee @ e O © j P |04} Chx p
: : i E E ee d -\\ \\\\\\ / ] ] .'/.-
T.| @O0 @ @0 © @ : 10f 3 g 024 /
: L : : ] SOOI e R y
Ty @ee O P ® [ : \ o0 i ] 0 \ PNy
: g : : S \ [ 7~NA)
e - e oo N\ Y
B-p : b E : do/dQ) [mb/sr] eesessmsese 4 04l S
. ; N s s 02f N osh |
K, K, K, 5 ., e 5 5 '
B : ! : : N 1 06} N
d- 7P : P E E 29 N\ gz 04 / | —
[] ' ' | X X -V. ] \?}\\5_? 7 o /-'\.\\“ ] . 3 \\:-—-—.:'\\\‘ ‘\‘ 3
KY KJY o o t | 77 threshold m\‘l,;"f/' \§\\‘\. / “\\ N
Yy vy y . . S 3 \_ S
K y' K Yy PY P -0.4¢ A k { 02 /C kN ,/’-/’/
z po : : W = N
Tz z f 0.6k XX v/ ; 0t ’y [
33 KY 3 e . ' ' - -
prd Ky | s s 0 60 120 180 92 ' T
pd - Oc.m. [deg] ¢ ‘\\ //%C:s._\__;-.,
- : : 0.2} i/
Cax Cur Cus . e e | . i
sz sz ‘ ' . . -04 7 \‘\ //I.f'/
Cues Conr ° § § E. Epelbaum et al., 06} (0 \//
v & s 5 A
Cuey Cye Coe ¢ - - Eur. Phys. J. A 56,92 (2020). 08 VYV 20
0 60 120 180




28
Layout of Experiment of the spin correlation coefhicients
for dp Elastic Scattering

—_—
from d )
RRC : E3-A course Polarized Target and Detector system
. 2 D recoil proton counter (plastic scintillator)
beam. llIle = deuteron counter (plastic scintillator)
polarimeter

. forward counter (Nal(Tl)+plastic scintillator)

MWDC

R1000

Plastic scintillators

recoil

O Measured Angles : 12 angles in 0., (37 Nal(T1)
i +Plastic scintillators
0 Detectors \
dbeam = [PFEEEREEEEENS *D
» TForward/Backward anglesinecm. | I < Chee ERETEHAESS S

beam stopper

: E-dE ( Nal('Tl)+Plastic scintillators )

. deuteron
Polarized proton

» Middle angles in c.m. solid target system

- Plastic scintillators

“d ‘&P’ are detected in kinematical coincidence conditions.

» Angular spread : AB(lab.) = *2°

» MWDCs : correction of the scattering angles

All experimental equipments
are in preparation now.
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Layout of Experiment of the spin correlation coefficients
for dp Elastic Scattering

—

from d
RRC O % E
beam line |
polarimeter

Polarized Target and Detector system

E3-A course

|| recoil proton counter (plastic scintillator)
= deuteron counter (plastic scintillator)

. forward counter (Nal(Tl)+plastic scintillator)

MWDC

(S

Polarized Solid Proton Target

» Triplet Dynamic Nuclear Polarization (Triplet-DNP)

R1000

Plastic scintillators

Target : pentzezne doped naphthalens single crystal Laser Irradiatien
() b - 4 .ee
[ \v \) *V’LILILV \vl\I % 6 -~ é 6 é[’vtlf‘\[é
//\ ” ~ /A\;/‘\ ~ I ]$ ? 'q
Naptthalene T T \( T \ f / %’ ‘

Denteratad pﬂ‘ul)i‘mc ) ’}
(0.022 “/mol) Size @l0=2 mm* T [ ] > R I I _

oid ¢

Optical excitation of electrons in pentzcene

and decay to miplet state (1))
[

— Ilecty wlariration of - M% l l. ]
| | - ?”94’ éé‘dv'

(2! Polarization transfer from slectrons to protons

via microwave irradiation — field sweep \ x Spin Dfusien J /

(1) Preton polarization localized around pentacene /? ? & 6 03
spontancously diffusc and average ot <§! }1¢ fl 3 ]
= Spin diffusion ® $ V $ ﬁ ?

All experimental equipments
are in preparation now.

Poster by Yuko Saito




p+3He Scattering

Talk by Atomu Watanabe

|. Four Nucleon Scattering First Step from Few to Many
2. Isospin Dependence of 3NFs : T=3/2 3NFs

’ 3. Large 3NF effects in cross section minimum at intermediate energies
\ S _

Theory in Progress

Calculations above 4-body breakup threshold energy are available by A. Deltuva et al.
* new possibilities for 3NF study in 4N scattering at higher energies

Large discrepancies in dcs minimum : :
. hgf . pan -85 50— Calculations with 3NFs
at higher energles < | are now in progress !
New rooms for 3NF study |
/ - 20
) 2 o ¥ (%)
2 no ™ > 10
= 3 N o :
% 10 ¢ p+ He X".\_ ¥ |§| s
-~ % 5
g — INOYO04 g |
-- GD Bonn } -
e AV18 Y, — CDBonn .
—— Clegg —— CD Bonn + A\ e at 30 MeV
{ | —— Murdoch L ' _
0 60 120 180 % 6. [deg] 199
A. Deltuva and A.C. Fonseca B¢ m, (deg)

Phys. Rev. C 87,054002 (2013) 30



Experiments of p+3He at Intermediate Energies
from RCNP & CYRIC

RCNP, Osaka Uniyg

/| ENN course

> CYRIC, Tohoku Univ.
N A A 3 Wil * 3
9 L5 [ % T."‘" ] N AI"‘ ;:\I: & / &\“4! .
Grand Raiden % = < \. -/ e Il-i;'."!’ y Il /ﬁ,"‘/" 4| .;': ,!':’I:/'"ﬁ‘
Y < W W %W
\\{&:} > 9 S ( e 1‘\§\I.(}~\ proton beam
I\}\-,‘\ 7 ‘4"1’ \
Double Arm spectrometers > N
G wallEC. | : Grand Raiden & LAS 7\

West exp. ToOT

. Polarlzeq p l.)eam. : 10-420 MeV « pbeam : 10 - 80 MeV
* Polarizations : <70 % * Beam Intensity : 10-20 nA
* Beam Intensity : < 134 a




Measurement of the Cross Section at RCNP

Measurement Condition
- Beam Energy 65 MeV

To Faraday Cup

Counter Tclgcs

1,Nal('l'l'_» + Pla.

. Tal'get . 3He gaS To Grand Raiden
with double slit system
= 1atm, room temperature

» Detector system

— AE-E detectors ( Plastic+Nal(Tl) )

in the scattering chamber
- Grand Raiden : beam monitor

* Measured Angles :
Ocm. = 27— 170° (B1ap. = 20° — 165°)

" Double-Slit
Ta:5mm

Gas Target Cell

Scattering Chamber .~
10 cm

Pol. Proton Beam

* pp scattering

with the same detection setup 400
= estimate of the overall systematic uncertainties ®| g _oco
a0 | lab
p-"He elastic scattering
250 N,
g 200
3
150
100
50 +

32 200 400 600 800 1000 1200
ADC channel [ch]




pol.p+pol.3He experiment at RCNP

I ENN course OMI0-ENN >
pOl.3H€ Tar get = ‘ Faraday Cup

u Beam Line Polarimeter I

- Polarized p at 65, 100 MeV

- Polarization : 40-50 %
-BlL.=10-30nA

- Target : pol.3He gas target
- polarization : 30-40%

- Observables :

Ay(p), Ay(He), Cy,
* Measured Angles

Ocmn. = 47° — 156°

2271 Pol. 3He Target

e
-

* Detectors

dE : Plastic Scintillator (0.5 mm?)
E :Nal(TI) (55 mm?Y)
2 sets X 6 angles = |12 sets




Summary of Measurements for p+*He

Incident Energy 70 MeV 50 MeV 65 MeV 65 MeV 100 MeV
Beam p p pol. p pol. p pol. p
Observables Aoy Ao, do/dS2, A, A, Ay, G, A, Ay, C,y
?geas)“"ed ANBIES | 6o qa1® 47 1200 270 1700 470 133 4T 149°
Facil: CYRIC, CYRIC, RCNP, RCNP, RCNP,

ty Tohoku Univ.  Tohoku Unmiv.  Osaka Umv. Osaka Univ. Osaka Univ.
Exp. Course 41 course 41 course WS course ENN course ENN course

34



p-3He scattering at 5-100 MeV

0 10 20 30 40 50 60 70 80 90 100 110
Observable ZV;" Z o [MGV]

Summary of Measurements for p+He

Incident Energy 70 MeV 50 MeV
Beam )z P
Observables Aoy Aoy
Measured Angles 46° _141° 47° _120°
(Oc.m.)
. CYRIC, CYRIC,
Facility Tohoku Umiv.  Tohoku Univ. Ca <@ O
Exp. Course 41 course 41 course
C. O
@ data from Cx C
RCNP/CYRIC
C. O
35

0 10 20 30 40 50 60 70 80 90 100 110




New Data of p+3He at Intermediate Energies

A.Watanabe et al., Phys. Rev. C 103, 044001 (2021)

Cross Section at 65 MeV

10 =
. Ocalc. /Oexp. at the minimum
1.0 exp.—@

10 d A
ot 4P "

(T=1/2 dominant)

b ol /.

- AV18
— SMS400
15 SMS500 p-He
" CD Bomn P.7F(T=
----- CD Bonn+A (7=172,312)
- _INOY04 e
- ¢ exp. data .6
3 | | o T 1 NN  NN+A NNN
107 20 40 60 80 100 120 140 160 180 .5
Ocm. ldeg

p+3He scattering at intermediate energies
is an excellent tool to explore nuclear
interactions not accessible by ANd scatterin




New Data of p+3He at Intermediate Energies

A.Watanabe et al., Phys. Rev. C 106, 0564002 (2022)

p-3He at 100 MeV d-p at 135 MeV/N
r:1102—
Z (b)
E
10 E
oG
IS
1
10~ }
10—3:...I...I...I...I...I...I...I...I... 10—2 u..I...I...I...I...I...I...I...I..“'\
O 20 40 o60 80 100 120 140 160 180 O 20 40 60 80 100 120 140 160 180
Ocm. [deg] Oc . [deg]

Analysis of Scattering Amplitudes :
Vector components are sensitive for p-SHe,
while vector and tensor components for d-p.



New Data of p+3He at Intermediate Energies
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Spin correlation coefficient Cy,) 1s sensitive to A-1sobar or those including

3NFs that are masked 1in nucleon-deuteron elastic scattering.



Summary (1/2)

Three-Nucleon Forces

are key elements to fully understand nuclear properties.
e.g. nuclear binding energies, EOS of nuclear matter

Few-Nucleon Scattering

is a good probe to investigate the dynamics of 3NFs.
- Momentum, Spin & Iso-spin dependence - .

Nucleon-Deuteron Scattering - 3N Scattering -

Precise data of do/d() and spin observables at 70- 300 MeV/nucleon from RIKEN/RCNP

Cross Sections : Large discrepancy at backward angles. 3NFs are clearly needed.

Spin Observables : 3NF effects are spin dependent.

Serious discrepancy at backward angles at higher energies : short-range terms of

3NFs ?

New Project :

Measurement of spin correlation coefficients at 100 MeV/nucleon

- Determination of LECs N4LLO 3NFs from dp scattering data

is about to start.




Summary (2/2)

Proton-’He Scattering - 4N Scattering -

- Approach to Iso-spin states of T=3/2 3NF
- Rigorous numerical calculations : New possibilities for 3NF study in 4N Scatt.

New Data from CYRIC & RCNP : 3He & p Analyzing powers, & Spin Correlation Coefficient

Cross section minimum region at higher energies : Source of rich information of 3NFs

Spin correlation coefficient : Very sensitive to dynamics of Nuclear forces
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