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Are there three-nucleon forces(3NF)?

BNF is much weaker than 2NF.
—3NF effects are easily masked by 2NF effects.

Equations of motion must be solved exactly.

—Faddeev eq.
—2NF must be reliable.

However, numerical calc. are extremely difficult.



Three-Body Problems in Quantum Mechanics

0L.D. Faddeev, Sov. Phys. JETP 12(1961)1014

Faddeev Equation PWIA
H=H,+Vy, +V +V3' +V —
%§ % ! 1 2 3
——= = Faddeev
——= — — e
—=
— can be solved exactly!
1 2 3




Characteristics

nuclear force (2NF, 3NF) input
N

Faddeev equation
LT

numerical results

LT
____experimental results of NS |

Independent of reaction models

2.Direct comparison possible between data and inputs




Two nucleon force NF)

One 1 Exchange (OPE) model by

(Proc. Phys. Math. Soc. Jpn 17(1935) 48.)
m_c? =140 MeV (J5T)=(0,1)

v - - e —x
ore _ 1 2 2 3 3 exp
V(l’z):?;_hc mc ( ; ) 2+ 1+x_+x_2 S12}x
() (-
S12=r2 = 1 2
m c

X = r

A
Realistic modern 2 nucleon forces available now.

reproduces more than 3,500 exp. NN data with x*= 1.

ICD Bonn pot. : strong non-locality
[AV18 pot. : OPE + phenom.

[Nijmegen I/11/93 pot. : one boson exch.

Main differences are of-shell properties |




Three nucleon force NF)

2.Fujita « Mivazawa type 3NF
(Prog. Theor. Phys. 17(1957)360.)

N: proton / neutron

. m ¢’ =940MeV

A B

J T)l=|— ,—

. [71) 508
A excited state of nucleon

m,c”=1232 MeV
21 exchange type 3NF ( ] T)_(3 T3 )

2 2



other type of 3NF




BNFK based on 21 exchange model

TM-3NF
S.A.Coon et al., Nucl. Phys. A317(1979)242.

current algebra

4. UR-3NF
J.Carlson et al., Nucl. Phys. A401(1983)59.

FM-+phenomenological SR term

7. BR-3NF
H.T. Coelho et al., Phys. Rev. C28(1983)1812.

chiral Lagrangian + current algebra

10. Texas-3NF
U.van. Kolck et al., Phys. Rev. C49(1994)2932.

chiral perturbation theory




Three-Nucleon Force

= 6 ) 2 ) 7. 0190, 4 |0 7,74
2z)" 4m” (q"+m,) (@~ +m)

0% = 5“’6[51 +bgq’ +c(q” + q'z)]— d(zleo, -4xq')

2 2
2 —m

F NN(qz)zﬁ NN form factor
q

cinit — off narameter

3NF model | a b c d

FM 0.0 -1.15 0.0 -0.29
™ 1.13 -2.62 1.05 -0.60
UrbanaIX | 0.0 -1.20 0.0 -0.30
Brazil 1.05 -2.29 1.05 -0.77
Texas 1.87 -3.82 0.0 -1.12
Ruhr 0.51 -1.82 0.0 -0.48
™’ -0.87 -2.62 0.0 -0.60

b, d p-wave
A
N N N
a s-wave
nu. ttttt
N N N
C




Faddeev type calculations

1 Bochum-Cracow-KIT group calculation

— H. Witata, H. Kamada, W. Glockle,
E. Epelbaum

2 Hannover group calculation

— P.U. Sauer, D.Deltuva

TInput data Input data
NN 3NF NN 3NF
CD Bonn Tucson-Melbourne CD Bonn A — isobar
Urbana IX
AV18 N and A on an equal footing!
Nijmegen dispersive two-body effects exist.

Both calc., nd scattering assumed.
—No Coulomb force effects included.




First Evidence of 3NF Effects

0 B.E. of 3H: 8.48 MeV

Faddeev calculations

Bochum-Cracow-KIT group calc.

LNN_?GHLNN_GHE_LW%NF@M#%&‘_/ NN force only calc. is

CDBonn| 8.00 8.483 4.86 underboud by 0.5-1.0

AVI8 | 7.65 8.479 5.0 YAk

Nij 08 8 e 3480 5.10 SRS 2D DI

Ruhr 7.64 8.459 531 WA

— put constraint on

Hannover group C.C. overall strength of
CBBonn | 8001820 (cPBenn+4) 1L

to study dynamical properties of 3NF
— scattering

— No adjustable parameter in Faddeev calc.
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To where should we look for 3NF effects?

Nd elastic scattering is very attractive
since it is simple and offers a rich set
of spin observables.




Llow energy pd scattering

imser | A
0.10 ’-
| LA, A
102 : ol - &
0.05 SN
@
L
L / X
]
101; 0.00 A | AU (PR |
0 45 0 136 180
rrn G T& v
0.06
iTll
0.03 } ;3-,3 |
0.00 L > L S S —_— .0.1 [ S S S I HY
0 45 90 135 180 0(.'l 45 80 135 180

: — —l L —0.08 I = )
0 45 50 135 180 e
¢.m. angie & LR . 136 180

- E =5 MeV

Faddeev calc.

No parameter !

No need of 3NF !

A, (iT, )discrepancy

— 3NF ?

Probably due to
deficiency in °P, phase
shifts of NN.




To where should we look for 3NF effects?

Prediction by H.Witata. PRL 81(°98) 1183.

— 00 to nd scatt. at intermediate energy.

low enrgy high energy

do do
dQ dQ

0° 180 0° 180

ook at do/dQ minimum region.



Let’s start with

135 MeV/u (E =270 MeV) data
at RIKEN by K. Sekiguchi
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2 +p at 270 MeV (RIKEN)

-

4 . various spin(polarization) obs.
doldQ, P>(=—-Ap),iT, T,y Ty, T,

K. Sekiguchi et al. Phys. Rev. C65 (2002) 034003.

Spm( polarization) transfer exp. by Sekiguchi

—P

d i p i at 27() MeV (135 MeV/u)

KL ko Ky
—r K 'Seklguchl to be publlshed soon.




RIKEN Accelerator Research Facility (RARF)

Directions of polarization of d beams are freely controlled!

L and polarized deuteron beams are provided by the polarized ion source(
B The Spin axis is controlled by a prior to acceleration.
B Single-turn extraction is available both for the AVF and Ring cyclotrons.
Beam polarizations : 60-80% of the theoretical maximum values
at D-room polarimeter (A) and the Swinger polarimeter (B)

PIS(d
(\f{\) Wien Filter
*@ ,— (Spin Rotational System )

. AVF
Cyclotron

. |ﬂ

A : D-room Polarimeter
B : Swinger Polarimeter



MethOd Of SpiIl rOtatiOIl magnetic moment u=s ﬂ( 1+a)

mc

_eB
m
_eB
m

cyclotron frequency in magnetic field B .

angular rotation frequency in B (a+1)

S

Larmor freq. + Thomas precession (rel. effects)

Dirac particle (a=0)= =

A C
1 en _ ek
proton i = B X 2.793 deuteron u,= — X 0.857
m c d
P 500 MeV proton 270 MeV deuteron
: \ I solenoid
~_ Transverse pol. solenoid ] i
!)/;‘l““\_‘_ ‘-i _,’//’l". '_:'} T =S =l! _J",%/ !val'_\- T!' -!’Y!
{/_/ N .//_// l‘\_ — i _//,7/_ /i! (O NS I A1
S S \ 1 i
5~ ! ol
7 N \ i
a Ii —‘\ \ ll ! , i’(‘f\l i
| T & - Ea— |
_ Longitudinal pol. [/ 7 i )
}’ Ii // Ii T li
L SERRER




Method of spin rotation

Spin rotation before injection
into cyclotron at low energy
spin precession during accel.

m—

T —— T~
<N\
~ (15N Y)Y )
- \N——
’./ oy ='\“ = ol
ey -~ —4 V-4 e m——
Py =
- CvCLOTRC

Familiar at Tandem VdG accel... -

- single turn extraction needed at cyclotron
Thanks to RIKEN Accelerator Staff
* spin direction moniter needed after accel. With high efficiency.



~AVF polarimeter
8 Cldp)"C

Pol. Ion Source

K =540 MeV

E,=270 MeV

RIKEN
Accelerator
Research

Facility SM ART




SMART

D-room polarimeter
coordinate

coordinate .
Swinger

Target position

e Scattered
particles

To beam dump

SMART: Swinger and Magnetic Analyzer with Rotator and Twister



do/dQ [mb/sr]

RIKEN data
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do/dQ [mb/sr]

Bochum calc. NN

Coulomb
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do/dQ [mb/sr]

NN

— NN+3NF
--- NN+TWM’
— AV18+UR9
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Tensor
behaviour

m) chaotic




winger

Twister

Swinger
Polarimeter

Polarimeter

azT

Analyzer Taget
C:3cm Plastic

w"atOr




Measurement Conditions S

[ A¢ ]

Parameter s “y .

O Beam energy : Ed =270 MeV : ‘
Q Target: Lig. H (19.8 mg/cm?) , CH> (93.4 mg/cm?)
0 Beam intensity : 10 - 60 nA o

Q0 Vector and tensor beam polarizations o050 b

: 60 - 80 % of the theoretical maximum values L Efficiency n _

Measured Observables o

y' ' y' y’ ' y’ 0.015 |- E

J sz’ Kx-;))é _ Kyy (K_x ’ Ky);; )’ Ky 0010 \ :

O P” — Induced Polarization f 1

Angular Range : 0 ., = 90° — 180° 0’00255_ FOM = n(d°)?

DPOL calibration : ;

- ; :

induced polarization of 1>*C(p,p,) >C | 199l = 60°  oooof- E

5°50<15° | ]

E, [MeV]



How to extract d to p polarization transfer
coefficients?

Q Control of Polarized Deuteron Beam Direction )
0 Measurement of Polarization of Scattered Protons (py’) UEOL

— /

= Calibration of effecitive analyzing power for DPOL X X , b /H e
\@/Z ) Detector
' o Analyzer

Y Z Y / Target
' B
—>
d

p > O>
Polarized Cross Section \ d J
, 3 , 2 ;1 , , , :
py’ 0-/0'0 = PY o+ Epng SiE gpmngz = 5 <pmngm o pnygy <+ pzngz> d beam Spln mOde
Pz Pgg
—) Polarized d beam (Py»Pyy»PxxPxz) by PIS & Wien Filter i;’ g _g
y' ' . ' _ pv § KV 1 KV _#_2 ...... 2/3 0
Ky& Kjy : Py o/00 T Pty 15 Pulty, #3| 1/3 1

4 7 1 ’
K : pyo/oo = PV + S ParKY,

y' 2 y/ 1 y, y, y,
sz Py 0'/0'0 g pmszz + g (pszzz + pnyyy + pZZKzz>

Induced Polarization




Polarization Transfer Meas. @270MeV(135MeV/u)

@ Statistical Uncertainty

sPY | 5K; | oKy, | 3Ki | 8K%

0.01 0.02 0.02 0.03 0.02

Systematic Uncertainty

Effective Analyzing Power Ay¢ 2%
Beam Polarization 2%
Bending Angle of the Spectrometer 1%
Total 3%

- Ap (= P))dataprovide almost the
same results.

O This Measurement

O Previous Measurement
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NN
—— NN+3NF
--- NN+TM’
— AVI18+UR9

B 3NF is definitely needed.

P but K} K ?




135 MeV/u
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How they look like if the energy is halved ?

140 MeV (70 MeV/u) data
at RIKEN
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Chiral Effective Field Theory

FRelation with QCD 2N+3N on the same footing !

Lagrangian L=. . ..

2N forces
*Scale parameter A

expand in power of Q/ A (Q=nucl. mom.) LO >< ----- ,

3N forces

4N forces

*Chiral symmetry ............... .............................

‘Effective-theory - . | X l::::: ’:::jl

mChiral perturbation theory NLo H +<ffJ

AT

n+N+"garbage”

A}:NNN N N

S (N B ----------- S
+ X + t > ~ Ir + = = = X }/-\} ‘A”{ P
vo o A TR

’sarbage’’=heavy meson, A




100.0: T T
50.0 | d _p 1
® at 70 MeV/u Chiral Eff. Field
50T Theory Calc. NNLO
} 10.0
E T E. Epelbaum et al.
50
S Phys. Rev. C66 (2002)
= 64001.
© 2or
ol
1.0
o5k oA L N
0 60 120 180
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d—p ] d—p
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Results of 270 and 140 MeV

doldQ, iT,,: Excellent fits!

— clear 3NF effects in Nd scatt.

— magnitudes of 3NF seem to be O.K.
4. A(==p?), Ty.T,,, T,: Poor fits!

— defects 1n spin dependent part of 3NF.
6. K., K, :reasonable fits! K',K »: poor.

xx

— spin-spin interaction of 3NF 1s reasonable?

9. 3NF: TM’/ Urbana IX does better job.
— chiral symmetry requires: The ¢ term should be zero.

12. Chiral Eff. Field Theory calc. does reasonable job for
dc/dQ) but not much analyzing powers.



How they look like if the energy is doubled
from 135 MeV/u (E ;=270 MeV) ?

250 MeV/u data
at RCNP



—_

~ +d at 250 MeV (RCNP) by Yukie Maeda

Coulomb free
direct comparison is possible:

between nd data vs. Faddeev calc.

g

. . secondary beam exp. — very difficult.

Li(p,n)’Be reaction

Forward angle : d(n,n)d NTOF+NPOL

D liq. Scintillator(active target)
Backward angle : d(n,d)n (n,p) facility

recoiled d dectected

All data points are normalized by np scatt.
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Osaka University LAS Spectrometer




do/dQ) [mb/sr]

_ +d at 250 MeV
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—_

p +d at 250 MeV (RCNP) by K. Hatanaka

do/dQ, A,

Bomplete pol. transfer meas.: K*, K, K7, K*, K*

X

proton to proton

3. direct comparison possible: between nd vs. pd

—

bt s bt aat 250 MeV

K. Hatanaka et al., Phys. Rev. C66 (2002) 044002.




_ +d and ;+dat250MeV

10.00

5.00

=
o
o

do/dQ) [mb/sr]

°
i
o

- +0 -]
: n—d
° at 250 MeV/u
$
°% o p-d
C ° -
- o P
(o)
o o¥
o .
o ..0
o ebo
— fooo o —
“009000.0 E
..... | " i i i 1 | i " L i "
60 120 180
Bcm. [deg]

0.5

0.0

-0.5

n—d ]
at 250 MeV/u -

60 120 180



10.00 |

5.00

=
o
o

do/dQ) [mb/sr]

o
i
o

0.05

n—d
at 250 MeV/u

— o —
o
Oo ...*
° e® O
o
ooo .Gb
- ®e 0 ®0 -
Ne 0000.0 o ]
P (S S T [ N S S
60 120 180
0.m. [deg]

0.5

0.0

-0.5

NN

n—d ]
at 250 MeV/u -

60 120 180

0.m. [deg]



NN

e NN+3NF
- —- NN+TWM’
—— AV18+UR9
10.00 - =
F n—d ] _ n—d ]
>oor at 250 MeV/u ] 0.5 at 250 MeV/u -

=

o

o
I

0.0

do/dQ) [mb/sr]

°

i

o
I

0.05

0 60 120 180 0 60 120 180



T 1.0 T NN
p—dad ] I p—d ]

o at 250 MeV/u | : at 250 MeV/u | e NN+3NF

- -—- NN+TW’

—— AV18+UR9

oL gl
0 60 120 180 0 60 120 180

ec.m. [deg] ec.m. [deg]
1.0
p—dad
p—d at 250 MeV/u
at 250 MeV/uy sl
0.0-—
-T:dN -0.5
oL 10— e L
0 60 120 180 0 60 120 180

em. [deg] Oom. [deg]



AF"MV + M—QU (Bop) aiBuy BuLeyess

== 08l 051 0z1 06 09 0¢ 0
: : : : _ S0

9=D +d49dd

(s=) +49adD _____

(uu)

(L=D uuog (qD ----eeee
U/SE = [ [810) uokieq ¢

0l

(Bop) e|buy buleneos
08l 0S1L ocl 06 09 0¢ 0

(bop) o|buy Buusyeos
0'1- 08l 0GL oclL 06 09 0¢ 0

R,
(4s/qui) typ/op

0l

BAN)[O(] SeUaY Aq
3[€d JIAOUURE] AQIA 0ST 1e suriaeds dnsep pd




(Bap) aibuy Buuepeos (6op) obuy Buusyeos

08k 05k  0cl 06 09 0 0 08L  0SL 0zl 06 09 0€ 0
T T T T T oL- T T T T T G0
ZMZ. ZMX
3 =
1 | 1 1 O.P
(bap) elbuy Bunepeos (bap) ajbuy buleneds
08l 051 0zl 06 09 0¢ 0 081 051 0clL 06 09 oe 0
0L

T O. 1= T T T T T

BAN)[I(] SBUIY A(
389 JOAOUUEE] APIN 0SC e w:wﬂu:&om Jl)se]o ﬁ&




(bop) a|buy Buliepess
08 05, 0Ck 06 09 0¢ 0 [Sep] ™79

081 ozt 09 0

(us/qui) p/op

00'S

0007




$399JJ9 ULII-D
0) Inp A[ISOJAl

'SqO
urds 3s9y) u1 9[04
e Ae[d jJou saop

ANE ( )2dAy WA

(Bap) sbuy burepeag

08, 0G5 0k 06 09 0¢

08, 0S) 0ck 06 09 0€

J[BI JIAOUUBH

G0

(O

(uu) 2y

(uu) M

081

021

[8ap] ™°p
09

\ fn/AOW 0G2 3

e

p—d \

00

G0

[

081

ozt

[8ap] ™9
09

o
n/ASN 0G2 e 0
p—d

[8d LI-MO0deID)-nydog

[

APIN 0ST 1® SuL1)eds dnsed pd 10J L4




Let’s look at

eCoulomb effects.



Data-to-data comparison between nd vs. pd I

(75,
(45).

1.50

1.25

@]
e I
o 1.00HF-
© _
075 Coulomb effect ! ?
g EXP(250MeV)&CALC(135MeV)
0507 ( © ) ’ ( ev) Calculation by Y. Koike.
; Preliminar _
o slo """ 1;0 """ 180 Nd at 135/u MeV
0om. [deg]

Coulomb force is approx.




Results at 250 MeV

Birst  and - measurements at 250 MeV.
Data-to-data comparison was made:  7id vs. pd

— 10-20 % variation in do/d<

— Coulomb effect ! ?
Hirect comparison was made: nd. data vs. calc.

do/dQ : 50% disagreement in backward.

— irrespective of 3NF
3. A, :large deviation in backward.

— irrespective of 3NF
5. K, K, K7, KX, K7 (pdvs. calc.)
— TM 3NF does poor job.
— almost no FM 3NF(A) effects!



These results indicate :

—> defects of 3NF or relativis
OR

— defects of nucleon exchan

defects of NN interactio

stic effects or both?

ge process? OR

S?



Results from TSL

(n,d) elastic angular distribution at 95 MeV
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How they look like if the energy is doubled ?

400 MeV/u data
at RCNP



, +d at 400 MeV (RCNP)

—_
—

A.Tamii: p4+d—d+p

at 400 MeV
do/dQ , Ayl’, Ayd (=-P7), KyY’

[imited angular range

Very preliminary calc. by Kamada

e 2NF : CD Bonn
e3NF : TM

by Tamii
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Results at 400 MeV

Calc. by H. Kamada are very preliminary! e

051" at 400 MeV/u |

do/dC2 . agreement? < oof

0.5

AP, (==PY) T, :large deviation.

K" : large disagreement(opposite sign!)

p+d—d—+p

-1.0 L
20 180



Experimental Summary




Present status of 3NF study

BNF established firmly ?
—Yes and No.
—Magnitudes seem to be O.K.
Spin dependence? Chaotic.

6. Defects of 3NF ?
—Yes, definitely in TM.
The ¢ term violates chiral symmetry.

—Need to include, Tp and pp exch. 3ANF and more.

11. New development of Chiral Eff. Field Theory calc.
is extremely interesting.
13. Relativistic effects must be studied.




Are 2NFs reliable?

—Questionable in terms of off-shell properties.
No need of 3NF in BECCH) by Y. Fujiwara!
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Are 2NFs reliable?
—Questionable in terms of off-shell properties.

No need of 3NF in BE(H) by Y. Fujiwara!
— Should be tested by scatt. data.

—Exchange term might be problematic.

Finnaly,

Recent 3NF studies have reached a new era of ‘the
Renaissance’.

This is due to recent harmonious development of both
experiments and theories.

But I think more theory inputs are needed.




Some experimental concern.



Results from KVI
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Systematic Error of do/dS2

- B L A
g 1
d+p 270 MeV s | H(p.p)
N |
| beam d — H,* 3 | :
3. measure p +p 135 MeV g Lo e +
A Py L _
compare % - Averaged Value
. ngl-
b =1.010+£0.013
A\ 3 | _
6. NN phase-shift solution(SAID) .
d— 01ab [deg]
d Q2 [

7 =1.0140.015 d
— — ] <
(.. (&),




do/dQ [mb/sr]
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Bakamoto et al.,
Phys. Lett B367 (1996) 60

d+p : counter meas.

| Bakai et al.,

Phys. Rev. Lett. 84 (2000) 5288

Sekiguchi et al.,
Phys. Rev. C65 (2002) 34002

d+p : SMART spectr.

Sekiguchi et al.,
to be published.

d+p & p+d :
SMART spectr.
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Bakamoto et al.,
Phys. Lett B367 (1996)60

d+p : counter meas.

Bakai et al.,
Phys. Rev. Lett. 84(2000)5288

Sekiguchi et al.,
Phys. Rev. C65 (2002)34002

d+p : SMART spectr.

Sekiguchi et al.,
to be published.

d+p & p+d :
SMART spectr.

KVI data
to be published.

p+d : counter meas.
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Experiments were carried out under the collaboration
of researchers from University of Tokyo, RIKEN,
CNS, RCNP, Saitama University, CYRIC and TIT.
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Kimiko Sekiguchi
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