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(p+n)+A three-body scattering problem

/ Assumptions for simplicity:
/O n - No spins
p/ + No Coulomb

- No absorption (1maginary pot.)

- 2-body problem solved

Schrodinger Equation
[E— K =V — Vs — Va] ¥ = 0.

1
E— (K4 Vpp) +ic

= H, (channel Hamiltonian)

U — eiK~R¢d 4

(VpA —+ VnA) v,

Lippmann-Schwinger (LS) equation



Problems of the LS equation

U — eiK-R¢d 4+

Voa+V, 1)U,
E—Hd+ie(p‘4+ 4)

1. Absence of the rearrangement channels
2. Divergence problem due to the disconnected diagram

3. Nonuniqueness of the solution

The b.c. of the LS Eq. 1s not appropriate.




The Faddeev theory

L. D. Faddeev, Zh. Eksp. Theor. Fiz. 39, 1459 (1960) [Sov. Phys. JETP 12, 1014 (1961)].

n d,

Pley /= -o--- ”// Op/

E—K =V —Vpoa—Vou| ¥ =0, V=V34T,47,.
Faddeev Eqgs.
[E_K_%n]qjdzvpn(\l’p+q’n)a
[E — K = VnA] U, = VhaVg + VnA\P'pa

[E — K — VpA] \pr = VpA\IJd -+ VpA\Ifn.



Three-body theory in a model space

N. Austern, M. Yahiro, and M. Kawai, Phys. Rev. Lett. 63, 2649 (1989);
N. Austern, M. Kawai, and M. Yahiro, Phys. Rev. C 53, 314 (1996).

[E—K—Vpn—VpA—VnA]\DZO, \If:‘lfd—l—\lfp—{—llln.
Distorted Faddeev Eqgs.
[E— K — V,n, — [P

not pair int. but 3-body int.
(Vna + Vpa) Pl Wa = Vo (¥p + )

max max

E—K—Vaua|¥, = (Voa — P VaaP Ui+ VhaV,,

max max )

[E — K — VpA] lI’p — (VpA — P VpAleax) Wy + VpA‘I/n-

max

’leax — \/d‘f‘, y: y:lefm, ('f') YVZ:;L (rf‘/)

ZS lITla.X

Py WB=T/2)* _ o=nR® o—pr®/4



Problems of the LS equation

U — eiK-R¢d 4+

Voa+V, 1)U,
E—Hd+ie(p‘4+ 4)

1. Absence of the rearrangement channels
. Divergence problem due to the disconnected diagram

@, Nonuniqueness of the solution

The b.c. of the LS Eq. 1s not appropriate.




|-truncation, the center of CDCC

N. Austern, M. Yahiro, and M. Kawai, Phys. Rev. Lett. 63, 2649 (1989);
N. Austern, M. Kawai, and M. Yahiro, Phys. Rev. C 53, 314 (1996).

Imax /d’fj T Tyvl’m }/lfm, A/)

Z<ZH1’1X m

P, smears out I w/ the resolution of 1/ ..

max

A [If] .. — oo, it means &(r’—r).]

- We have no rearrangement-like channel in the asymptotic region
because of P .
- As | increases, the coupling between the 15 Eq. and the other

two becomes weaker.



Three-body theory in a model space

N. Austern, M. Yahiro, and M. Kawai, Phys. Rev. Lett. 63, 2649 (1989);
N. Austern, M. Kawai, and M. Yahiro, Phys. Rev. C 53, 314 (1996).

[E—K—Vpn—VpA—VnA]\IJZO, \If:‘lfd+\11p+\1/n.

Distorted Faddeev Egs. ) pair int. but 3-body int. — 0

[E — K — Vpn — P (VnA L3 VpA) P ] Wy :[Vpn (\ij + \I’n)]

max

max

[E — = ‘Tnﬂ v, = (‘/n»l _ P]

ImMax

Vn,AplmX) Vg + VoaWy,

E—K—Vou| U, = (Vou — P VouP,

) W+ ‘:r) AV,.

Imax

Imax /dA, Y TYVZ’W rf. lefm, )

Z<ZIT13X

Imax




CDCC, as an alternative to the Faddeev theory

N. Austern, M. Yahiro, and M. Kawai, Phys. Rev. Lett. 63, 2649 (1989);
N. Austern, M. Kawai, and M. Yahiro, Phys. Rev. C 53, 314 (1996).

CDCC solves the following LS eq.:

- 1
\DCDCC _ KR D Vn V. D, \I]CDCC.
€ gbd —I— E . Hd _|_ 7;6 lmax ( A —'_ pA) lmax
CDCC gives a proper solution to a three-body scattering problem
If the solution converges w/ respect to .

+ Continuum-Discretization has nothing to do w/ the justification of CDCC.

- |-truncation allows one to truncate also r and K.
- Convergence for other quantities (r, .., K ., and Ak, etc.) must be confirmed

to obtain a proper solution to the LS Eq.




The Continuum-Discretized Coupled-Channels
method: CDCC (after |-truncation)

. Break
- 7aup R N

¢(k) | | Discretization _\ N
I > @i

7%& ¢: 738 g 7’ g; ¢:

v =hio+ | dondk m =2 47

cf. M. Kamimura, Yahiro, Iseri, Sakuragi, Kameyama, and Kawai, PTP Suppl. 89, 1 (1986);
A N. Austern, Iseri, Kamimura, Kawai, Rawitscher, and Yahiro, Phys. Rep. 154 (1987) 126;
M. Yahiro, Ogata, Matsumoto, and Minomo, PTEP 2012, 01A206 (2012).




Faddeev-AGS vs. CDCC
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FIG. 2. (Color online) Elastic cross section for d+"Be:
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Be(d. pn)'°Be reaction at (a) Eq = 21 MeV. (b) E4 = 40.9 MeV,
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Description of deuteron breakup process by CDCC
&

Incident energy . @\é
s’ N

E.+g=E
(Energy Cons.)

» Open channels (E; > 0): directly connected to observables
- Closed channels (E; < 0): virtual breakup channels

Neglected in the preceding study



Applicability of CDCC to low energy BU process

N. J. Upadhyay et al., PRC 85, 054621 (2012).

12C(d,pn)"*Cy  at Ey = 12 MeV
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CDCC severely overshoots the result of

100

FAGS, 1if closed-channels are neglected.
cf. triple-alpha study

KO and K. Yoshida, PRC 94, 051603(R) (2016).
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CDCC to DWIA

[HTick D AREL N

gaN AN
Tcpee = <90£w,)k (r) e Blu,, + Uy, Z wi (1) XEH (R)>

1. Weak coupling to the BU channels .
1 PHES p-P DHELIL

(=) iK' R (+)
~ (Pree (1) €7 |vpn + Upe|po (1) Xpw (R)
(ch o+ Uselon () vt () 5 IR BT

1 2. Only vy, breaks up P. Y Sl s

~ (xS (1) XSk (R) [upm] 00 (1) X5 (R)) = Towia

n-c DW (w/ E-dep. complex pot. and/or large )




Test of the two assumptions

p(°C,18C+n)p at 68 A MeV

120 |
[ — CDCC

100 - — lstep
= - — V,, breakup only
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o 80
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E O Validation of DWIA
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How far does the indep.-part. picture hold?
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The (p,2p) reaction

1
K v
0 e
- 2
- —.‘».'%. ’:’) _ l<>2
Avia s

L\
.l )
T. Wakasa, KO, and T. Noro, PPNP 96, 32 (2017).

40Ca(p,2p)*K at 392 MeV (RCNP data)
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orbit in momentum space : g sV
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Missing correlations in shell model

Stable nuclei

o:(eep)

G. J. Kramer, H. P. Blok, L. Lapikas, NPA 679, 267 (2001).

target mass —»

140
T x : (d,°He)
120 - (d,
3% 100
E s}
UE) . i
60 X
& (D (& “ T ¢ $ % -
“— ! Haur
o] 40 b b X
c | & b |
o
5 20
(]
=
0 L 1 L L L i ll 1
10 20 40 70 100 200

Unstable nuclei

i T T T T T T T T T T T T I T i I T
10 _1_99%@@_ NN NN NN —
: 28 !
< 0.8 _
o)
g_ i §28Mg
[ﬁ 06 B Si 160 =
I:I':UJ i 2 “Ar O 1%
i 2085, 120 57N Be
0.4} Pb g “si
: 0 : : Sie,, !
! 60—-80%8missing | =, e"s 25
- . 38,9 1
- correl ! S gngr
0.2} . | | Ca -
| Ll I | I I I | I Ll | I I I | Ll L | I |
30 -20 10 0 10 20

(MeV)
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Order behind the breakdown of “order”
BFEORENEL LT FOIEAE

1. Systematics of the S factors via (p,pN) reactions

« RCNP data for stable nuclei (Ao1)
/ RIBF data for unstable nuclei (Uesaka)

« Shell model (Utsuno and Shimizu) + mean field (Yoshida)
+ cluster (Kanada-En’yo)

 Off-shell NN transition matrix in nuclear medium w/ Ch-EFT (Kohno)

2. Many-body correlations underlying the melt of the (naive) shell structure

« (p,pNN’) for NN correlation (multi-nucleon knockout)

* (p,pn) for 2n halo nucle1 followed by neutron decay to probe di-neutron correlation
« (p,pd) for pn (deuteron-like) correlation

* (p,pN) for deeply-bound nucleon for studying 3N-force effect

 (p,pa) for a correlation



a-clustering in 2%Sn studied via (p,pa)

392 MeV
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o particle density n_(r) [fim™]
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)

0.0008 = [ — 124
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S. Typel, Phys. Rev. C 89, 064321 (2014)
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K. Yoshida, K. Minomo, and KO, PRC 94, 044604 (2016).
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+ A 4s Pot. Model W. Fn. 1s adopted.
- Distortion 1s extremely important

(widen the width of the TDX).

- Factorization approx® is verified.



(p,pQ) as a probe of surface o

K. Yoshida, K. Minomo, and KO, PRC 94, 044604 (2016).
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FIG. 6. |I(R)| at pr = 0 (solid line), the same but calculated with
only the a-''°Cd distorting potential U, (dashed line), and the result
with PWIA (dotted line). The results are normalized to unity at the
peak position.




Proving ?n correlation in ®He via (p,pn) process

Y. Kikuchi, KO, Y. Kubota, M. Sasano, and T. Uesaka, PTEP 2016, 103D03 (2016).
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triple differential cross section (ub MeV-'sr )

(p,2p) as a probe of Ch-3NF effect

K. Minomo, M. Kohno, K. Yoshida, and KO, PRC 96, 024609 (2017).
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Order behind the breakdown of “order”
BFEORENEL LT FOIEAE

1. Systematics of the S factors via (p,pN) reactions

« RCNP data for stable nuclei (Ao1)
/ RIBF data for unstable nuclei (Uesaka)

« Shell model (Utsuno and Shimizu) + mean field ( Yoph LAy

+ cluster (Kanada-En’yo)
« Off-shell NN transition matrix i1 nuclcgaARNL T W/

2. Many-body correia!
* (P,PNN’) for NN corre™)on (

* (p,pn) for 2n halo nuc.e1 followed by neutron decay to probe di-neutron correlation

taulti-nucleon knockout)

« (p,pd) for pn (deuteron-like) correlation
* (p,pN) for deeply-bound nucleon for studying 3N-force effect

 (p,pa) for a correlation
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