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Bridge nuclear/hadron hierarchies &
Deeper understanding of nuclear system/hierarchy

|2N system| mw’ P e Qn’ O = 1 &
0.5 2.0
: = .
Il 1,2
‘3N system‘ @
short range Many-body force in vacuum long range
< Few-nucleon system
Unified understanding CE @ CD .'E,' ~®  |compare exp. data with
with s-quark ’ rigorous calc. (Faddeev)
Intermediate: N*, AA,... Intermediate: A
nuclear nuclear multi-n
matter structure (2n,3n,4n,...)
Many-body 7. [NN scatt. in medium
~ system ... 1 ./ |experimentally deduce
(in medium) 4 2NF in nuclear medium

he ﬁR repulsion Vertex corr. to SR-2NF Vertex corr. to OPE
9
density

low
density

In-medium 2-body force



Three nucleon force effects
In few-nucleon systems

Current status and planning research

Polarlzed 3He target (Tohoku)

on going in Nov. 2018 @ RCNP




Frontiers & challenges for the future

Chiral expansion of 3NF
« N2LO (Q3): 2 LECs: 3H B.E. and N-d c.s. at 70 MeV — Could not explain exp. data
« N3LO (Q4): parameter-free, but large N4LO contributions by A is expected
« N4LO (Q%): new 10 LECs
- Need high-precision N-d scattering data in wide energy region—T=1/2 only
- Exp. data for T=3/2 3NF are highly required

NLO (Q2) : N2LO (Q3) N3LO (Q4) N4LO (Q5)
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_ presentation in IHER,

Girlanda, Kievski, Viviani "11 .
parameter-free! Peking (2014).

10 LECs




p+3He scattering and T=3/2 3NFs

Viviani et al., Phys. Rev. Lett. 111, 1 2013).

Pisa Gr. succeeds in 4-body calc. BN .!phenomenological 3NF prediction!. —
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‘Now, it is interesting to study at higher energies for pol. observables with high accuracy!
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p-3He Ay data at 70 MeV

courtesy of A. Watanabe and K. Sekiguchi
SHe analyzing power exp./data for p-3He by Tohoku group (Seklguchl Gr.)
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3NF effect at 70 MeV is large and is useful for understanding T=3/2 3NFs




Investigation of nuclear medium effects
on NN interactions

Current status
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Exclusive nucleon knockout reactions

e’orp’l TN\ ‘ / /
\ / S

\—/

(Eo/c,po)

eorp

(B, /e, po) Es (binding energy) and
(Es/c,pB ’ p3 (Fermi momentum)
porn can be specified

Exclusive nucleon knockout reaction provides a direct means to study s.p. properties
(e,e’p)
» Distortion effect is less serious
* Interaction is well known
(p,pN) [(p,2p) and (p,pn)] = NN scattering in nuclear medium
* Large cross section is suited for systematic studies [ (p,pN) can be used also for
- Spin degrees of freedom provide useful information 4 @ssessing “in-medium™ NN force

_ _ _ _ (Spin obs. are less sensitive to
* Inverse-kinematics exp. is feasible initial and final state interactions)

The reaction mechanism is simple enough to deduce the medium effect on NN force.




Estimation of effective mean density for (p,pN)

TW, K.Ogata, and T.Noro, PPNP 96, 32 (2017).

Triple differential c.s. of (p,pN) is expressed as J.Ryckebusch, W.Cosyn, and M.Vanhalst,
PRC 83, 054601 (2011).

o=|T|” T= / D(R)dR D(R)= / x5 (R)x}: (R)p(R)xo(R)R*dQ
0

Transition matrix density, §'"(R), can be defined as

D(R) oo
R) = Re _ o contribution
Orea (1) = [ DMR)R | /O rea(R)AR = o

( O;irmag(R) = Im [fooll))((};))dR} o —» / S e (R)AR = 0 )

Then, effective mean density, p, can be introduced as
p(R) 12C (154 /2)

Po

fO p(R) 5real (R) dR
f real (R) dR

Rep =

( In most cases, Rep > Imp )

0 2 4 R (fm)O 5 10 R (fm)

‘We can control p by selecting target nuclei and orbits from 0 to ~40% of Po ‘




Ay reduction for p-p in nuclear medium

I'Noro et al., PRC 72, 041602 (2005).

Ay of (p,2p) [p-p in nuclear medium] for s/p-shell nuclei at 392 MeV  7W, K.Ogata, and T.Noro,

Density dependence
» Monotonic decrease of the density
- Distortion effect is small

- Conventional g-matrix
could not explain this trend

- Exception of 3He/4He

» Too small for applying
concept of nuclear density?
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PPNP 96, 32 (2017).
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Ay of p-p in nuclear medium are reduced as a function of density.
- Distortion effect and conventional medium effect (g-matrix) could NOT explain.
— How about n-p in nuclear medium (isospin dependence) ?




Extension to (p,pn) measurements

Y. Yamada, Ph.D. thesis, Kyushu University (2010).
(p,2p), (p,pn), and (p,np) data are measured with a same setup. " /9921 and T.Noro, PPNF 96, 32 (2077).
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Y. Yamada, Ph.D. thesis, Kyushu University (2010).
TW, K.Ogata, and T.Noro, PPNP 96, 32 (2017).




Ay data for 1s1/2 knockout (p,pN) at Krecoii=0

Y. Yamada, Ph.D. thesis, Kyushu University (2010).

(p,2p) data are consistent with the previous results TW, K-Ogata, and I.Noro, PP 96, 32 (2017).

- Data with this new setup for (p,pN) are reliable AT=0 and 1
(p,pn) data with the p-forward emission (no charge transfer)

 Ay-reduction similar to (p,2p)

(p,np) data with the n-forward emission AT=1 only
» NO Ay-reduction } (charge transfer)
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Nuclear medium effects on 2NF depend on isospin (charge) transfer
<+ Suggest the modification in isoscalar meson exchange — Can we model these effects?




Spinor distortion (3NF effects)
Effective mass Mn* correction:

=i ()

(C=0.18 from QCD sum-rule)

* (p,2p) : Mn*-corr. is significant

« (p,np) : Mn*-corr. is negligible

Non-conventional medium effects

Brown-Rho scaling conjecture:

in-medium meson mass/coupling
*

m_*_g_*_M_z"ir_l_C<
m g MN

free meson mass/coupling

. (p,2p) : Significant effect
- (p,np) : Negligible effect
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Medium effects on Ay for (p,np) and (p,2p)

TW et al., Phys. Rev. C 96, 014604 (2017).
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Isospin and density dependences of nuclear medium effects are reasonably explained.
— How about other spin observables ?




Failure of Brown-Rho scaling conjecture

I. Noro et al., Phys. Rev. C 77, 044604 (2008).

Calculations based on Brown-Rho scaling conjecture for 12C(p,2p)

Polarization observables
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- Significant medium effects are predicted especially Dnn = Inconsistent with exp. data
0.0

*_ r_,.—-" Ik inconsistent
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p / Po

Simple scaling conjecture does not work.

« Provide a critical test of theoretical models.

* Can we determine “in-medium 2NF”
experimentally?




Investigation of nuclear medium effects
on NN interactions

Planning research
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Experimental determination of in-medium 2NF

A.K.Kerman, H.McManus, and R.M.Thaler, Ann. Phys. 8, 551 (1959).

For free NN scattering, the c.s. | and polarization transfer D;; are defined as:

do 1 T Tr[Mo; M'o;) G=
I = = -Tr[MM'"'| D;; = T — R 4]
dS? 4 TI‘[MMT] E ! ‘ | . n
n = Ez X Ef "= ﬁ
where M is the NN scattering amplitudes expressed as: .
D=gXmn

M(q) = A+ Bo1a02i + C(014 + 024) + E014024 + Fo15025

We neglect D-term for simplicity.
- 5 complex parameters

* 9 real parameters and 1 common phase — Need 9 independent observables

e We had only 6 observables (I, Ay=P, Dqq, Dnn, Dpp, Dpg=-Dqp)

We need another 3 observables forward nucleon

Spin transfer Kjj to backward particles
incident nucleon

backward nucleon

We can determine in-medium 2NF (scatt. amps) experimentally by measuring Kj; for (p,pN)‘




Experimental setup for Kj;

Forward neutron PN : Construction of backward proton pol.
. 2 \IIHm'. e . : )
polarimeter for Dij ,M@! - Spin transfer Kjj for A(p,2p)
o N * Exp. determination of in-medium 2NF
upgraded w“ i ||Y oy !

i ANA

(Charged Particle Dgtector)

| HD(Hodoscopes)

Upgrade of forward neutron pol.
e First measurement of Dnn for A(p,np)
* Medium effect on Dnn for np scattering

CPV
(Charged ParticlefVeto)

A MP \ &

2018-2020: Construction

2020-2021: Commissioning
2021-2022: First data
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Forward proton
polarimeter for Dj;

| Al

Backward proton
polarimeter for Kj

new

backward proton

|1
DSR. 111 FPP Spin rotator
e BE AM (momentum analyzer)
/ Spin analyzer
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\_ ., DSR+ 0

. . . . . proton tracker
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Theoretical progress for (p,2p) with SNF

K.Minomo, M.Kohno, K.Yoshida, and K.Ogata, PRC 96, 024609 (2017).

3NF effects are negligible at low density

Knockout from outer orbits

L A
ko 1; kl) kzi fixed
— 0 es + —--=> 0 E, (E,): changed
ko
> > Ca(p,2p) K @150MeV
10°;
Tl 1s12 N
proton level in 4°Ca s —a— N (1978)
N 0d3/2 = 1
P ~0.13p0 151/2 E
® 0d5/2 % 10
= E
- Opl/2 5 |
S 0p3/2 2 10§
= ® S | (?S=2.58 I
0s1/2 £
10-1 -----------------------------------------

0 20 40 60 80 100 120 140 160 180
recoil momentum (MeV/c)

3NF effects are small for outer orbits
= Medium modifications for 2NF are small at low density (p=0.130¢)




Theoretical progress for (p,2p) with SNF

K.Minomo, M.Kohno, K.Yoshida, and K.Ogata, PRC 96, 024609 (2017).

Knockout from deeply-bound orbit

k1

ko “

— >0 @< Ky
N

k. ko fixed 3NF effects are enhanced at high density

E, (E,): changed

—
()]
——

In-medium
Ca(p,2p)PK* @150MeV p-p cross section
o¥ o 61
0p3/2 = Voo WA
St
C2S=4.0 =i

3NF effect ~ 20%
Cut-off uncertainty ~ 4%
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0p1/2 3 20}
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Os1/2 2
E s
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Enhancement
o) i2d \\| ol \VAK ]\ I
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3NF effects are large for a deeply-bound orbit
= Medium modifications for 2NF are significant at high density (0=0.4200)

Calculations for polarization observables (Ay, etc) are now in progress.




Recent progress for
spin-isospin residual interaction

Key parameter, g’nn, for m-condensation from GTGR in 132Sn
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Nuclear force as residual interaction

J. Yasuda(Kyushu), M. Sasano, R.G.T. Zegers, TW et al., PRL 121, 132501 (2018).

Gamow-Teller response of the doubly-magic neutron-rich nucleus 132Sn

n+p+Q’ interaction as a spin-isospin residual interaction

* g’nn = 0.68 = 0.07 for 132Sn from GTGR

- Constant g’nn between (N-Z2)/A = 0.11—0.24 (132Sn)

e Pjon condensation can occur for ~2po (heavy NS)

« Consistent with 0.6 for 90Zr and 0.64 for 208Pb

if constant g’s hold for N/Z » 1
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® Data (stat. error)

_ Syst. error
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Bridge nuclear/hadron hierarchies &
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