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charge radii of proton and deuteron (neutron)
Ee =10 - 60 MeV
Be = 30 - 150 deg.

’ lowest-ever Q°11

® SCRIT@RIKEN/RIBF

e-scattering of online-produced exotic nuclei (~108/sec)

Ee = 150 - 300 MeV
Be = 30 - 60 deg.
=>q =80 - 300 MeV/c

Q? = 0.006 - 0.09 (GeV/c)?




‘“Two-nucleon’ knockout exp. @ JLab

12C(e,e’pp)/'“C(e,e’p)

&

Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

SRC Pair Fraction (%)

10

—_
o

\

o

et S

/
.
b 4

O Fig. 1. lllustration of the *’Cle,e'pN)
reaction. The incident electron beam

couples to a nucleon-nucleon pair via

a virtual photon. In the final state,

the scattered electron is detected

along with the two nucleons that

are ejected from the nucleus. Typi-

cal nuclear density is about 0.16

) nucleons/fm?®, whereas for pairs the
/—/ local density is approximately five
N 4 times larger.
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Proton Size
(ULQ2)

r, ~ 0.9 fm

Neutron charge size??
(eD@ULQ?2)

Nuclear size

< >
R~12AY fm

nucleon-nucleon force
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Fermi momentum

kf =14 fm~! =270 MeV/c
p~0.3

nucleon density

ps = 0.16 nucleon/fm’
ALyy ~ 1/p;® = 1.8 fm
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Independent particle picture
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“beyond shell-model picture”??
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=> high-momentum component - |
=> reduction of spectroscopic factor :
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Single-particle momentum distribution in nuclei
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two nucleons at short-distance in a nucleus?

pi+py~ 0

p| — D, — large

many references;
J.S. Levinger : Phys. Rev. 84 (1951) 43.
K. Gottfried : Nucl. Phys. 5 (1958) 557.
J. Ryckebush et al. : Nucl. Phys. A624 (1997) 581

Such a “dynamic aspect” is beyond the shell-model picture.
Any effects beyond are included so far by “hands”.



Two-nucleon system

deuteron

13 13
antisymmetrized wave function 6 | Sl + Dl
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how to access ‘“‘correlated’ two-nucleon in nuclei?

* high-p component of single nucleon

* observe an interacting-two-nucleon system directly



how to access ‘“‘correlated’ two-nucleon in nuclei?

* high-p component of single nucleon



Quasi-elastic (e,e’p) scatterin
2

1980~: Saclay, NIKHEF, MIT, Mainz, JLab
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p(p) = |p(p)|?

Effective momentum density distribution pip) (MeV/cr3

Pproton in deuteron by d(e.e’p)
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P pr()t()n in dE“teron

RN
éé 1381 +13 D1 20 \ — zihoton
15 A "hard-coye" repulsion closer than 1 fm _ 4o
—— omega
% 10 - mmmm total
=
“high'p” COmpOnent iIl dGllterOIl iS g > L interaction vanishes after a few fm
due to mainly g °
the well-established tensor interaction = ]
- most favored distance about 1.3 fm
-15 - /
0 1 2 3 4 5

femtometers between nucleons

- pion-exchange force

high-momentum does not necessarily imply “short-range” physics!!




n°(p,) (GeV/c)®

high-momentum components in a nucleus?
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6(}/, po) ~ 0(}/, ”()) 11 (Ey ~ 100 MeV) (A-1)gs

A A

- single nucleon knockout: (¥, py) > o(y, n)

- importance of meson exchange current MEC) N [
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how to access ‘“‘correlated’ two-nucleon in nuclei?

. of single nucleon

* observe an interacting-two-nucleon system directly






two-nucleon emission is a way for SRC study?

) \ai.s
©
which probe should we use?

- electromagnetic probes : well-understood and “weak”
- hadronic probes: too strong and complex reaction mechanism

possible signal due to SRC may be very faint



‘“Two-nucleon’ knockout exp. @ JLab

1QC(e,e’pp)/12C(e,e’p) Nature 320, 1476, 2008

O Fig. 1. lllustration of the ’Cle,e’pN)
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Kinematically incomplete measurements
+
there may be another way to interpret this results.



Basics of electromagnetic probes

> X (¢, A) photon
interaction : .= —J - -
Hmt p ¢ J (p,J) target
electron scattering
(virtual photons) operators
Charge (Longitudinal) P =¢€
Convection current (Transverse) Jeony = el
m
Spin magnetization (Transverse) jspin —V X 7
€
-ra
ray operators
(real photon) _
Convection current (Transverse) Jeom = i
m
VAVAVAVAVAVATA : . — T . —
Spin magnetization (Transverse) Jspin = V X H



Nuclear response function in (®,q) plane

kinematical valuables

W= €1 — € energy transfer

g= €1 — € momentum transfer
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quasi-elastic region in A(e.e’)
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Current conservation
V. f = —i[H, p]

Z -t Z( -7)(s; - 5) V(7;,77)  two-body int.

i>j

p= 2 ei(s((r) - 7)

with the isospin-isospin interaction, 7; - Tj,

a two-body current operator should appear for current conservation

7
+- -+
7T . - T, Th —TW T n>=\np>

..... (775 — 172 |pp > =0
two-body current operator (/7 —177) |[nn > =0
(meson-exchange current)

the isospin-exchange force 7. T - 7. in the nuclear force
mewtably] introduces two-body currents



two-nucleon photoemission

p @ 7
/ n
‘ o
-, S E (A-2) spectator

two-body current operator allows two-nucleon emission
with the shell model wave function (independent particle model)

1) NO CORRELATION is required.
2) np pair only. no pp, nn pair

o = 0ap(EXC) = 0.5-1 mb,
90 { " EXC)> oug(COR);

01348 = 01 (COR) = 7,,(COR) ~ 1-10 b,
{PP} {PP

(v, nn), (v, pp): {
O nny (EXC)=~0.

e M. Gari and H. Hebach, Phy. Rep. 72 (1981) 1-55
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Deuteron photodisintegration and
meson exchange current
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Electro-disintegration of deuteron at threshold
and meson-exchange currents
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FIG. 2. Experimental cross sections from Ref. 3 and the
present experiment. (The data of Rand et al. correspond to
a different E,, and thus do not exactly match the present de-
finition of d’0/dQ dw.) The dotted curve is the impulse-

approximation result, the dash-dotted curve includes the

. + . pion-exchange contribution, and the dashed curve includes

MEC+|C in addition the p-exchange contribution. The solid curve is
the total result, in which the A-isobar contribution is also

taken into account.



Photodisintegration of 3He at 100 < Ey < 600 MeV

Possible three processes

©

C§C
o <« °

SHe(%np)pspectator Photodisintegration of “np

3He(’y, PP )Nspectator P Otodisintegration of “pp”

3He(fy, pp)n three-body process?????

(three-body force)
no spectator



Photodisintegration of 3He (1990-1994)

Electron Beam

Ee =1.3 GeV

s ) Photon Tagger
Diamond Crystal !
e 3 Tagging Hodoscope A Ev - 150 - 600 Mev
WANTAN tagged photons (up to 1 GeV)
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1) TAGX spectrometer nim 376 (96) 335)
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Trigger Counter \> A Detector
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 orton Beam PRL 74 (95) 1034. NIM A307 (1991) 213-219
Outer Hodoscope " Profile Monitor %@?%\% 52 (97) 103-110 NIM A376 (1996) 335.

Lead Glass



TAGX spectrometer

- 1987 (K. Maruyama, Y. Sumi) - 1998
- tagged photons : 100 < Ey < 1000 MeV
- photodisintegration of d, 3He, 4He

- tagged polarized photon with a diamond crystal

- AA in deuteron (Y. Wada)
- 12C(v,K*) (v,n) (K. Maeda)
- 3He(y,p) : p >ttt (Y. Yamashita)

Liquid 3He target

- 180ml@ 2.0K
- 1000 h maintenance-free operation
- 5.0 x 8.0 (cm3)
 maintenance free for > 1000 hours
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Counts
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neutron-momentum spectra of SHe(y,pp)n
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SHe(y,np)p, 3He(y,pp)n at TAGX
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Total Cross Section of y+3He -> ppn
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Photodisintegration of ‘np’ pair in a nucleus

| | - | | - | | - | |
S.Endo et al. PRC49(94)R597 @ TAGX
‘ Kolb et al.
D Berman et al.

O Gorbunov et al.

100 200 300 400
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Oytipn (By) ~ 1.5 0yqa(Ey)

First clear indication of “Quasi-Deuteron” picture




Photodisintegration of ‘pp’ pair in a nucleus

* first identification of v+’ pp’ reaction
* no MECs contribute
e only one-body current operator that photon can couple

need high rel. p (~1 GeV/c) % No ME; 1 for 31§,

low c.m. momentum
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%
kV + p P1 p P1
E, ~ 150 MeV ~ P
300 +p,” = ~ 600 MeV/c el
pp ~ 300 MeV/c Prelative ™ 500 — 1000 MeV/c

T. Suda et al., PRL 73(94) 404, PRL 74(95)1034
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Science 320, 2008, 1476.
12C(e,e’pp)/*Cle,e’p)

A
Al
B
A

e Fig. 1. lllustration of the ”C(e,e'pN)

reaction. The incident electron beam
G = couples to a nucleon-nucleon pair via
a virtual photon. In the final state,
the scattered electron is detected
along with the two nucleons that
are ejected from the nucleus. Typi-
cal nuclear density is about 0.16
nucleons/fm’, whereas for pairs the
local density is approximately five
times larger.

Science 320, 2008, 1476.
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

o(e,e’pp)
o(e,e'pn)

~ 1/100

charge exchange after y*+'np’ : (e,e’pp) events



Notes for experimental SRC study from our previous studies

1) Keep in mind the el.mag. probe views the 2N(np,pp,nn) system in a nucleus
in a complete different way (due to MEC (two-body current))

2) kinematically complete measurement is essential to identify a process
where ONLY 2N are involved.

3) detecting ONLY 2N in the final state is not sufficient to identify the 2N process,

where SRC may play a role.
2NN
. ) Pocri
beam A / }
target nucleus — )J
R
Q
@scp
“back-to-back correlation” rﬁh‘ﬁt‘ 3 r E‘iij

=> means “momentum” conservation only “when a dog faces west, its tail turn to the east” (of course!!)



Notes for experimental SRC study from our previous studies

no firm definition theoretically SRC, to my knowledge
el.mag. probe may be only a way for quantitative study of SRC

© © ©

experimental ways for the SRC study
1) high-momentum component of single nucleon

- does not necessarily suggest SRC <= tensor

* MEC may play a role

(")
2) two-nucleon knockout m -} | a

* kinematically complete measurement i1s mandatory

* two-body current contribution is no connection to SRC
* one needs to confirm that one-body operator works

Il

< NiNj1js | N\ N, > < NN L [N, >
2 body operator 1 body operator

D
-

v



the “best” way to study SRC based on my personal view

¢ utilizing the charge coupling (one-body operator) of (virtual) photons
=> electron scattering (not real photons)

¢ A(e,e’pN) kinematically complete measurements

¢ Longitudinal response of A(e,e’pN) reaction (Rosenbluth separation)

longitudinal (e,e’pn) vs (e,e’pp) responses are free from two-body current
difference would be due to the tensor contribution (1°S; +!3 D, vs *1S,)

¢ should start from A=3, 4,,,,

¢ Final state interaction for larger A??? o(e,e’pn) >> o(e.e’pp)

%/v P
p : re—scan'
n v n
—(

|
vyy




ULQ2 measurements for e+p and e+d 25

. MAlNZd?ln

| 2>z _oex2y ] three-year data-collection completed
\% T der 90 (2024, October)
i, Yuki Honda

Moy, | Ph.D. student
%W% (C. Legris, T. Goke)

Mainz data (2014)
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