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Experimental Approaches
in Nuclear Physics
(in Japan)
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Physics of Unstable Nuclei (RIBF,...)
Precise Nuclear Physics (RCNP.,...)
Hypernuclei and Strangeness Nuclear Physics (J-PARC, JLab)
Hadron Physics (J-PARC, ELPH, RCNP-LEPS, CERN, JLab,...)
Physics of High Energy Heavy lon Collisions (RHIC, LHC)
Nucleon Structure (RHIC, CERN, Femilab, J-PARC,...)
Fundamental Physics using Nuclear Techniques

(J-PARC, RCNP, CERN, ...)
Computational Nuclear Physics (Kei,...)




2. High Density Cold Matter



Mistery of neutron star matter

B Highest density matter in the universe
M =1~2 Mg, R~ 10~20 km
=> Density of the core = 3~10p, (1~3 Btons/cm*®) Nuclear “Pasta”

B Various forms of matter made of almost

only quarks
Nuclear + Neutron Matter

Neutron Matter

'k Matter © 7
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superconductivity
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EOS (Equation Of State) for Nuclear Matter
m Outer core (p < 2p,) at 1~0 W Inner core (p > 2p,)
How EOS changes

in n-rich matter? Density  Fraction
E=F(p, (n,,np,Ny, -..))

Hyperon really appear?
Which and how much?

Strange hadronic matter

[

Neutron-rich
nuclei

E (energy)

Hypernuclei

p (density)

S

Observation of Neutron stars

i Mass-Radius relation from pulsars
L C Ordinary nucleus S
| (nuclear saturation density: p,) gsp

Gravitational waves from accretion
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Attractive AN interaction well established
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Hyperons mixing in the inner core

outer core _inner core assumptions
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1 E
- =Z-N attractive (Uz=-15 MeV)

=0
j—
|

1 T 1 T X Nrepulsive (Us=+30 MeV)
E-N attractive (Uz=-15 MeV)

Baryon fraction

0.1

All the YN, YY interactions , -,
necessary 0 200 4pp  6py  8py. 10p, Strange

-> Understand Baryon-Baryon Ishizuka, Ohnish et al. hadronic matter
Interactions in a unified way A

B AN int.in neutron matter? (effect by AN-ZN force?) n-rich

0.01

A hypernuclei

&AA hypernuclei

B AAint. looks weakly attractive. To be established.

® =N int. unknown (attractwe””)@

E hypernuclei



NS mass Mg

Mystery in EOS

B Hyperons must appear at p = 2~3 p,
B EOS with hyperons (or kaons) too soft ->too high density
\ -> easily form a BH and cannot support 1.97%£0.042 M, NS

A big mistery in nuclear physics Unknown repulsion at high p

Framework should be reconsidered m Strong repulsion in three-body force
Demokest ¢ al., Nature 467 (2010) 1081 (NNN, YNN, Y¥N, YYY)

M Change of meson-baryon coupling
1 constants or baryon structure
M Phase transition to quark matter
(quark star or hybrid star)
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An important direction: “Hadrons in Nuclei’

B Properties of mesons in nuclel
Vector meson mass in a nucleus (pA collision)
K- nucleus, ® nucleus, n’ nucleus bound states

B Properties of hyperons in nuclei
u, in hypernuclei
Single particle energies and weak decay properties
of Ain hypernuclel
B NN Short Range Correlations
Role of tensor force in nuclear structure
DIS and the EMC effect

=> Clues to understand high density cold matter



3.1 Hadrons in Nuclel

-- Vector meson mass in nuclei



Origin of hadron mass

Experimental evidence of hadron mass generation by chiral symmetry breaking?

-- Effective (u,d) quark mass should be partially restored in nuclear matter density
To be observed as hadron mass change in nuclei.

Implications from e*e- invariant mass spectra in Hl collisions
Mass shift of ¢ -> e*e in pA reaction (KEK E325)
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J-PARC E16

x100 statistics of KEK E325
Dispersion relation (dependence on )
Dependence on nuclear density

—> Detailed comparison with QCD
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3.2 Hadrons in Nuclel

-- K- bound states



Very dense matter? K-nucleus bound states

B Strong K-p attraction from K- p atomic/scattering data

B Under a big debate by theorists: Deep (150~200 MeV, phem. models)
or shallow (=50 MeV chiral model)?

B Experimental hints of K- nuclei But still controversial

B K-can make a nucleus extremely dense.

—> The only experimental method to produce cold and dense matter.
B K- may condensate in n-star at high p
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M. Agnello et al., PRL 94 (2005) 212303. Dote et al. PLB590 (2004) 51

T. Kishimoto et al., PTP 118 (2007) 181



J_PARC E15 for “K-pp” Slide from J-PARC E15

150—II|I|IIII|IIII|II|I!IIIII

- V0 =-292 WO = -107 MeV ]
# = (YA potential) sy T

- @ normal nuclear density
100 —

C [ ~
3 moiztovamoo "H - — — — | 4
L | i
75 [— oqeoes A - csese : —
- | " .A. -

50

' ’\ beam dump A

A | beam sweeping _g

neutron counter &
22 TOFstop/proton coun

d?0/dQ, dE, (ub/(sr MeV))

gl | pewilly Ca s L onow oy | e et
i400 1350 1300 W1250 1200 1150 110(
(MeV/c)

\ 03 J PARC E15 experlment K'pp bound state

beam line

S A search for the simplest kaonic nucleus K-pp Theosretlcalﬂestl m,:';lte
1 GeVic 1.2~1.3 GeVic for K-*He -> “K'pp” + n
K- 3He K-pp

- reaction - tion
°o- =@ 0 Ly
. _IMissing mass
A :[@ spectroscopy

overythind = gy = decay
T. Hashimoto (E15) r o P "CDS Invariant mass

INPC2013 I
| CDS

spectroscopy



3.3 Hadrons in Nuclel

-- A's magnetic moment in a nucleus



Magnetic moment of A in a nucleus
Constituent quark model works well for baryon p.
Partial restoration of chiral symmetry affects baryon p ?

en
2m,C

Hq=
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-> What is a constituent quark ? What is the origin of the baryon spin?
A In Os orbit is the best probe
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Volume 160B, number 4,5

PHYSICS LETTERS

EVIDENCE FOR AN ENHANCED NUCLEAR MAGNETON IN NUCLEI

FROM 64g, ANOMALIES;

A MODIFICATION OF THE NUCLEON’S PROPERTIES IN NUCLEI

Toshimitsu YAMAZAKI

Physik Department, Technische Universitiit Miinchen, D-8046 Garching, Fed. Rep. Germany
and Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokye 113, Japan

10 October 1985

The effective nuclear magneton in nuclei has been found to be (8 + 3)% larger than the free value from a careful analysis
of the proton-neutron asymmetric effect of the observed 8g; factors in the A = 208 region. This suggests a modification of the

nucleon’s properties in nuclei.
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Preliminary dataon g, in “,Li (BNL E930)

108 (K-, ) 10, B*,

10, B*(3*) -> 7,Li*(3/2*) + 3He indirect population
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3.4 Hadrons in Nuclel
-- NN Short Range Correlations
and the EMC effect



DIS for NN and NNN

In Short Range Correlation

Nucleon swelllng’)

Shadowing

C

12C(e,e’pn), (e,e’pp), (e,e’nn)

- ng’jﬂﬁ(\j J%

EMC Eﬂec{

7 0.01

01 1
Xg o 3-

Fig. 2. The image shows the ratio of deep-inelastic cross sections of Ca to D from NMC

(solid circles) and SLAC (open circles).

The downward slope from 0.3 < x < 0.7 an

subsequent rise from Xz = 0.7 is a universal characteristic of EMC data and has becam:

known as the EMC effect.

The reduction of the ratio at lower values of xg, where valen

quarks should no longer be playing a significant role, is known as the shadowing region.

[ Single nucleons

.n-p M n.n Dp

i
—

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of *“C.

14e 2

CLAS collaboration, PRL 96, 082501 (2006)
Correlated NN



Relation between EMC effect and SRC

L. B. Weinstein et al., PRL 106 (2011) 052301
CERN Courier, May 2013

_0‘] JlllllllIJ]JllllIlllIlllllll

0 1 2 3 4 5 6
a,(A/d)

Fig. 4: The slope of the EMC effect, dR/dx for 0.3 < x < 0.7 with R = F?,/F%,, is plotted
versus the magnitude of the observed x = 1 plateaus, denoted as a., for various nuclei.
For data that were taken by completely different groups, the linearity is striking and has
caused renewed interest in understanding the cause of both effects. The inset cartoons
illustrate the kinematic difference of deep inelastic EMC effect scatterings and the
scattering from a correlated pair in x = 1 kinematics.

0%

20%

“Cover-Art”.  An artist’s depiction of nucleons being distorted in the nuclear medium as
they come close together.

Previously, EMC effect (at large x) was

interpreted as nucleon swelling (partial

deconfinement), but

M Nucleons look “modified” only when they
are interacting at a close distance?

B EMC effect seems nothing to do with partial
deconfinement or partial restoration of chiral
symmetry, but is it true?

B SRC and EMC effect provide information on
what’s happening in high-density cold matter.




4. Concluding Remarks
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Bridging between

low energy and high energy

nuclear physics

RHIC

FNAL, CERN
Nucleon Structure Hadrons Nucleus-nucleus
Underbtanding of collision
) naerstandaing o
EXotic Hadrons | confinement and mass GSIFAIR™,,

Jlab
Better description of

Mesons-in~Nuclei

hadron structure J _I zé I 2(:

Hypernuclel

EOS covering low to high p
applicable to neutron stars

Nuclear (B-B) Force Dense Nuclear Matter

QCD-based~understanding of BB
forces applicable attew.to high p

Jlab RIBF, RCNP

Short range correlation

3-body nuclear force




Message to the PHENIX people

High energy / small x phenomena:
Essential and quite unique. We support you.
Please go ahead!

Lower energy / larger x phenomena:

Low energy scan, e+e- spectra, exotic hadrons,

Large x DIS / Drell-Yan, .... -> also FAIR, J-PARC

Also consider connections to low-energy QCD problems
and to J-PARC experiments, toward our dream to
understand hadrons, BB forces, nuclel, and dense nuclear
matter in the integrated framework based on QCD.

RHIC + J-PARC will solve the whole problem.




