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Introduction



Interaction between cC — [N
Dominated by QCD color van der Waals force (weakly attractive)

T/ Me —_ Weakly attractive interaction
(@ 9
QCD color van der Waals force
cCc and N (uud,udd)

" They have no valence quarks in common :

9 Meson exchange is suppressed by the OZI rule

"They are color singlet : '9 Single gluon exchange is forbidden

" Dominated by multiple gluon exchange ( QCD color van der Waals force )
" QCD color van der Waals force is weakly attractive force.

» " No repulsive core coming from the Pauli blocking of common quarks.
* |t is a short range force due to the color confinement.

Therefore

(M. Luke, et al. PLB 288, 355 (1992), D.Kharzeev, H.Satz, PLB 334, 155(1994))
(S. J. Brodsky, et al., PRL 64 (1990) 1011, S. J. Brodsky, G. A. Miller PLB 412 (1997) 125)

Study of c¢ — IN interaction is suitable for understanding

-the role of gluon (QCD) in hadronic interaction

hadronic interactions in short range region which could not be described only by one meson
exchange
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Interaction between cC — [N
Dominated by QCD color van der Waals force (weakly attractive)

T/ Me —_ Weakly attractive interaction
(@ 9
QCD color van der Waals force
cCc and N (uud,udd)

" They have no valence quarks in common :

9 Meson exchange is suppressed by the OZI rule

"They are color singlet : '9 Single gluon exchange is forbidden

" Dominated by multiple gluon exchange ( QCD color van der Waals force )
" QCD color van der Waals force is weakly attractive force.

» " No repulsive core coming from the Pauli blocking of common quarks.
* |t is a short range force due to the color confinement.

Therefore

(M. Luke, et al. PLB 288, 355 (1992), D.Kharzeev, H.Satz, PLB 334, 155(1994))
(S. J. Brodsky, ) ) ) P (1997) 125)
study of cé — N intes BUt the details of the interaction

the role of gluon (QQ js not yet known.

hadronic interactions lrrsrorcrange regromwerrcouta ot oe uescrioeaorly by one meson
exchange
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Why studying cc — nucleus bound state?

 Lowenergy cC — N scattering data is not available
« We have to study without direct information about the ¢C — N interaction.

Precise study of the binding energy and the structure
=) | ofthe cC — nucleus bound states
from both accurate theoretical calculations and experiments

is the only way to determine the properties of the ¢c — IN interaction.
(cf. The study of Hyperon-Nucleon interaction from the spectroscopy of hypernuclei.)

Weakly attractive force
@ QCD color van der Waals force@
It should make a bound state with nucleus of large A

(A: the nucleon number) s.J. Brodsky et al., PRL 64 (1990) 1011
D. A. Wasson, PRL 67 (1991) 2237
V. B. Belyaev et al., NPA 780, (2006) 100

Also, it is a new type of hadronic state in which particles with no common valence
quarks are bound mainly by (multiple-)gluon exchange interaction.



http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-nucleus}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-nucleus}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-N}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-N}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-N}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-N}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-N}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-N}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-nucleus}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/mathbf{c/bar{c}-nucleus}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

c/bar{c}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

c/bar{c}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

c/bar{c}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

c/bar{c}

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

N 

/end{align*}

Formalism



Effective potential between c¢C — N

 We only consider S wave (L=0). (We only want to see the ground state.)
* Since the attraction is relatively weak and short ranged,

the interaction could be expressed well by scattering length.
* We assume Gaussian type potential.

Ne (J7=0") J/Y yr=1)
U"’?c—N(’") = Ve "' UJ/”‘/J—N(T) = (vo + ’Us(SJ/TP -Sn))e

= Ueff(SJ/w—N)e

Vg — Vg (SJ/¢_N:1/2)
vo+ 305 (Syp-n =3/2)

p= (1.0fm~
(taken from color confinement scale) v (Sy/y—N) = {

Our strategy:

1, Solve the Schrodinger equation for ¢C — N 2-body system and obtain the
relation between the potential depth Veff and the scattering length (1
2, Solve the Schrodinger equation for CC —nucleus system (by GEM) and
obtain the relation between Veff and the binding energy B.
3, By combining these results, we obtain the relation between a and B.
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GEM 3-body calculation E. Hiyama et al. Prog. Part. Nucl. Phys. 51, 223 (2003)
(variation method) 3 3 3

It is known empirically that @

setting range parameters in geometric T2 R,

progression as shown below R, R,

produce accurate eigenvalues and O 3 @

eigenfunctions with a relatively few basis 5 ] 7 1 2

1
functions. c=1 C=2 c=3

3 nmaw Trea i

= > > T aNTPrim (Te) VN L (Re) [xs(1)xs(2)] 1xs (3)]sm

c=1 n=1 N=1

(S (r) = ¢,V (@) Voo (R) = 15 (R)YM (R) )
(y(r) = e Uin(R) = Rbe™
_ 1
Un = T_z : : AN = 59 . .
n r, : geometric progression RN Ry : geometric progression
\ Tn:ﬁa”_ (n:l,...,nmam)/ k RN:RlAN_l (N:L--'aNmaay
h2 hQ
< Proo¥Nooll— Vi - Vi, + V(ri,Ry) — E]|U 0 >

2013 Tt 24993

. c,c’ c,c’ c,c’ ¢ .
T § : [(TnN,n’N’+VnN,n’N’)_ENnN,n’N’]Cn’N’ =0
c'n’' . N'.1
Generalized eigenvalue problem of symmetric matrix.
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The relation between potential strength and
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the scattering length
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| L]

[ | veg < —=T72.6 MeV
_'1|:| -

is needed to make a
J/W —N bound state.

-100
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v MeV]

-20

By the results, we can convert the value of Veff into @Jj/y—N.

A J/Y — N bound state is formed when vegr < —72.6 MeV
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J/Y — NN 3-body bound state

A.Y., E. Hivama and M. Oka, arXiv:1308.6102 to be published in PTEP

55 .50 45 40 35 30 25 3 2.5 2 15 -1 0.5
0 —mmm——m—r———"———7—7 05 P—r——"7——"—71— T T T
Jhy-deuteron Jhp-deuteron
0 0
-0.5 F . 05l |
= or S
o 2F Veir < -33 MeV is needed || sr i
"ok to make a bound state B aj/p-nN < —0.95fm ||
' v V(S i is needed to make
3 (r) = Verr(Ss/p—n)e i 9 a bound state ]
YY) S I N U R R gl s
55 .50 45 40 35 30 25 3 2.5 2 15 -1 0.5
V,5IMeV] a [fm]
Relation between v of J/W —N potential Relation between @.j/y—N of J/W —N

and binding energy B of J/W —NN (lsospin T=0). and binding energy B of J/W —NN.

The binding energy is measured from A bound state is formed when
J /v + deuteron breakup threshold -2.2 MeV.

N-N potential: Minnesota potential
l. Reichstein, Y. C. Tang, Nucl. Phys. A, 158, 529 (1970)
D. R. Thompson et al., Nucl, Phys, A, 286, 53, (1977)

ajp—N < —0.95m
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Comparison with lattice QCD data

Scattering lengths as functions of the square mass of n
derived by quenched lattice QCD using Luscher’s formula.
(The notation of the sign of scattering length is opposite. )

(T. Kawanai, S. Sasaki, Pos (Lattice 2010)156) *

attractive.

M, ~ 640MeV M, ~ 900MeV

J/tp—N - J/p—N _
Tendency of ajﬁgm _Z_aj/:wl/g > a' N
can be seen for the central values
although there are overlaps of error-bars.

(The size of the error-bars are about 0.1 fm.)

* The small spin dependence may exist.

J/iv—N -
agry =~ —0.35 Im
(> —0.95 fm)
(our notation of the sign)
Jjp—N _ 1, g/p—nN J/p—N
@sﬁf = g(aj/zlﬁm +2aJ£§/2 )

It is too weak to make a J/Y bound state
with nucleus of A =2 (deuteron).
How about A>2 ?


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
  (/ge -0.95 / /rm{fm}) /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
  (/ge -0.95 / /rm{fm}) /nonumber
/end{alignat}


J/1 —* He potential

“He is a deeply bound state (28MeV) --> Treat it as one stable particle

J/1 —* He potential : use folding potential @ % @

3
J/wa Z/‘ON J/w N(r—r d ’

87

/ 4 12 . . L. . .
P, (r') = bg\/—f?i"p( bz %) (nucleon density distribution in “He)
b= 1.358fm
o0 Ref: R. Hofstadter, Annu. Rev. Nucl. Sci. 7, 231 (1957)
/ oy, (r)rédr =1 R.F. Frosch et al., Phys. Rev. 160, 4 (1967)
0 J.S. McCarthy et al., PRC15, 1396 (1977)

Nucleon density distribution in “He may not be disturbed by J/¥ since J/¥ — N
interaction is weak.

Also, we implement the Center of Mass Correction to the folding potential.

A 3/2 ) 2
Viola(r) = 4( ) '006_4”?" /(443 ub”)

4 + 3ub?

r : the relative distance between J/i and the center of mass of “He.


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/})V_{_{J/psi-N}}(/mathbf{r-r'})d^{3}/mathbf{r
http://maru.bonyari.jp/texclip/})V_{_{J/psi-N}}(/mathbf{r-r'})d^{3}/mathbf{r
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/int_{0}^{/infty}/rho_{_{Ni}}(r)r^{2}dr = 1

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

/int_{0}^{/infty}/rho_{_{Ni}}(r)r^{2}dr = 1

/end{align*}
http://maru.bonyari.jp/texclip/)=/frac{4}{b^{3}/sqrt{/pi}} exp(-/frac{1}{b^{2}}r
http://maru.bonyari.jp/texclip/)=/frac{4}{b^{3}/sqrt{/pi}} exp(-/frac{1}{b^{2}}r
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-N

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-N

/end{align*}

J/1 —* He Binding Energy

A.Y., E. Hivama and M. Oka, arXiv:1308.6102 to be published in PTEP

1 ! 1 ' 1 ! 1

Jhy-*He
0
%I ¥ \\_
= 2 -X\
- = 0.5 MeV
' -3 1|(a = —0.35 fm)
B =1.0 MeV lattice QCD
4T (a = —0.40 fm) || < >
5 . | , | . | 1
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2

a [fm]

J/1 —* He bound state is formed when aj/y_n < —0.24 fm

J/WY —%He bound state may exist!

Also, bound state may exist for A > 4 nuclei.


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 a_{J//psi-N} /le -0.24 / /rm{fm} /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 a_{J//psi-N} /le -0.24 / /rm{fm} /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 B = 0.5 / /rm{MeV}  /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 B = 0.5 / /rm{MeV}  /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 (a = -0.35 / /rm{fm}) /nonumber
/end{alignat}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 (a = -0.35 / /rm{fm}) /nonumber
/end{alignat}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 B = 1.0 / /rm{MeV}  /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 B = 1.0 / /rm{MeV}  /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 (a = -0.40 / /rm{fm}) /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 (a = -0.40 / /rm{fm}) /nonumber
/end{alignat}

http://arxiv.org/abs/1308.6102

J/1Y — a — a three-body system

Relations between scattering length a of J/¢¥» — N and
binding energy B of J/v—*He and J/¢—a—a

E | ] | ] 1
a < —0.24 fm

Lattice QCD
e 0 Jy+a+o /
[ X
== -
@ L L/ He +a / a < —0.16 [fm

Jy-*He + a (u= (1.0 fm)?3) -~
Jiy-®Be (u= (1.0 fm)?)

8 | | | | I |
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

a fm
a-a interaction : folding Hasegawa-Nagata potential with OCM
A. Hasegawa, S. Nagata, Prog. Theor. Phys. 45, 1786 (1971)

8Be is a resonance state, 0.09 MeV above the a+a break-up threshold
with narrow width =6 eV.




Summary and Conclusion

We calculate the binding energies of J/i - deuteron , J/i - *He and
J/Y —a—a by using Gaussian Expansion Method and give the relations
between the J/Y — N scattering length and the J/Y — nucleus binding energy.
By comparing these results with the recent lattice QCD data, we see that
a shallow bound state of J/ — *He may exist.

Since J/Y — N interaction is attractive,

J/Y — nucleus bound states may be formed with A > 4 nucleus.
The binding energy of J/Y —a—a (J/Y —2Be) is about a few MeV.
1~ 3 MeV from .J/1) 4+ o + a breakup threshold and

1 ~2MeV from J/1*He + a threshold

within the potential strength of current lattice QCD data.
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B [MeV]

Difference between 7. —* He and J/v —* He

_5 ] ]
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http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 /eta_{c}-^{4}/rm{He} /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 /eta_{c}-^{4}/rm{He} /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 J//psi-^{4}/rm{He} /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{2}
 J//psi-^{4}/rm{He} /nonumber
/end{alignat}


Density distribution between J/v —* He
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http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}

J//psi-^{4}He

/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
|r/psi(r)|^{2}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
|r/psi(r)|^{2}
/end{align*}
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Shrinking of p-n
density distributionin .| |-

S
-B [MeV]

Discussion 1; “Glue-like role” of J/
(J/P-deuteron system )

lattice QCD a ~ -0.35 fm
<>

0

deuteron by the N EaV 4 '
bar -3 25 2 15 1 0.5
emergence of cc o [fm]
0.5 . . . . B (MeV) g5 . : . .
045 |- u=(0.6 M) =, <=2 2.4 fm oo 14.2 045 |- u=(0.61m)= <=2z 3.4 mm e |
u=(0.8 im)=, <>"2=26Mm - |[3.0 u=(0.8fm)=, <r="2=3.6fm -~
0.4 2 1/2 7 04 - 12 T
u=(1.0im)% «*s"*z28fm —— |22 u=(1.0fm)= <«r>"*z 38 fm ——
035 I deuteron , <*>"2=3.9fm -~ ] 0251 : deuteron , <r®>'"2=3.91m - ]
9 o0a3f - o oaf .
= 025 a =-2.6fm . = ozt a =-1.0fm .
o 02 . o 02
0.15 . 0.15
0.1 . 0.1
0.05 - 0.05
D = i e, D L |
0 2 4 6 8 10 0 2 4 6 8 10
r[fm] r[fm]

Glue like effect is suppressed for weak attraction



-B [MeV]

" »Yukawa o= 600 Me_g ] 0L Yukawa potential -
+ u=(0.6 fm) ) Gaussian with u=(0.6 fm)?
sk u=(0.8 fm)™= ------- - 25 F Gaussian with p=(0.8 fm)? «-==--- -
-4 -3.5 -3 -2.5 -2 -1.5 -1 -0. 0 0.5 1 1.5 2

Discussion 2; Vi(r)= _Jemar
Yukawa-type Potential

V.S.
Gaussian-type Potential |,

J/\-deuteron system "
3 Potentials
N n a=-2.8 fm

a [fm] r [fm]



Decay of J/U in nuclei

M/ = 3.097GeV mp+ +mp- = 3.74GeV
[y = 91.0keV mp = 1.87GeV

mpa,. +mp = 4.16GeV
M /oy = MN = 4.04GeV



Decay of J/U in nuclei

mj/¢ — 3.097GeV My, — 2.98GeV
[y =91.0keV '), = 32.0 MeV

e J/1 — n. requires the spin flippling of ¢ quark
—> suppressed by ~1/m_

* Also, the coherent channels allowed for mixing
are limited by angular momentum conservation.

J L
Ji— N 1/2~ . — N 0
3/2° . — N 2

®
n.—deuteron (), 2
M.—deuteron 2
*

J /h—deuteron 0

N A A

1
2
1

J ."II .|I|':.' _1 H{_‘!




Spin averaged J/W-N potential in J/W-NN system

Possible states for J/W —NN system

T Sj/w-N
(isospin)
0 0 1 1/2

J/W-N potential
2
UJ/¢_N(T) = (’UO + Vg (SJ/¢ . SN))G_'W

0 1 1 1/2,3/2 | 2
Y N R (Sr/p-n=1/2)
0 2 1 3/2 (vo + %’US) e=H (SJ/¢—N = 3/2)

2
= Veff (Sy/p-n) e

Spin averaged J/W-N potential in J/W-NN system sb
V(fgaT)e_M"" = <(NN)3NN, J/w, J ’UJ/,’[,_N(T‘) ‘(NN)SNNﬂ J/'()b, J >

e

‘/e(f(f)jO) Ueff(l/Q) (J — Oa SNN = 13 T = 0)

VIO — gy — 2o, (J=1, Syy =1, T =0)

V20 = ver(3/2) (J=2, Syn=1, T =0)


http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{6}
 V_{/rm eff}^{(J,T)}e^{-/mu r^{2}} & /equiv
  /Big/langle (NN)_{S_{NN}}, J//psi ; / J / /Big{|} 
  / v_{J//psi-N}(r) / /Big{|} (NN)_{S_{NN}}, J//psi ; / J / /Big/rangle /nonumber 
/end{alignat}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{6}
 V_{/rm eff}^{(J,T)}e^{-/mu r^{2}} & /equiv
  /Big/langle (NN)_{S_{NN}}, J//psi ; / J / /Big{|} 
  / v_{J//psi-N}(r) / /Big{|} (NN)_{S_{NN}}, J//psi ; / J / /Big/rangle /nonumber 
/end{alignat}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{5}
v_{J//psi-N}(r)&= 
(v_{0}+v_{s}(/mathbf{S}_{J//psi} /cdot /mathbf{S}_{N} ))e^{-/mu r^{2}}
/nonumber  //
&= /begin{cases}
   (v_{0}-v_{s}) / e^{-/mu r^{2}}    /quad /quad  /bigl(S_{J//psi-N}=1/2/bigr)  
     /nonumber  //
   (v_{0}+/frac{1}{2}v_{s}) / e^{-/mu r^{2}}  /quad / /bigl(S_{J//psi-N}=3/2/bigr)
     /nonumber  //
   /end{cases}  /nonumber //
& /equiv v_{/rm eff}(S_{J//psi-N}) / e^{-/mu r^{2}} /nonumber 
/end{alignat}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{5}
v_{J//psi-N}(r)&= 
(v_{0}+v_{s}(/mathbf{S}_{J//psi} /cdot /mathbf{S}_{N} ))e^{-/mu r^{2}}
/nonumber  //
&= /begin{cases}
   (v_{0}-v_{s}) / e^{-/mu r^{2}}    /quad /quad  /bigl(S_{J//psi-N}=1/2/bigr)  
     /nonumber  //
   (v_{0}+/frac{1}{2}v_{s}) / e^{-/mu r^{2}}  /quad / /bigl(S_{J//psi-N}=3/2/bigr)
     /nonumber  //
   /end{cases}  /nonumber //
& /equiv v_{/rm eff}(S_{J//psi-N}) / e^{-/mu r^{2}} /nonumber 
/end{alignat}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{4}
 V_{/rm eff}^{(0,0)} &= v_{0}- v_{s} = v_{/rm eff}(1/2)
/qquad &(J = 0, / S_{NN}=1,/ T=0) /label{eq:V0Vs1} /nonumber //
 V_{/rm eff}^{(1,0)} &= v_{0}- /frac{1}{2}v_{s}     
/qquad &(J = 1,/ S_{NN}=1,/ T=0) /label{eq:V0Vs2} /nonumber //
 V_{/rm eff}^{(2,0)} &= v_{0}+ /frac{1}{2}v_{s} = v_{/rm eff}(3/2)
/qquad &(J = 2,/ S_{NN}=1,/ T=0) /label{eq:V0Vs3} /nonumber //
 V_{/rm eff}^{(1,1)} &= v_{0}              /qquad &(J = 1,/ S_{NN}=0,/ T=1), /label{eq:V0Vs4}  
  /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{4}
 V_{/rm eff}^{(0,0)} &= v_{0}- v_{s} = v_{/rm eff}(1/2)
/qquad &(J = 0, / S_{NN}=1,/ T=0) /label{eq:V0Vs1} /nonumber //
 V_{/rm eff}^{(1,0)} &= v_{0}- /frac{1}{2}v_{s}     
/qquad &(J = 1,/ S_{NN}=1,/ T=0) /label{eq:V0Vs2} /nonumber //
 V_{/rm eff}^{(2,0)} &= v_{0}+ /frac{1}{2}v_{s} = v_{/rm eff}(3/2)
/qquad &(J = 2,/ S_{NN}=1,/ T=0) /label{eq:V0Vs3} /nonumber //
 V_{/rm eff}^{(1,1)} &= v_{0}              /qquad &(J = 1,/ S_{NN}=0,/ T=1), /label{eq:V0Vs4}  
  /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{4}
 V_{/rm eff}^{(0,0)} &= v_{0}- v_{s} = v_{/rm eff}(1/2)
/qquad &(J = 0, / S_{NN}=1,/ T=0) /label{eq:V0Vs1} /nonumber //
 V_{/rm eff}^{(1,0)} &= v_{0}- /frac{1}{2}v_{s}     
/qquad &(J = 1,/ S_{NN}=1,/ T=0) /label{eq:V0Vs2} /nonumber //
 V_{/rm eff}^{(2,0)} &= v_{0}+ /frac{1}{2}v_{s} = v_{/rm eff}(3/2)
/qquad &(J = 2,/ S_{NN}=1,/ T=0) /label{eq:V0Vs3} /nonumber //
 V_{/rm eff}^{(1,1)} &= v_{0}              /qquad &(J = 1,/ S_{NN}=0,/ T=1), /label{eq:V0Vs4}  
  /nonumber
/end{alignat}

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{4}
 V_{/rm eff}^{(0,0)} &= v_{0}- v_{s} = v_{/rm eff}(1/2)
/qquad &(J = 0, / S_{NN}=1,/ T=0) /label{eq:V0Vs1} /nonumber //
 V_{/rm eff}^{(1,0)} &= v_{0}- /frac{1}{2}v_{s}     
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/qquad &(J = 2,/ S_{NN}=1,/ T=0) /label{eq:V0Vs3} /nonumber //
 V_{/rm eff}^{(1,1)} &= v_{0}              /qquad &(J = 1,/ S_{NN}=0,/ T=1), /label{eq:V0Vs4}  
  /nonumber
/end{alignat}
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  /nonumber
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http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{6}
 V_{/rm eff}^{(0,0)} &= v_{0}- v_{s} = v_{/rm eff}(1/2)
/qquad &(J = 0, / S_{NN}=1,/ T=0) /label{eq:V0Vs1} /nonumber //
 V_{/rm eff}^{(1,0)} &= v_{0}- /frac{1}{2}v_{s}     
/qquad &(J = 1,/ S_{NN}=1,/ T=0) /label{eq:V0Vs2} /nonumber //
 V_{/rm eff}^{(1,1)} &= v_{0}     
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/qquad &(J = 2,/ S_{NN}=1,/ T=0) /label{eq:V0Vs3} /nonumber //
/nonumber
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http://maru.bonyari.jp/texclip/texclip.php?s=/begin{alignat}{6}
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