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1. Why do we study E_.N system?
2. One-boson-exchange (OBE) model
3. Numerical results

4. Summary



1.1 QCD color singlet

Hadron
Conventional QM states Exotic states
Meson Molecule states Hybrid states
BRI Compact multiquark states  Glueball

Tetraquark Pentaquark Hexaquark Hybrid

Molecule




1.2 From deuteron to hyperon-nucleon

N - > N
OBE model applied in :
Deuteron N-N interalcj:’?ions = il olp.a/m
N ' > N
— Prog. Part. Nucl. Phys. 96, 88-153 (2017)
Prog. Part. Nucl. Phys. 100, 161-210 (2018)
Hyperon-nuc|eon _ » To predict the existence of YN
hypernuclei
Al N » To investigate the properties of strange
- baryons within nuclear matter
The hypernuclei in Phys. Rev. Lett. 39, 1506-1509 (1977)
the charmed sector » The meson-exchange model

» Exist both two-body and many-body bound states.




1.3 EN and E N

Phys. Rev. Lett. 126, 062501

For the binding energy of the =~ hyperon in the 2~ — **N system a value of 1.27+0.21MeV was deduced.
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1. The Z/N attraction interaction may be slightly weaker due to the presence of fewer light quarks.

2. The Z.N system is substantially heavier than the ZN system because of charm quark. It is favorable to
form a bound state for ZN system.
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It is essential to perform a calculation to explore the existence of a Z.N bound state!
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—) R - P +
1. The n/m exchange interactions are =c i —c B JF= %
suppressed due to the i l c/p,® R
conservation of light quark spin- v X L
parity. N — . N N: JP = %*

2. The coupled channel effects W) =| R, (n)|EN)

2S+1 LJ > + ‘ Rz(r)>

EN)| 4L, ) +[Ry (1)

E:N> ‘ 25" +1 L"J >

Mz, — M=, ~ 100 MeV Phys. Rev. D 85, 014015 (2012) ,Y. R. Liu and M. Oka,
M= — M= =~ 170 MeV The coupled channel effects from the X, N and Z:N channels
are essential to generate the A. N bound state.




2.1 One-boson-exchange (OBE) model

(IS = &+ ifITIiy = 67 + im0y 6" (ps — pOMyi,
(ISl = 67 —i2m)(E s — ENV5i(p),

Effective potential in ) M;i M

momentum space Valpd = = x —

JI 20511260 [T 2 TT; 2
Effective potential in .
coordinate d’q Form factor
vr= f Qny VPP

Coupled channel

Schrdlinger equation Fg*.m}) = (A* —m})/(A* —g*). —— A, One free parameter
N ! > N
51 olp,ol Cut off A ~ 1GeV

N > N




2.2 Effective potentials

» The effective Lagrangians

ngg = IB(Bgo'Bg) + iﬁB(Bgvu((Vu —pﬂ)8§,>

- 3 -
Lgﬁ = lS (SpO'S‘u) - Egla’”’l"v,((SﬂﬂvS,l)
+i}88 <S,uva ((Va - pa) S#> + /IS (S,uFﬂv(p)Sv)

Lgg, = igo(SEABs) +idig™ v, (S,F 1 Bs) + h.c..

Ly = gennNoN + V2gnnNiysPN
Jonn

+\/§g NNN'Y VEN +
P u \/imN

No,, 0" V'N.

» The spin-orbit wave functions

JF =10 Psi). Ppi).
: JP =07 5DO),
JP = 1+ 3S1), |3D1>, |5D1>,
JP =27 S5). D). ['Da).

(1]
2

Y. R. Liu and M. Oka, Phys. Rev. D 85, 014015 (2012)

Constructed based on the heavy quark symmetry, chiral
symmetry and hidden local symmetry

Phys. Rept.149, 1 (1987).
Phys.Rev.C63, 024001(2001).
Phys. Rev. C 81, 065201 (2010).

9JoNN = 846, 9NN = 1307,
9IpNN = 3.25, prN = 19.82.

_2\2

ls =2l = _ggaNNrgl = 3 Y4

_ 2V2fr0n - - — .
= smy - Ps9v = —2Bsgv = —4gpnn. Estimated from the quark model

6 +
Asgy = —VBAygy = —2engT o)

EON: JP=0" |'So)

. VenoeN Venosn VEn-sa
VECN - VECN—EQN VE;N—E;N VE;;N—E’CN

Venozn Vayozy Ven-sn



3.1 Numerical results

> Two essential features

(1) Binding energy: several MeV to several tens of MeV.
(2) The root-mean-square(RMS)~1.00 fm or greater.

1(J°) A E FRMS E.NCS)) E.NCDy) Z:NCS ) EINCDy) E:NCDy)
0(1*) 5.23 86.81 1.83 11.31 ~ 0.00 0.04

1.47 50.13 2.43 47.37 0.01 0.07

0.86 32.53 1.76 65.55 0.02 0.15

_
» |Investigate strategy
Single channel OPE/OBE case

E:N system i Two channels OPE/OBE case A E, rpys, Probability

Three channels OPE/OBE case




3.2 E_N 0(0%) system
o |o_PEECI_v_/EgN0(o+)|

0 J T T T - .. | ¥ -
=N 0| a0k TeeL 0 ENENO)). 1J5 | A E res 2N(So)  ENCS,)
~ oL i 20 F N .. . + _
E 10 g_w | [ Two channels S 00") | 0.73 0.05 5.96 93.25 6.75
= | : . ' = 40 F I " 076 -6.14 1.48 69.50 30.50
my;!
sl | Single channel ] . - OPE Vi
. S0F ——oBE \ ’ 0.79 -18.72 0.88 55.83 44.17
25 1 L L 1 -60 L [ L L A M
[ ' ' ' chq 0(0%) 23 ' ' The cutoff A,the binding energy E,and the root-mean-square
or Y | rrms are in the units of GeV, MeV, and fm, respectively.
E4r 1 Eusf ‘ T 3. The scalar o, p,and w exchanges have the
2| L 1 wf N 1 positive contribution to form the bound state.
Tt e el L. - - OPE Vi ...
' | osp —o8E | 7
090 095 100 105 L10  Lis o ot o ese o os 4. Compared to £.N 0(0™) single channel,
A (GeV) A (GeV)

E.N/Z.N 0(0") channel binds much deeper due

= +). I
1. E.N 0(0™):Can be regarded as a molecular candidate to the coupled channel effects.

because of the cut value around 1 GeV

2. The OPE interactions are sufficiently strong to bind 5. The results for the coupled E.N/E.N /E:N 0(0")
=.N/ELN 0(0*) system. system don’t change too much
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=. N 1(0") system

Single channel Two channels OPE E.N/E.N 1(0")
0 ~ 0 L
N A T | C T 2 BENEN1(0Y '
=N1(07)] | <L ) ] IJ" | A E reus 2N('So)  EN('So)
s 12 | 1(0*) | 3.05 -0.10 578  98.26 1.74
= S-10F -
= 1= | 315 -452 176  93.01 6.99
-15 - Y -
20 325 —1470 097  88.68 11.32
25 —— 2 : —
[ =N 1(0M)]] ' ENEN10Y ) .

‘T 1 4f . 2. The OPE interactions are not strong enough
24l | 2} p ] attractive to bind Z.N/Z.N 1(0%) system.
2 IR T R 3. Forthe OBE case, E.N 1(0") channel is
) S —— I R dominant.

90 095 1.00 A%.C?SV) 110 LIS 09 1.0 I'IA(; L3 2

1. Comparedto Z.N 0(0%),the result of Z.N 1(0")
don’t change too much. So, the scalar o

interaction is dominant.
11



Two channels

0 T T

*ENEN1(09)

Three channels

OPE E,N/ELN/E:N1(0)

Tr T
-

.. EN/EN/EN 1(07)

) 5 T T

" ENEN1(0D

i = |
ZN/EN/EN 1(0)

4T . 5L |
L ]
_~ B . . |
g3 . _
- 2 - A -
2F t.
- OPE OPE
1 ™ —OBE e - 1 - _OBE -
[ [ [ 1 L :: 1 § 1 [
0.9 1.0 1.1 3.1 3.2 0.9 1.0 2.0 2.1 2.2
A (GeV) A (GeV)

3

1% || A E  reus  EN(So) EN(Se)  EINCD)

1(0) || 1.94 -0.19 5.59 98.53 0.59 0.87
204 =374 2.1 94.99 2.13 2.88
2.14 -12.01 1.24 91.45 3.74 4.81

1. Although the OPE interactions are stronger

than before, for this bound state, it is not
strong enough attractive to bind £.N/E.N
/25N 1(0%) system yet.

For the OBE case, =.N 1(0*) channel is
dominant.

. The Z.N 1(0™) system can be regarded as a

good molecular candidate

12



3.1 = N 0(1") system

OPE E.N/ZLN 0(1%)

Single channel Two channels
0 T - T T 10 | A E rs ENCS) ENCD) ENCS) ENCD)
. - ENENAD| 0% | 150 038 516 9837 0.06 0.19 1.38
S0k ) T . ] 1.62 —-432 212 94.82 0.12 0.92 4.13
s . «- OPE . 174 -1342 132 9047 0.12 2.45 6.96
= — OBE ]
201 "1 1. Theloosely £.N 0(1%) bound states
25 . . . — emerge as the cutoffs is 0.92 GeV.
- EN/EN 0(19]]
6F |l 2. Forthe E.N/E.N 0(1") system ,Z.N( °S;)
Ed channel is dominant.
2 b - T 1 3. The scalar o and vector mesons exchanges
o . . T T p, w still have the positive contribution to
. . . . 1.7 1.8
0% IR ey form the bound state.
same with Z.N 0(0*) 4. The £.N 0(1%) channel is dominant in the
single system OBE interactions.

13



OPE E,N/Z.N/Z:N 0(1%)

1J7) | A E revs ENCS)  ENCD)  ENCS) ENCD) ENCS) ENCD) ENCD)
0(1*) | 075 —0.68 433 9401 ~0.00 0.85 0.21 4.71 0.02 0.20
0.78 -5.83 1.69  81.66 ~0.00 2.68 0.31 14.98 0.04 0.33
0.81 -16.63 1.02  69.59 ~0.00 4.46 0.26 25.36 0.03 0.30
Lon - T T T T T 0 d T _ LI TR + —
L ENENMD) Te. ENENENO) 1. Inthe OPE case,Z;Nchannel deepens the
{ s} [Three channels | binding and gain significance.
.- = ' ] .-
2 o S , 2. The o, p,and w still have the positive
Two channels 1 “r | contribution to form the bound state.
1 1 A 1 50 :
snENof] | 3. The ZzN( >S;)channel gains significance
1 . ; and play a positive role in forming the
B my | 1 bound state.
2 F . -
i 1 ore . 1 4. The Z.N 1(0%) system can be regarded as a
v - ——OBE — .
- : D : good molecular candidate
17 18 0.74 0.76  0.78 0.80  0.82
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3.2Z2 N 1(17) system

1. For E.N 1(1%) single channel, we can get the bound

Single channel

Two channels

- OPE

L . %‘_10 L
2
{2 |
EN/EN 1(1+)|
L . L 20 F
1 ) a 225 " 1 " 1 1
=N 1] EN/EN 1(19) - OPE

- OBEJ

1.00 1.05 1.10 1.15

\ same with Z.N 1(0*) single system

state solutions at the cutoff around 1.00 GeV .

OPE E,N/ELN1(1%)

I(J%) A E reus  ENCGS))  ENCD)  ENCS))

I(17) | 205 -047 4.56 89.51 0.58 7.83
210 =528 1.57 70.12 1.67 22.79
215 -14.19 097 56.98 241 33.21

2. The OPE interactions are sufficiently

strong to bind Z.N/Z.N 1(17%) system.

3. The g, p,and w still have the positive
contribution to form the bound state.

4. Forthe OBE case, Z.N 1(1%) channel is
dominant.
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OPE E,N/Z.N/Z:N 1(1%)

IJ% | A E  rms ENCS) ENCD) ENCS) ENCD) ENCS) ENCD) ENCD)
1(1*) | 1.80 -0.16 572  98.16 ~0.00 0.20 0.53 0.64 0.05 0.42
190 457 192 9259 0.01 0.95 2.01 2.70 0.17 1.57
200 -1531 1.11  86.97 0.02 1.87 3.41 4.84 0.29 2.60
Two channels . Three channels 1. The OPE interactions are not strong enough
= A S . - ind= N/=/N /= +
et I | Lo attractive to bind E.N/Z.N /Z:N 1(17)
- 1 0} ENENENIO)|. system yet.
E .
| = 15¢ . ; .-
| ZNEN 1] 1l . 2. Theo, p,and w Still have the positive
N 25 contribution to form the bound state.
T T T 6 T T T T T T
EN/EN 1(17) oot OPE - g ENENEN 11 _ _
-\ ———— |  opE . |1 3. Forthe OBE case, Z.N 1(1%) channel is
_ — OBE ' -
i 1 £ dominant yet.
5 4 2r ]
4, The Z.N 1(1%) system can be regarded as a
L, ] e good molecular candidate 16
A (GeV) A (GeV)



3.2 A short summary for E N system

1. For Z.N single system, we always gain the bound state solutions at the
cutoff 1.00 GeV.

2. The o, p ,and w exchanges interactions have the positive contribution
to form the bound state.

3. The coupled channel effects always deepen the binding.

4. We can predict the 5. N states with 0(0%), 1(0%), 0(17), 1(1%) as
good hadronic molecular candidates.

17



3.3 E.N system

1. We can predict the =/ N states with 0(0%), 1(0%), 0(17) and 1(0™) as
good hadronic molecular candidates.

2. The OPE interactions are pivotal in the formation of Z/N states with

0(0%), 1(0%) and 0(17) , while the OBE interactions also contribute
positively.

3. However, the coupled channel effects do not significantly impact these
four bound states.

18



3.4 =N

Single channel Single channels Single channels Single channels

o ' é:Nll(I;)l- ' . l_ajl-\ll(;)'

T ENO0RY

10
S 0 = 10k 1<
D @
%—20 % é 8
= = l =
- OPE
30F - .- OPE = OPE OBE
L ——(OBE - OBE —

N L . 1 hd N 1 N L e N 1 . L -1 1 + Yz N L N 1 . 1 *
L 1 L] ] ":‘ L L] g 1 "" L L] 1
[kl 4 . [k 1 - +
v EINO0EZYH . EN1(1Y ZIN1Q2 )| |
4 . =1 4k N - [y
_ _ » ] —_ * 4 B . T
g Esf : { & E
i . * ] = . = .
" 2 | . { - - OPE *
- OPE m T 2F . . - . . i ——OBE
- ——OBE Y — o OPE ] OPE .
— OBE . — OBE
L ] M L M L M L M L " :: M L M L M L M '.r: L L
0.72 0.76 0.80 0.8 1.2 1.6 1.2 1.4 16 A (Gev) 44 4.6 0.9 2.0 2.1 2.2
A (GeV) A (GeV) A (GeV)

OPE: 0(1*) and 0(2*) can be regard as the good hadronic molecular candidate.

OBE: Gained deeper binging energy.
The states with 1(JP) =0,1(1*,2%) can be regard as good hadronic molecular
candidates.
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1. Explore the interactions between charm-strange baryons and nucleons,
employing the OBE model.

2. Take into account both the S —D wave mixing effects and the coupled channel
effects.

3. Our results indicate the molecular candidates as follows.
Z.N states with 0(0%), 1(0%), 0(1") and 1(1%)
EN states with 0(0%), 1(0%), 0(1") and 1(0%)
EXN states with 0(17), 1(1%), 0(27) and 1(2%)

Thanks for your attention
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