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Introduction



n N scattering length (a, )

2i6 . _ P : :
Sonomy =M€ =1+2iF F = T a : scattering length
;"'Ep —p r : effective range

e Governs low-energy behavior of 1 N scattering
—> basic feature of meson-baryon dynamics (as with 7V scattering)

e |mportant relevance to the existence of B-mesic nuclei



n N scattering length (a, )

SnN—mN = 776:2"‘S =1+ 2iFnN F = 7 P a : scattering length

r - .
;4.5[9 —1p r : effective range

B.E. of various n-mesic nuclei from theoretical calculations

E—il/2 (MeV)

Nucleus|Nuclear Form Factor [37] BL model GW model

@y = 0.23 +0.09|a,y = 0.28 +i0.19|a@,y = 0.48 + i0.08

3He [Hollow exponential — — _

‘He (3-parameter Fermi — — —(6.02 +i3.37)
6Li [Modified harmonic well - — —(3.58 +42.05)
9Be |Harmonic well - — —(12.55 + i3.72)
1B |Harmonic well —(0.50 +42.72) | —(0.93 +148.70) | —(14.37 +i3.84)
12C  |Harmonic well —(1.71 +143.51) | —(2.91+10.22) | —(17.71 + i4.07)
160  |Harmonic well —(3.44 +i4.24) | —(5.42+i11.43) | —(21.02 + i4.19)
%Mg |2-parameter Fermi —(7.75 +145.89) | —(11.24 +414.76) | —(30.07 + i4.89)

Q. Haider and L. Liu, Int.J.Mod.Phys. E24 1530009 (2015)



n N scattering length (a, )

SnN—>nN = nem =1+ 2iFnN F = 7 P a : scattering length

r - .
2+5p —1Ip r : effective range

But not well-determined yet

Current status

e Several coupled-channels analyses of 7N 2 2«N and &N =2 nN data
Re[anN] =02~ 1.1fm
Im[a,y] =0.2 ~ 0.3fm (optical theorem)

e pn - dn data (WASA/PROMICE@COSY) Eur. Phys. J. A 38, 209 (2008)
Re[anN] =04~ 0.6fm

a,y has been extracted from indirect information - model dependence

Need process that sensitively probes n N = n N, with other mechanisms suppressed



Ongoing experiment at ELPH@Tohoku Univ.

yd>nnp at E, ~0.95GeV and proton detected at 0° (ELPH kinematics)

An ideal kinematical setting for extracting 1 NV scattering length

* 7 is produced almost at rest = strong nn = n n rescattering is expected

e gan->mnn and NN rescatterings (background) are expected to be suppressed
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Data still need to be analyzed with reliable model to extract a,,,



Dynamical Coupled-Channels (DCC) model
for meson productions

Kamano, SXN, Lee, Sato, PRC 88, 035209 (2013)
PRC 94, 015201 (2016)

Developed through fully combined analysis of yN, zN = 2zN, nN, KA, KX data, W < 2.1 GeV

—> Ideal building block of yd = 1 n p reaction model for extracting a,y from ELPH data

This talk

e Explanation on the DCC model
* yd > nnp reaction model based on the DCC model

e Demonstrate model prediction agrees well with yd = nn p data

Predict yd = nnp cross sections at ELPH kinematics

e Study sensitivity of ELPH exp. to a,,, and 7,y



Dynamical Coupled-Channels model

for meson productions



DCC (Dynamical Coupled-Channel) model

Matsuyama et al., Phys. Rep. 439, 193 (2007)
Kamano et al., PRC 88, 035209 (2013)

Coupled-channel Lippmann-Schwinger equation for meson-baryon scattering

Tab — Vab + Z Vac Gc ch
{a,b,c} = 7N, nN, e N ,tA,ocN,pN , KA, KX

By solving the LS equation, coupled-channel unitarity is fully taken into account

Both on- and off-shell amplitudes are calculated



DCC (Dynamical Coupled-Channel) model

Matsuyama et al., Phys. Rep. 439, 193 (2007)
Kamano et al., PRC 88, 035209 (2013)

Coupled-channel Lippmann-Schwinger equation for meson-baryon scattering

Tab — Vab + E Vac Gc ch
c 1 or 2 bare N* in
each partial wave
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DCC (Dynamical Coupled-Channel) model

Matsuyama et al., Phys. Rep. 439, 193 (2007)
Kamano et al., PRC 88, 035209 (2013)

Coupled-channel Lippmann-Schwinger equation for meson-baryon scattering

Tab

essential for three-body unitarity

— Vab + Z Vac Gc ch

. /
‘. bare N*
\ ’ +

—o




DCC (Dynamical Coupled-Channel) model

Matsuyama et al., Phys. Rep. 439, 193 (2007)
Kamano et al., PRC 88, 035209 (2013)

Coupled-channel Lippmann-Schwinger equation for meson-baryon scattering

for stable channels

s N for unstable channels




DCC (Dynamical Coupled-Channel) model

Matsuyama et al., Phys. Rep. 439, 193 (2007)
Kamano et al., PRC 88, 035209 (2013)

Coupled-channel Lippmann-Schwinger equation for meson-baryon scattering

Tab — Vab + Z Vac Gc ch
c
nn.p.0.K ,
Vo v
N, A Y
nn.p




DCC analysis of meson production data

Kamano, Nakamura, Lee, Sato, PRC 88 (2013)
PRC 94 (2016)

Fully combined analysis of yN, N = nN, nN, KA, K¥' data

do /d2 and polarization observables (W <2.1GeV)

~ 27,000 data points are fitted

by adjusting parameters (N* mass, N* = MB couplings, cutoffs)
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Kamano, Nakamura, Lee, Sato, PRC 88 (2013)



do/dQ (ub/sr) do/dQ (ub/sr) do/dQ2 (ub/sr) do/dQ (ub/sr)

do/dQ (ub/sr) do/dQ (ub/sr) do/dQ2 (ub/sr) do/dQ (ub/sr) do/dL2 (ub/sr)

1.5

1.5

do/dS2 (ub/sr)

0.5

0.5

0.5

0.5

T 1
11488 MeV |

T 1
11493 MeV

T 1 T 1
11496 MeV 11501 MeV |

I
11504 MeV |

'B:&.l..!_

L
11509 MeV |

e L A

L —
11511 MeV |

L —
11516 MeV |

T 1
11519 MeV |

I "

T 1
11524 MeV

—T 1 L
41527 MeV 11529 MeV |

— T 1
11534 MeV |

I gl ™1 ~1 ™

T 1
11539 MeV |

A N

L —
11542 MeV |

L —
11544 MeV |

—T—1
11549 MeV |

—T—1
11554 MeV

—T1 —T—1
11557 MeV 11562 MeV |

—T—1
L1566 MeV |

—T 1
L1571 MeV |

En'm"lﬁ..q

—T—1
11576 MeV |

e

—T—1
L1579 MeV |

)

T 1
11583 MeV |

E—-l-‘l-—m..

T 1
11586 MeV

T 1 T 1
11590 MeV 11595 MeV |

F“‘"“*ﬁ-u"ﬂ“’“‘ﬁnn“nﬂﬂ“ﬂﬂn_~<

L
11600 MeV |

l-_—n-....-

T 1
11604 MeV |

"-_.-.N

T 1
11607 MeV |

ﬂ_l"—n....-;

U —
11611 MeV |

)

—T—1
11614 MeV |

11675 MeV |

—T—1
11618 MeV

| 1679 MeV

—T—1 —T—1
11623 MeV 11627 MeV |

11684 MeV |1688 MeV |

—T—1
11632 MeV |

1692 MeV |

—T—1
11636 MeV |

1696 MeV |

L™ ™ g

—T—1
11640 MeV |

[1700 MeV |

PR

—T1
11643 MeV |

1704 MeV |

)

—T—1
11707 MeV |

— 1
11711 MeV

)

—T—1 —T—1
11715 MeV 11719 MeV |

Fn o

— 1
11723 MeV |

—T—1
11726 MeV |

—T—1
11730 MeV |

— 1
11734 MeV |

— T 1
11737 MeV |

L —
11741 MeV

)

T 1 ——
11745 MeV 11748 MeV |

T 1
11752 MeV |

T 1
11755 MeV |

T 1
11759 MeV |

T 1
11762 MeV |

T 1
11765 MeV |

T 1
11769 MeV

L T 1
11772 MeV 11775 MeV |

T 1
11779 MeV |

T 1
11782 MeV |

T 1
11785 MeV |

T 1
11788 MeV |

-050 0.5
cosH

05005
cos0

05005
cosf

-0500.5
cosf

05005
cosf

05005
cosf

05005
cosf

05005
cosf

Yp =2 np

Kamano, Nakamura, Lee, Sato, PRC 88 (2013)

Important elementary amplitudes for yd = n n p tested

relevant to impulse and 17 n = 1 n rescattering mechanisms



do/dQ (mb/sr)

do/dQ (mb/sr)

Eta production reactions

[ JZ'_p — nn } Database carefully selected in Durand et al. PRC (2008)
do/d€2 (mb/sr)
0.4 : | : : | : |
03 W=1498 MeV | { W=1586 MeV | W =1699 MeV |
02 —
i 33T
0.1 =
0 - | '
W =1805MeV | 20 180
03| B o 0 (deg)
B ] Relevant to rescattering
_/LLL%\/_ in reaction
| L 12 = 2 3 -
0 90 0 90 180 .
0 (deg) 0 (deg) n n scattering parameters
DCC (2016) apy = 0.75 + 0.2§ i fm
Kamano, Nakamura, Lee, Sato, PRC 88 (2013) rﬁN =-16-0.6i fm




Application of DCC model to

yd = 1N n p reaction



Model for yd 2> nnp

Impulse NN rescattering N & mN rescattering

N N

n
N
\
N

yN = wN, nN amplitude € DCC model
a N, nN 2> nN amplitude € DCC model
Tyy, deuteron w.f. € CD-Bonn potential (PRC 63, 024001 (2001) )

Off-shell effects are taken into account



Numerical results for yd 2> nnp



do/d Q, (ub/sr)

Comparison with data for nj angular distribution in yd 2 n X

5 ' | ' | | '
Imp ===eeeee EY =775 MeV

Imp+NN -----

4r IMp+NN+n — - —

Full: Imp+NN+n+m

Mechanisms

e |A term dominates

* NN rescattering contribution is small

* 1) rescattering effect is not large but important

(vd 2 ndissmall)



do/d Q, (ub/sr)

Comparison with data for ny angular distribution in yd 2 n X

5

(vd 2 ndissmall)

Imp+NN+1n — - —
Full: Imp+NN+n+n

EY =775 MeV

Data: Phys. Lett. B 358 40 (1995)

Mechanisms

* 1) rescattering effect is not large but important

IA term dominates

0 0.5

NN rescattering contribution is small

1

Prediction

* 1 N =2 n N rescattering is essential

e Soundness of model demonstrated !



Numerical results for
vd =2 n n p cross sections

at ELPH kinematics



yd = n n p at ELPH kinematics

E, =950 MeV, 6, ~0°

= 06 —5— . -
> i Full: Imp+n+m+ NN ———
o 05 ]
% 04 | * 7 production suppressed
3 U7
o~ 03} for M, , >1.5GeV
= oo | < deuteron wave function
= 0.
E 0.1 e Impulse current dominates
S ,
> 0 7 * 1y nrescattering (~ s-wave)
181 gives sizable (—40% ~ +20% )
s 16 | contribution
S 14t i |
& 15 { e Small ZN = nN rescattering
.1 7 ---:"“'::""T:.__T:.__.___.:.___.:.__'.:.‘_‘.:.-_7:.—_.—_1( - controllable contribution
0.8 L R (data exist)
' 1.49 1.5 1.51 1.52
M, (GeV)

* NN rescattering negligible for M, ,< 1.5 GeV - more multiple rescattering negligible

- Datafor M < 1.5 GeV will be useful to study nN = nN scattering

nn



Study sensitivity of yd 2 nnp to a,yand r

nN rescattering

n
y
i
| : |
| :
| i DCCamplitude > T,y & ST
+_ _! _+77_p _lp
“1- a, 2

Varya,, andr,

= how sensitively yd = 1 n p cross sections at ELPH kinematics change
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Re[a,y]-dependence of yd - nnp at ELPH kinematics
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d’og, ldM, dQ
d’o, /1dM,,dQ,

at ELPH kinematics

ELPH measures both
o(yd> nnp) &o(yp =2 np)

- Rexp will be measured

1.505

vyd = 1 n p at ELPH exp. kinematics has a good sensitivity to Rela,y]

5% precision measurement of R, 2 A(Re[a,,]) ~0.2fm (current: A(Re[anN]) = 1.3 fm)



Re[r, y]-dependence of yd = nnp at ELPH kinematics
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at ELPH kinematics

ELPH measures both
o(yd> nnp) &o(yp =2 np)

- Rexp will be measured

yd = n n p at ELPH exp. kinematics has sensitivity to Re[r, ]

5% precision measurement of R, -2 A (Re[r,,]N]) ~1fm (current: A(Re[rnN]) = 7 fm)



Conclusion



Conclusion

* DCC model well reproduces yN, 7N = nN, nN, KA, KX data
* impulse, NN and meson-nucleon rescattering mechanisms considered

* vd = n n p data are well reproduced for E, =700 ~ 800 MeV

* impulse dominates; yp =2 1 p elementary amplitude needs solid validation

* nn > nnrescattering effect is sizable (-40% ~+20%) atlow M, ,

* tn =2 nneffectis small and NN rescattering effect is negligible for M, , <15 GeV
*vd > nnp at ELPH kinematics has good sensitivity

to 1 n scattering length & effective range
* 5% precision measurement of R, (achievable at ELPH exp.)

—> significantly narrowing down the currently estimated range of Rela,y] and Re[r, ]
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Re[F, n] (fm)

Im[F, n] (fm)

DCC ——

nN -2 n N S-wave amplitude

CS Cieply et al. NPA 919 (2013)
MBM Mai et al. PRD 86 (2012)
GW  Green et al. PRC 71 (2005)
10 Inoue et al. NPA 710 (2002)

* nN =2 nN S-wave amplitude is
rather model dependent
e DCC analysis covered data much more
extensive than the others
- meson-baryon dynamics could be

better constrained

ay = 0.75+032i

beC(2018) M = —16-061



Rel[F, ]

Im{F, ]

0.5

n n =2 1N ns-wave amplitude

04 |
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Definition ~ S=ne*° =1+ 2iF,
Effective range expansion (ERE)

F\= p a : scattering length

r :
—+ 2]?2 —1Ip r : effective range
a

a=07+03i fm

r=—19-05i fm (DCC model)

e EREisvalid for W < 1550 MeV where n n rescattering
is important
o off-shell-ness of n n = n n s-wave amplitude turns out

to be small effect on yd = 1 n p at ELPH kinematics

| 156 " = nn amplitude in yd = nn p can be replaced with

ERE and study ER parameter dependence
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Partial wave amplitudes of i N scattering
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Kamano, Nakamura, Lee, Sato,
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Previous model
(fitted to N - =N data only)
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Data: SAID 7N amplitude
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yp =2 nt%p do/dQ for W < 2.1 GeV
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Kamano, Nakamura, Lee, Sato, PRC 88 (2013)

Relevant to st exchange mechanism

in yd = nnp reaction



