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Introduction

Now-relativistic Collisions How to take care of the bowndary condition?
* COV%TFL@WWCLOW Sm% \/A/a\/@ v Conceptual diffieulties to wuncouple
{WWCLDVLS extend to WW[WWCU! different PO vticle chanwnel, to constrain

assymptotes of the solutions in all
divections and thus get unloue (pmjgﬁom)
solution to the Schrddinger eq.

*  nereasingly complex asymptotic
behaviour for A>2 systems!!

® P * tis ok, aslong as there is single
particle chanwnel (elastic plus
target/projectile excitations)

LX)
. Matmmattmug (LL-conditloned
® pmbtem whew several pmticte
%) (¢
® chanwnels ave Open

v Faddeev-Yakubovsky equations
efflclently separates asymptotes of the
J | \
béma@ channels

L. D. Faddeev, Zh. Eksp. Teor. fiz. 39, 1459 (1960,). [Sev. Phys. JETP 12, 1014(1961)].
0. A. Yakubovsky, Sov. J. Nuel. Phys. 5, 937 (1967).
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Properties of the rigorous scattering eq.

* Should separate all possible scattering channels to lncorporate proper
asymeptotes! Number of binary channels increases ~2M

Py = z Fo-nm + Z Fw-2@) + Z Fw-ne) T

perm perm perm
o - o u ° ®
o o L ] ® o o

e Should be sgstematicattg reductble to smaller subsgstems, L ovder to bullt
proper asy mptotic solutlons and to be comsistent to Lts subsgstems: chatwn o{
partitions (tree-Like structures to break system tn clusters § subelusters)

Yov-pa = (‘PN—L‘ U Wi)

* FY tquations ave derived following this pattern, reconnecting different partition
chains

Very fast growth of components with N!!

4



Faddeev-Yakubovsky eq

2 1
3
5
Ti2,3 33 Fid
Merits:
v Handling of symmetries
v Boundary conditions for binary channels
v’ Easy reduction to subsystems
Problem Number eq. Number eq.
(identical particles)  (different particles)
A=2 1 1
A=3 1 3
A4 2 18
Price A=5 5 180
v Overcomplexity with N G 5 27000 T
A=N t(Z(N 11\)7!) NI(N__ 1!
(/2) 2N
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5-body Faddeev-Yakubovski eq

NUMERICAL SOLUTION

*R.L., PhD Thesis, Université Joseph Fourier, Grenchle (2003),
* PW decomposition of the components K, H,T,S,F

* Radial parts expanded using Lagrange-mesh method
D. Baye, Physies Reports 565 (2015) 1
* Resulting linear algebra problem solved using tterative methods

* Observables extracted using tntegral velations
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Numerical costs

2 1
3
5
Problem Number eq. Number eq. PW basis. Radial
(ident particles) (diff. particles) disc.
2N 1 1 2 ~N
3N 1 3 ~100 ~N?2
4N 2 18 ~104 ~N3
NUMERICAL SOLUTION 5N 5 180 ~106 ~N4

*R.L., PhD Thesis, Université Joseph Fourier, Grenchle (2003).
* PW decomposition of the components K, H,T,S,F

* Radial parts expanded using Lagrange-mesh method
D. Bage, Phgsics Reports 565 (2015) 1
* Resulting linear algebra problemn solved using iterative methods

* Observables extracted using tntegral velations
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Short overview of nuclear problems by FY eq’s

1970 1980 1990 2000 2010 2020
3N 1st solutions Realistic Full
4N 1st solutions Realistic Full
5N
3N-problem
(Faddeev eq.)

1t solution: A. Laverne and C, Gfgnoux: Nuel, P‘\gS. A 203 (1773) 597
G. Gignowr, A. Laverne, and S. P. Merkuriev Phys. Rev. Lett. 33 (1974) 1350
Review: W. Glockle et al., Physies Reperts 274 (1996) 107-285 Full: H. witata et al.,Phys. Rev. C 59, 3035 (1999)

A. Deltuva et a]., Phys. Rev. C 72, 054004 (2005
4N-problem " ¥ (2005)
(Faddeev eq.)

1 solution: S. P. Merkuriev, S.L. Yakevlev, C. Gigroux, Nucl. Phys. A 431

(1964 125.

Benchmarks: A. Nogga, et al., Phys. Rev. C 65 (2002) 054003 (bourd Full: A, Deltwws and A, C. Funsecs, Phys. Rev, € 67,

s’ra’re)
. 055002(2013), Phys. Rev. C 95, 024003 (2017)
R, Lazausfas et ol Phys. Rev. C 71 (2005) 03400% (2 scattering) o Lazauskas, Phys. Rev. C 91, 041001(R) (2015)

M. Viviani et aY,, Pkgs, Rev. C 84 (ZOM) 054010 (sze scat’rering)
M. Viviani et al., 2001161009140 (p3H n3He scattering)

I
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https://arxiv.org/abs/1610.09140

Occasional
experimental & No claims yet. El
theoretical claims: Dorado for

_ Bigfoot effect? “Bigfoot hunters”

W4

1 bopp

// N A

\

2

]
R.L, ). Carbonell et al., Phys. Rev. C 93, 044004 (2016) , PhygeRev. C 72, 034003 (200%
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4N systems
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4N problem: n-°H elastic scattering

25—

IRV 45 . | . | . | ’,,' v\x& _
2.0 : ; \‘

e)
o |Tii=: 4.0 S i
SRR |
e ‘ Av.18/Av.14
1.5 E = i ]
| N S0 I Av.18+UIX
' 3.5- L@ 1
© 17

W Phys. Lett. 91 B (1980) 200
B Z Phys. A 302 (1981) 323
V¥ Phys. Lett. 165 B (1985) 39

Phys. Rev. C 42 (1990) 1
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4N problem: n-°H elastic scattering

- - -AV18 /’T'“ - - -I-N3LO ,"i\

—— AV18+UIX 2N I-N3LO+3BF(A=500 MeV) g Ay
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4N problem: p-3He elastic scattering
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4N problem: p-3He elastic scattering

500 T T " T T T
® McDonald 1964
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5N system
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n-*He scattering

- ABDDDADDNANAAA A 2 -
120 A 6 a4 P

Exp (R-matrix)

6 (°)
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NCSMC: P. Navratil et al., Pmﬂsiaa Scripta 91 (2016) 053002
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n-*He scattering
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n-*He scattering

ALDDDLABAAANANAp

A

P. Navratil et al., Physica Scripta 91 (2016) 052002
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http://www.int.washington.edu/PROGRAMS/16-1/

Case of little interest: S-wave

Experimental n-*He scattering length ...
nothing should be as easy to measure...

= ™ ' ' NIST (Neutron News 3, 1992)

o e ‘ Coh a (fm) Inc b (fm)

g . 1H  -3.7406(11) 25.274(9)

2 257 } . TR -3.79406(11)

% [ o T . ’H  6.671(4) 4.04(3)

§ 2.4 l ] 3H  4.792(27) -1.04(17)

i » | | SHe 5.74(7)-1.483(2)i  -2.5(6)+2.568(3)i
E (V) ' “He  3.26(3)

TUNL: D.R. TLLL% et al., Nucl. Phys. AF08 (zo02) =
NIST: https://www.nenr.nist.gov

Experimental data:

D.C.Rover et al., Nucl. Phys, A133 (1969) 410
S.F.Mughabghab, Atlas of Neutron Resonances (2006)
R.Genln et al., Jowrnal de Physique 24 (19632) 21

R. Lazauskas


https://www.ncnr.nist.gov/

Case of little interest: S-wave
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https://www.ncnr.nist.gov/

PV violation for n-*He

Slow 11 Spiw rotatlon gtudat at NIST %@

e 2.1 + 8.3(stat.)t(2)'g(sys) X 107 7vaol /v
E. Swanson et al. PRC 100 (2019) 015204 '

v wealk process yweak  ystrong 1<% ovdler perturbation:

weak strong
R o <\P f

V weak

strong
N >

to total system’s wave function

v’ The last expression one may caleulate within FY framework, without passing divectly
R. Lazauskas, Y.H. Song, PRC 99 (2019) 054002

ystrong

. [—N3LO+3BF
nput: weak

DDH meson exchange pot. (7, p, w, p"). B Desplangues et al, Ann.Phys. 124 (1980) 449 .

Ultracolo 1-#He spm votation anale in 10~ 7 vad/mi:

de

- 0.144(1)hL + 0.058(8)RY — 0.402(1)hY + 0.0298hL, + 0.0296h} + 0.0061h},

3.7 DDH-—best
dp 3.0 DZ
dz 108  FCDH

S. Gqardwer et al., Ann. Rev. Nucl. Part. Scl. &
R. Lazauskas, Y.H. Song, PRC 99 (2019) 054002. 12. large N, e VWL e ez

(2o1#) &9

R. Lazauskas




TABLE I. Summary of experimental results for

°H resonances: experiment

“"H. Resonance energies are given relative to *H + 2n.

Reference Reaction Detected Ep (MeV) I' (MeV) Eioam (A MeV)
[17] *H(t,p’H p = 1.8 S5 7.42
[18] “He(p.2p)°H 2p 1.7£0.3 I.9ﬂ:(}4 36
[19] *H(t.pYH t,p.n 1.8 +0.1 =05 19.2
[21] *Hit,p’H t.p.an =2 — 19.2
[22] *H(t.pYH t,p.n =2 =13 19.2
[24] “He(’C.X +2nYH r,2n =3 == 240
[25] “He(d,”He)H *He .t 1.8 =0.1 = 0.6 22
[26] *He(d.’HeyH *He .t 1.8 +0.2 1.3+0.5 22
[27] ®He(d.’He)H “He .t L1 +0.3 = 2.5 22
[28] "Be{.rr ,m‘)‘H p.t 52203 53.5=x0.5 E. < 30 MeV
[28] "Be(m~.dd)’H p.t 6.1 04 4.5+1.2 E. = 30 MeV
ar AL RA-ioeem T AT Metlegy s Ho Simon, T. Aumann, M. 1. G.
i L _ ] 60 Imling, H. Geissel, M. Hellstrom, B.
[17] P. G. "Imlqg. Ru:h.eud H. Stokes, and Ger: _ett. 91, 162504 (2003),
Rev. 173, 949 (1968). 50 Bogdanov, A. S. Fomichev, M. S.

[18] A. A. Korsheninnikov, M. 5. Golovkov,
Rodin, A. 5. Fomichev, S. L. Sidorchuk, S.
Chelnokov, V. A. Gorshkov, D. D. Bogdan
Ter-Akopian ef al., Phys. Rev. Lett. 87, 09.
M. S. Golovkov, Yu. Ts. Oganessian, D.
Fomichev, A. M. Rodin, S. I. Sidorchuk,
Stepantsov, G. M. Ter-Akopian, R. Wolski
566, 70 (2003).

M. S. Golovkov, L. V. Grigorenko, A.

Krupko, Yu. Ts. Oganessian, A. M. Rod
R. S. Slepnev, S. V. Stepantsov, G. M. Ter-
Rev. Lett. 93, 262501 (2004).

M. S. Golovkov, L. V. Grigorenko, A.

Krupko, Yu. Ts. Oganessian, A. M. Rod
R. S. Slepnev, S. V. Stepantsov, G. M. Ter-
Rev. C 72, 064612 (2005).

[19]

[21]

R. Lazauskas
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FIG. 3. Spectrum of ’H from the reaction p(®*He, ppt). Curves
show calculations explained in the text.

essian, A. M. Rodin, R. S. Slepnev,
Ter-Akopian, R. Wolski et al., Nucl.
).

Golovkov, A. S. Fomichev, A. M.
S. Slepnev, G. M. Ter-Akopian, M. L.
wov, Yu. Ts. Oganessian et al., Nucl.

5. Fomichev, M. S. Golovkov, L. V.
0, Yu. Ts. Oganessian, A. M. Rodin,
nev, 5. V. Stepantsov ef al., Eur. Phys.

r, D. V. Aleshkin, B. A. Chernyshev,
Morokhov, V. A. Pechkurov, N. O.
rsky, and M. V. Telkushev, Eur. Phys.



SH resonances?

TABLE II. Summary of some theoretical results for "H. Resonance energies are given relative to *H + 2n.

Reference Method Er (MeV) I' (MeV)
[7] Cluster, model with source 2-3 4-6
[23] Three-body cluster 2.5-3 34
[31,35] Cluster, J-matrix, resonating sroup model 1.39 1.60
[36] Cluster, complex scaling adiabatic expansion 1.57 1.53
[32] ‘luster, generator coordinate method 223 ~1-4
[33] Cluster, complex scaling 1.59 2.48
[34] Cluster, analytic coupling in continuum constant 1.94+0.2 0.61+0.2

[7] L. V. Grigorenko, N. K. Timofeyuk, and M. V. Zhukov, Eur.
Phys. . A 19, 187 (2004). [35] 1. Broeckhove, F. Arickx, P. Hellinckx, V. S. Vasilevsky, and A.
: V. Nesterov, I. Phys. G 34, 1955 (2007).
[36] R. de Diego, E. Garrido, D. V. Fedorov, and A. S. Jensen, Nucl.
[31] A. V. Nesterov, F. Arickx, J. Broeckhove, and V. S. Vasilevsky, Phys. A 786, 71 (2007).
Phys. Part. Nucl. 41, 716 (2010).
[32] P. Descouvemont and A. Kharbach, Phys. Rev. C 63, 027001

(2001). P A
[33] K. Arai, Phys. Rev. C 68, 034303 (2003). Pred Letivity?
[34] é'()é?gd-:‘mmm and P. Descouvemont, Nucl. Phys. A 813, 252 5H’ states 0(065 not aP’P@ﬂV
watumLLg
.

Cluster models, tnvolvig approximations for 5-body dynamics
* FHtntn models: without n-antisymetrization between the Core Svalence

*  CHtntnwmodels: including n-antisymmetrization, however by freezing H core

R. Lazauskas




5SH resonances?

How to handle resonances?

« Accce : Annalytic continuation in the coupling constant weethod (V.1 Kukulin et
al., « Theory of resonances », Kluwer AP 1989)

*  Avtificlaly bind “H with some additional potential V = AV,
(we use 5-body pot not to affect =H threshold!l)

¢ Stl/tdg BSH(A) and det@VVVL/Ll/Le /10 such that BSH(A()) = B3H
Swmartly extrapomate Bsy () ={(A — Ag) to determine Esy = Bsy (0)

* « Dirty » smooth exterior complex scaling method (DEXCSM)
B. Simon. Pws. Letters A, 71 (1979) 211

Choose sharp transformation function, which almost does not affect vin r<v,
Fix v, beyond the physical internction reglon

[gnore inconsisitencies bn transformation between different Jacobli bases

% R
s 6
o 2b-example
w 1.8 _ s
4l V(I =1)=—(143872¢ 3117 _626.885¢~1:557)
. n
S = ro (- fEr+f@re  fr) =exp(—(2))

1 : ' 24
R. Lazauskas



SH(=1/2")

* A Lnteraction described bg the MT (-1 pot@thaL

* auxilliary potential for ACCC >
- 2
o p2=x2+y2+zz+W2:ZE Ti
r o - A -
Vsu(p) = ApPexp(—p~ [ p5)- =1
E_. (MeV) E.. (MeV)
i 1 2 3 0.5 0.0 05 1.0 15
—n B0 o ] I I 1 L o — I L I L 1
-{\ oo, o
1 % Sog ag . RN
S 04 : P[,1] > 04/ O
o <dE>=43MeV = e
= ] P2 7
L“s— el <dE==1.3 MeV/ w 08 u::-.n_ L
. P[E-E] "'n .
I, <dE>=0.1 MeV/ 1 R
. P23 0 PR3] 5 .
121 wgE>=0.09 MeV/ <d=-=0.09 MeV 129 .-
Fig. 3 Resonance trajectories for a J© = 1/2+ state of ®H with respect to *H threshold.

Each trajectory is split by points in 20 intervals of equal step in A, starting at the position
where H nucleus is still weakly bound. The endpoint of the trajectory indicates extrapolated
value for the bare NN interaction, corresponding A = 0 case. In the left panel convergence
of the results with respect to order of Padé expansion is presented; calculation is based
on auxiliary potential defined in eq. (13) with pﬁz?ﬁ.l fm? and p = 0. In the right panel
comverced resnlts for three different. external notentials are nresented.

ECH-ECH) =14 (1)-1.2 (1) E(CCH)-ECH) =1.7(2)-11.2 (1)

R. Lazauskas




"H(J=1/2%)

* i lnteraction described bg the MT (-1l potential
J=1/2* (L=0*, S=1/2)
DEXCSM:
ECH)-ECH) =14 (1)-1.2 (1) ECH)-ECH) =1.6(R)-i1,.2 (1)

ACCC:

J=5/2* (L=2%, S=1/2)
DEXCSM:
E(*H)-E(PH) =2.50(15)-11.90 (15)

Negative parity states & ones with S=3/2 are much more broader

To compare with *H resonances:

1.02(1)-i2.04 (2) (s=1,L=1)

COMBCHI= | co@)ima04) (s=o, L=1)

R. Lazauskas, Few-Body Syst. 59 (2018) 12.

R. Lazauskas



INOY Potential

e(H)-eCH)

-05 00 05 1.0

15 20 25 30

E..(MeV)

Binding Energy input
(0,300) MeV / 28 points

P[1,1]
<dE>=4.3 MeV

P[3,3]
<dE>=0.12 MeV

P[2,2]
<dE>=0.14 MeV

ECH)-ECH)=1.65(5)-11.26(6)

DEXCSM: 1.2(1)-11.2(1)

EC*H)-ECH) =1.21(3)-2.02(2)

R. Lazauskas

"H(J=1/2%)

N LO Potential
eCH)-E(H) E, (MeV)
-0.5 0|0 0.5 1.0 1.5 2.0 2.5 3.0
L el Al 1 1 1 1 1 J
P[1,1]
-0.54 <dE>=4.0 MeV
S
(@) N\
|_|JD: 1.0 \\
"% P[3,3]
’<dE>=0.13 MeV

Binding Energy input

P[2,2]
<dE>=0.19 MeV
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Conclusion

* FY eq. formalism remains reference in few-body scattering calculations. The
first solutions of 5-body FY equations are presented.

* Reliable results have been obtained for n-*He scattering at low energies using

realistic interactions. Satisfactory description is obtained when using Idaho
N3LO NN +N2LO NNN interactions.

* The first fully realistic calculation of weak process in 5-nucleon sector is
performed.

e Description of the °H resonant states have been performed for the first time
using fully realistic description and two different methods to calculate
resonance positions. Presence of broad resonant states is confirmed!
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n-*He scattering

Experimental n-*He scattering length ...
nothing should be as easy to measure...

Av18
3,01 } 1
Reid93'» |
= _-Y NIST (Neutron News 3, 1992)
Y ! - ’_ |
< | NSLOSIBE _ - - ! N$L0 Coh a (fm) Inc b (fm)
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