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Three-nucleon systems:
Bound states °*He(ppn) T(H)(nnp)

Collisions (pD—pD,pD—ppn)
JLab exp:

E04018 (OLD)
E1214009 at 12 GeV (NEW)

The study of these systems at relativistic energies

Elastic electron scattering
on 3He: (e*He —e3He)



method of research

nonrelativistic case relativistic case
2 particles Lippmann-Schwinger :> Bethe-Salpeter
equation equation
p = (p1,p2) t(p,p) =V(p,p) + / dp"V (p, ") G(p")t(p".p)

3 particles Faddeev equation Fad%i'fﬁ“g;ﬂzﬂon

Bethe-Salpeter-Faddeev
p = (p1,p2,p3)

T (p,p') =19 (p,p) + / dp"t" (p, p" )G [TV (", p") + TV (", )]




Relativistic Faddeev equation

Two-particle t-matrix

T(i)(kh k27 k3, kia kéa k:;,): tl'(kla k27 k3, kia ké) kf;,)+
= / dk; dk, dks ti( ki, ko, ks; ky . Ky, ks )G (ki , ko, kg )

/!

[TV (ki ko ks ko, o, ks)+ T (ko ko | gk, o, k)]

Components of the full three-particle t Two-particle propagator
matrix T=Tt + T2+ T3

G, = (Af —m2 +ie) kI —m?2 +ie)™?



Jacobi variables

/ dky dkydks > / dpdq



Relativistic Faddeev equation

Two-particle t-matrix

T (p;, @i; p}, ql; P) = t9 (s, 45 ), 4); P)+
/ dpldqt" (p;, ¢;; v}, ¢l; P)G(p", q", P) x

[T}, ¢; 0, 4}; P) + T® (0}, @i B> s P)]

Components of the full three-particle t
matrix T=T1+ T2+ T3 Two-particle propagator



The Bethe-Salpeter equation

equation for the relativistic system of two particles

1
D= E(}lz — /\71)
Two-particle t-matrix

P li‘-‘_,) + kl

tp;p'; P) = V(p;p; P) +/dp”V(p;p”;P)G(p",P)t(p”;p’;P)

Potential of NN interaction Two-particle propagator



Separable potential of nucleon-nucleon

Interaction
N g - form factor of
/ / tential
Vp.p) =) _Nigi(p)g(p) PO
j=1 N - rank of potential

Yamaguchi functions for form factor of potential

: 1
S state o, p) = ——
9y (o, ) ATt —ie
| — v+ |
P state 0P (po, p) = )\/ T R
gy (Po; p) (—p2 + p? + B2 — ie)?
: C(—p2 + p?
D state 72 (po, p) = =+ P

(—p + p? + 5 — ie)?



In the case of a separable NN potential, the two-
particle t-matrix will also have a separable form

Bethe-Salpeter equation

N
V(p.p)="> Xigi(p)gi(p) =D i W / VGt

j=1




87v/5 .+ . -
T\ (p) = —%\/Ee")L(p)s'i'rz,c)L(p)

h[?ﬁ )
A1+ hRe

or, = atan(

T
petgd(p) = —1/a+5p° (S state)

condition of bound state: det([t7'(s)]i;) =0  h(s) = X

r - effective range \/g =2m — EBS
Egs - bound state energy

a - scattering length

O - scattering phase shift



Parameters for the Yamaguchi potential

Physics of Particles and Nuclei Letters 15(4) (2018).

Exp. from [7] 1So
X\ (GeVY) “1.12087
By (GeV) 0.228302
ar, (fm) -23.748 -23.753
rr, (fm) 270 2.75
EXp. from [7] 331 5 D1 351 i3 D1 351 - D1
(Pa = 4%) (pa=5%) (pa=6%)
X (GeV) 1.83756  -1.57495  -1.34207
Bo (GeV) 0.2501248  0.246713  0.242291
5 1.71475 2.92745 3.46353
Bs (GeV) 0.294096  0.324494  0.350217
ar, (fm) 5.424 5.454 5.454 5.453
rr, (fm) 1.756 1.81 1.81 1.80




Op(deg)

The 1P1 channel phase shifts.
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The 3P0 channel phase shifts.
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Phases for Yamaguchi

180 1 I | | I | | I I I 1
160 — ISG phase shifts | ™|
140 — s, phase shifts| |
120 —
100 —
80 -
60 —
40 -
20 —
, - -~ -
Y= o - —

- d - * -
-20 1 I [ | I [ | I ] T [ | 1

0 100 200 300 400 500

T, MeV



Partial-wave decomposition

A

\Ij(pv q; S) — Z \IJML (p7 q; S)yl)\LI\[(pa q)

INLM

rne
Vi (P, q) ZYIm )Yy (q

miyt

— Z t (p, p/)Yzm(mYlm(p/)



The system of integral equations
for a three-body system

N N
V(p.p) =D _igilp)g(p)| > t.0) = 7i(5)9:(p)g; ()

ij=1

¥

Bethe-Salpeter-Faddeev equation

3l _ /tG[\p(]) + o)

after parti ve decomposition



The system of integral equations for ®

FIVACI ——YYY/ dqo/ q2dq x

kn

ab . .
Z: GRIN X L(?CImqe?(I(n(l ;S)

ab it e N oAlE Al YaD .
Zan x 1040, 4190, 4 5 8) = 4 A/’.:.C i de K\ (¢,q )X

9% (=300 — qo- \/ 1@+ ¢+ qd'2) g0 (g0 + 59 \/ ¢+ 190%+qdx
(13\/: +qo+qy)% — (¢2 + ¢% + 2q¢' ) — m?
Where: a,b =% L,

1 a 1 a+/+1
N- order of separability A7 =50+ (-1)77]
A and | is angular momenta




Spin-isospin structure of the system

Cab a=(Sl)  (S))={(1,0):(1,1);(0,1);(0,0)}
Cab _ C(SA,Z'A)(SB,?IB) _

=< (.5'1._5‘2).5",\..S‘;;,5"(.%‘2.5’3).5‘]3,,‘5‘]. 5 < (1112)1\1;[‘(131;)13111 >

1 V3 =3 =3
1 v3 -1 V3 -3
4 -3 V3 1 -3
-v3 -3 —v3 -1
150 351 3 Dl 3 PD 1 Pl 3 Pl
S 0 1 1 1 0 1
I 1 () 0 1 0 1

Cvab —




The influence of the orbital angular momentum

aa’ , o /¢ 2)\ —— 1
[(i)\’[,) (q q/.“ COS qu’) = (471')3/2 \/

. , 2L + 1
E : Lm Lm ¥ a/
Clm)\O 'm/ N m— m’Yl’m(U? O)le'm' (l} ’ O)YN‘TN-—'N'Z- (l)qq’ O)
mm/
q q q
005-19:(§+q’cos-19qq:)/|§+q’|? cost = (q + QCObﬁqq /|q+—|

A



lterative method for solving
Integral equations

/K:vy,

folz) =1

b
h@) = [ K@y.9)h)dy

b
fz‘(iF) :/ K(il%’._%S')fi—l(‘;l/)dy

a

y)dy

bound-state
condition

o _fil@s)

= 1
i—00 f7+1(1 3)

\/§:3m—Eb5



The binding energy of the triton T (nnp)
INn the case of the Yamaguchi potential

Exp.. 8.48 MeV

PD ISU - Sl :iDI :%R) l]jl :SP]
4 9221 9.294 9314 9.287 9.271
0 0.073 0.020 —-0.027 —-0.016 0.050
5) 8.819 8.909 8928 8903 &.889
0 0.090 0.019 -0.025 -0.014 0.070

6 8.442  8.545 8.562 8.540 8.527
0 0.103 0.017 —-0.022 —-0.013 0.085




1S0 amplitude

Real part
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3S1 amplitude

Imaginary part Real part
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3D1 amplitude

Imaginary part Real part
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Real part

3P0 amplitude

Imaginary part
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1P1 amplitude

Imaginary part Real part
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3P1 amplitude
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Summary

Triton [T = 3H = (hnp)] was investigated.

For this, a relativistic generalization of the
Faddeev equation was applied.

As a two-particle t matrix, we used the solution of
the Bethe-Salpeter equation.

The potential of NN interaction Is taken in a
separable form.

The system of integral equations describing T
was solved by the iterative method.

The binding energy of T and the amplitudes of its
S, P, and D states were calculated.



Form factors of the three-nucleus nucleus

2

2Fch(3H€) — (Zth + PG ) — g(F on) Fo
2

FCh(gH) (I?cph,_l_2 ch)Fl o 3(F£L C7;l)F2

: . o 9
Fi(Q) = /(11)4/(113/([(]4 /quleG'zG-‘I’ 5(Pa. 0. q1. )V s(pa, . (14,|q— §Q|)

=" /(11)4/(11)/(7'(14/(1(1/ d[Cos(p.q) / d[Cos(q. Q)|p*q¢°

(11G2C73G3\IIS(1)4*1)' (4, (1)\.[’&,(])4 P (4. |q = §Q|)

. 2
Fr(Q) = —3/(11)4/(lp/(l(14/(quIGQG;;G:’;\II;.Qu.p. qs- )V s (Pa. P, qs. |[q — §Q|)

. .1
= —12%2/(11)4/(11)/(1(14 /dq/ d[Cos(q.Q)|p*¢*
. . v -1

| . & . 4
CG3GRVS(Pas P Q1 Q) Vst (Pa- D: Q. \/ q* + GQ‘Z — 30QC0s(q, Q))
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Bound state energy of Triton

Experiment: Ep. = 8.48MeV

relativistic

Potential | only S -state | with D
GRAZ-I1(1) 8716  8.716
GRAZ-11(2) 8.298 8.298
GRAZ-11(3) 7.894 7.894

Paris-| 7.545 7.545

nonrelativistic

Potential | only S -state | with D
GRAZ-II(1) 8.372 8.334
GRAZ-11(2) 7.964 7.934
GRAZ-I1(3) 7.569 7.548




