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Introduction — Why and how to study hypernuclei?

@ a direct investigation of the YN interaction is quite complicated,
e.g. N\p scattering in the liquid-hydrogen target
Y+p— KT +A
Adp—p+a +p
[see J. Rowley etal (CLAS Collaboration), Phys. Rev. Lett. 127, 272303 (2021)],
information on the bare YN interaction is limited (Nijmegen model)

@ the ~-ray and reaction spectroscopy of A hypernuclei can provide
information on the spin-dependent part of an effective AN interaction

VAN = Vo + Vo 8r - 8n + Va fan - 3n + Vi Zan - Sn + VT Sio

@ in hypernuclei one can study A-X mixing: A+ N +— X% + N;
charge symmetry breaking in mirror hypernuclei: 4He — 2H, 1N — 10;
and non mesonic weak decays of A: AN — nN
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@ an example of ~-ray transitions
in the hadron-induced reaction

7t +7Li — KT +7Liy = Lian +v+ K"
with KT and ~y detected in coincidence

@ 's are measured by Ge detector array
with a high resolution ~ 1 keV

@ analysis of spectra was done for p-shell
hypernuclei — the effective interaction
Van was obtained
[D. J. Millener, Nucl.Phys. A 804, 84 (2008)]

@ limitations:
— only the low-lying states are determined
(below the particle emision threshold)
— the ground-state binding energy
cannot be determined
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Introduction — the ~-ray (classical) spectroscopy
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Introduction — the reaction spectroscopy

@ the reaction spectroscopy allows to study also the high-excited states
e.g. here those with A in the p orbit

@ missing mass spectrum in e +12C — € + Kt +12B%,
where e’ and K™ are detected

@ the energy resolution is worse than in the ~ spectroscopy but below 1 MeV
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Introduction — electroproduction of hypernuclei

@ one can achieve a better energy resolution than in the 7+ and K~ induced reactions

12¢ (K-, ) 13C
Pe= 0.8 GaVie

@ large momentum transfer: gp > 250 MeV/c
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Introduction — electroproduction of hypernuclei

@ other characteristics of electroproduction:

— the electro-magnetic interaction is well known and weak (a & 1/137)
— the one-photon exchange approximation is very good which
simplifies description to production by virtual photons: A(yy, KT)H
— production is on the proton
— other hypernuclei than in (71'+, K+) and (Kf, 7T7) reactions

— if KO is detected then production goes on the neutron in (v, K°)

— a strong spin-flip — the highest-spin states in multiplets dominate

@ typical kinematics in experiments:

— a small electron scattering angle and small photon virtuality Q? = —g?

— this is to achieve sufficiently big virtual photon flux (I),

— kaon is detected along the photon direction (z-axis) at a very small kaon angle (k)

@ To obtain reliable information from hypernucleus electroproduction data

we need to understand the reaction mechanism well,

e.g. to estimate systematic uncertainties due to various approximations.
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Formalism — kinematics in electroproduction

@ production on the proton:
e(pe) +~Z(Pa) — €'(p.) + K*(Px) + A(Z—1)(Pn)
photon energy and momentum: E, = E. — E, and § = p. — p/

e in the laboratory frame (P = 0):

Reaction (Hadronic) Plane

e kinematics in an experiment: Ee, EL, e, Oke, Pi
— €, I_r q - pe - pley Q2 - _q2v IE;Klr HK
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Formalism — the cross section

@ the unpolarized triple-differential cross section

doTL
dQk

d30' dJT d0'|_ dO’TT

JELddox | | da T Cdne T any TVt

— I and € are virtual photon flux factor and polarization, respectively,
eL = € Q?/E2, and do/dS are separated cross sections

— dot dominates due to very small @2 « photoproduction (Q*= 0)

— dor is important even for small Q:

the cross sections in 12C(e, &’KT)12B with Q2 = 0.06 (GeV/c)?

E Jﬁ 9?2 do dot erdo;  edorr  \/2¢ (1 +€)dorL d®c
0.0 1~ 1.8 36.768 42.505 0.251 0.040 -6.028 0.640
0.116 2~ 1.8 127.898  148.198 1.083 0.364 -21.747 2.227

— the transverse-longitudinal interference terms contribute more than 10%
— there is a difference between photo- and electroproduction calculations
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Formalism — the impulse approximation

@ production by virtual photons: 7,(q) + A(Pa) — H(Py) + K (Pk)

@ in |IA the production goes on individual protons which is well justified
for large momenta: |q| > 1 GeV/c = A\g < 0.2 fm

@ the many-particle matrix element

z

(Wu| Y " X257 (pa. Pi. b q) [Wa)
i=1

Wy, WA — hypernucleus and nucleus
nonrelativistic wave functions

j,j — elementary production amplitude
in two-component form

X, — photon plane wave

Xk — kaon distorted wave in eikonal approximation:

a good approximation as |Px| ~ 1 GeV/c and the KN interaction is weak
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Formalism — the optimal factorization
@ the elementary amplitude is integrated over the proton momentum g,
in the many-particle matrix element

@ assuming a constant effective proton momentum the elementary amplitude
can be taken out of the integral and we get the hypernucleus-production
amplitude in the optimal-factorization approximation (OFA)

T, = ZTr[jH(PKaPefh )/d ¢ B8 X (B, BE)
X /d3§1 e d®Ea_s OA(EL, o a2, E) Ofy(Ery o En2,€)

with still unspecified effective momentum Peg, the momentum transfer A= q-— ,BK ,
Jacobi coordinates £, and B = (A —1)/(A— 1+ mp/mp)

@ OFA is also used to describe the 7, p, and p scattering off nuclei

@ in previous calculations the “frozen-proton” approximation, Peg = 0
was used as in the Lab frame the amplitude Jj(Pk,0, §) has

a simple two-component form — only six CGNL amplitudes F;.
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Formalism — the elementary amplitude in a two-component form

@ in many-particle calculations the elementary amplitude is rewritten

6
J - e =T1n(pr) s Z Mj e Aj(s, t, Q2) up(Pp) = X?\L (j' €) Xp
j=1

where J has the two-component form and its time component was eliminated
using €, = £, — €0du/qo = (0, €); Xx are Pauli spinors, s = (q + pp)?, t = (9 — Pk)?
@ a general two-component form has 16 terms

-

J =61 (3-8)+ Gi(Bp X G-€)+ ... Gi5(- Px)(Bp- &) + Gi6 (7 - Px)(Pk - €)

the CGLN-like amplitudes G; are written via A; and not all of them are independent
@ in the special case: ﬁp = 0 (similarly in the c.m. frame, pp = —G )

Jiag-€ = GI(G-€)+Gi(PkxG-€)+6Gs(3-G)§-¢)
10(5-G)(Px - &)+ G1a (- Px)(§- €) + G (

Q1+

“Pr)(Pk - €

~

@ the general two-component form was already used by Mart et.al for 3H
[Nucl. Phys. A 640, 235 (1998)]
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Formalism — the spherical amplitudes

@ it is convenient to use the spherical components

- B _ S

Joe= V30 @l =3 (1) M SV =3 (—1) A Fr o2 )
A AS¢E

where .7-';\5 are the spherical amplitudes with S = 0,1 ( spin non-flip and flip) and

with projections A (photon), £ = £1,0; aé are the spherical Pauli matrixes and 00 =1

@ then explicitly

J&= — i (Fo+o i Fli+tog Flp+oli Fiq)+

+ €0 (Foo +01For +05Fg0 +0 Foly) —

— e N (Fh +o1 Fh +o0 Fip +0i Fily)

@ the spherical amplitudes ]-';?E are expressed via the CGLN-like amplitudes G;.

@ here we will use the elementary amplitudes:
SLA [Phys. Rev. C 53, 2613 (1996); 58, 75 (1998)]
BS3 [Phys. Rev. C 93, 025204 (2016); 97, 025202 (2018)]
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Formalism — the optimum on-shell approximation
@ the general form of elementary amplitude allows to use “arbitrary” Pes

@ the asumptions:

s

— many-body energy-momentum conservation
holds — |PK|mb

l
o

— binding effects are neglected: e, — ep =
— the elementary amplitude is on-shell:
p and A are on-mass-shell and q + p, = Pk + pa

@ these asumptions can only be accomplished with a special “optimum”
value of Besr where the magnitude of the optimum momentum satisfies

E, +m \/m + |Pk?, +\/m,2\+(5—/30pt)2

with the momentum transfer A = q— I3K. |Popt| is not unique, it depends on f,.

Note that in calculations with frosen-proton (B.s = 0) and on-shell elementary amplitude
there are two values of kaon momnetum |I3K|mb #* \ﬁK|2b.

@ one can fix |Bopt| = Pmean = /21{ Tkin) and determine O,
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Formalism — further details

@ partial-wave decomposition: A% X, =" Fim(BIE], &) Yim(€)
where Fjp includes the spherical Bessel function in PWIA

or a projected kaon distorted wave in DWIA

Ist
opt

depends on 0%, a, = Re FXN(0)/Im fXN(0), and nucleus density p(7);

fKN(0) is the isospin averaged forward angle amplitude from
a separable model with partial waves £ =0, 1, ... 7 (0 < Egp <2 GeV);

@ the kaon distorted wave function in eikonal approximation with V

@ single-particle basis: |o) = [n (1)

@ the many-particle structure is included via reduced matrix elements of the
single-particle operator (OBDME) (Wy(Jy) || [b) ® aa]J [|Wa(Ja))
obtained from the shell-model, Tamm-Dancoff,... calculations

@ the radial part of the transition operator is given by radial integrals:

REM = [ drr® R% Fim Ra where R, are the radial single-particle wave
functions of p and A (HO, Woods-Saxon, HF)
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Formalism — the differential cross section

@ it is suitable to introduce reduced (partial-wave) amplitudes:

1 IuM
( )= Z CJ:MAHJm Aﬁm

which read as
J
A.>I\m = [J] Z Z CLMSn ZRLM ,Hlé’sfﬁ_/ \UHH [b;r’ ® aa} HWA)
@ the transversal response function:

dor 153 1 -
= A+12 A 112
dSk 2(2JA+1)%:2J+1(| ol + A5 T%)

@ the longitudinal response function is given by the longitudinal component
of the partial-wave amplitude:

dO'[_ 2
dQx 2JA+122J+1| |
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Results — the proton Fermi motion in 12C(v,, K*)12B
proton momentum: Per =0 = pr=g— Px = A (frosen p)
Peff = A= pn = 0 (frosen A)
Pefr = Popt With 65, = 180° (optimum)

the mean momentum in 2C: |Berr| = (p) = /21{Tkin)
|Befr| = 179 MeV /c (Op orbit) with 6, = 0 and 180°

T T 1 T T T T kinematics:

60 12, [— fosenp | [ 12 0116,2) | Ey, =22 GeV,
S e A L :
Z S0 —.—. optimum | ] r SLA ] = 0.06 (GeV/c
A7) R W PO mean0 | - 1501 - Q_, ( /<)
%M 30} ~ o7 mean 180 { ool 1 |A] € (240, 350) MeV/c
8 1 0 AN 1. I
r 1 S0 N - In optimum approximation

o

|Bopt| € (94,183) MeV/c

=)

60 . |BAl € (166,265) MeV /c
% 50 ]
2 40 n OBDME from shell-model
gg 30 ] calculations by Millener
B 20 i with dominant transition
o 4

10 N 0p3/2 — 0Osp

0 14

6, [deg] By [deg]

[P. B. et al, PHYSICAL REVIEW C 108, 024615 (2023)]
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Results — the proton Fermi motion effects

a dependence on E, with Q2% =10.06 (GeV/c)Z, e =0.7, dx = 180°, Ok = 6°
— the selection rule: Agm ~ Cfg’loo = the longitudinal contributions only for even Jy

— the longitudinal contributions depend quite strongly on B

— the effects depend on the elementary amplitude
— at Ey > 2.2 GeV BS3 predicts rising cross sections

cross section in nb/sr

cross section in nb/sr
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Results — the proton Fermi motion

the separated cross sections for the excited state (11.132, 3%) of 1/2\B

— the longitudinal part of the reduced amplitude contributes: A3, ~ C39,) = /3/5
—do; and do7; are important making the difference between photoproduction (do)

and electroproduction (do) results even at a small photon virtuality, @> = 0.06 GeV?

250 T T I 250F T T T [
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_g mean 180
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S
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elementary amplitude
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Results — mass effects in the cross sections of 208

— an uncertainty in the ground state hypernucelus mass M,(f, (the binding energy)

— considering a shift of the hypernucleus mass due to excitation: M}, = M,(,), + E*

= |'BK

—

VAR

Popt|, F3,, and RLY depend on E*

— effects of the mass shift in the states (E*[MeV], JP) of 208T]
(PWIA, TDx, Nijmegen F YNG, E, = 1.5 GeV, Q? = 0.0383 GeV?, 0k = 8°)

My
|P|
IN
| Bopt |
Re]-'(}0
Im]—'(-‘]l0
R

do
dot

(11.964, 8~)
0.006%

-1.0%

3.0%

-15.7%
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-31.4%

RLO,Q —=3.7%
Ohy1/2 — 0ds 2

-16.0%
-13.2%
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Results — effects from kaon distortion in 2B

— comparison of PWIA and DWIA cross sections: diff=100%*(PWIA-DWIA)/PWIA

in kinematics of the E94-107 JLab experiment, Ey = 2.21 GeV, \I3K|: 1.96 GeV, and
Ok = 1.8° with the KN scattering at Wxy= 2.2 GeV and ¢\= 17.83 mb

— differences are 35(higher states)—45(lower states)% similarly in SM and TDaj,

except the state (11.542, 1) where the leading contributions 0ps /> — 0py /2

and 0p3,, — Op;;, compose themselves together, opposite to the case of

the weakly populated state (10.706, 17) where the relative phase is negative

(the pahse is given by the sign at the OBDME and the radial integral)

cross sections in TDp

energy JP PWIA
MeV nb/sr
0.000 1~ 126.97
0.060 2~ 406.68
10.667 2t  107.46
10.706 1+ 13.11
10.845 2% 63.27
10986 3t  286.20
11.542 1T 1.17

DWIA
nb/sr
70.34

224.63
69.30
8.25
40.71
187.23
3.58

diff
%
45
45
36
37
36
35
-205

energy
MeV
0.000
0.116
10.480
10.525
11.059
11.132
11.674

JP PWIA

nb/sr
1~ 74.14
2-  268.38
2+ 17.11
1+ 8.89
2t 84.63
3t 179.72
1+ 2.34

cross sections in SM

DWIA diff
nb/sr %
41.65 44
150.10 44
11.09 35
5.53 38
54.66 35
117.85 34
4.72  -102
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Results — effects from kaon distortion in 8K

— the kaon-nucleus optical potential 1
Vet (F) = =B aidi(s) Slita(s)]a(r)
— the kaon distorted wave function in eikonal approximation
oo
X*(F) =exp |—iPx - F— boidy (1 — ia)/ dt p(F+ f)t)}
0

— distortion is 50-60% and depends mainly on behavior of p(7) in the peripheral region
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03[ . . 48 1 - L |——— DWIA HO density
F2N radial density for ~Ca 1 § t |- - DWIA HF density
1 2 300p
L N HOdemtw. by 1958 1 r BS3 optimum approx
\ 1 5 L
02 \ ] < —
densities are normalized to A=48 E : TD/\ NF kF 1 '2157
Sousk 1 ~ 200+ ’/\ ’,ﬂ,‘
! 1 H 8 ho
/ 1 o [ no
180, i
| L gl ™ i
005k J < 100 &« Aol
15 Foa I L
1 s AT S AL
] C R
% 2 - 8 10 [ AU AVAY
r (fm) ol NN | L
0 5 10 15 20

Excitation Energy (MeV)
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Results —

effects from kaon distortion in 20jiTI are =~ 50-90%

cross sections in nb/sr

T T T
radial density for 28ppy

E*, JP

0.000, 6~
3.857, 3"
5.794, 67
5.804, 7
i 7.955, 2~
7.969, 37
11.964, 8~
13.705, 4~
13.720, 5~

6
r (fm)

2 15.692, 51
18.201, 8+

do/dQ, dE, ) [nb/(sr MeV)]
S
2 g8 5 2 8 2
S 8 38 8 8 8

3
8

T T T T T
kinematics E12-20-013 Hall C; BS3 optimum; TD NF 1.34

- = PWIA

—— DWIAHF, <R>=525fm
———- DWIAHO b, =351, <R>=5.25

o™

.- DWIAHOb,;=3.20, <R>=4.79
—.—~ DWIAHO b,,,=2.25, R>=336

o

20.286, 3"
21.685, 2~
22034, 6~

[ 24.453, 7

24.472, 97
26.220, 7
28.673, 8~
29.343, 51
30.246, 91
30.253, 111
32.361, 71

o
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32.443, 8*

In

SA
SA
PA
PA
PA
PA
dp
PA
PA
dp

fA
PA
PA

A
&n

&A

PWIA DWIA
HO

11.96 1.88

12.67 1.17

25.34 513

52.81 11.73

27.72 3.15

34.79 4.44

111.26 33.27
22.49 2.75

24.36 3.82

91.79 14.42

86.00 28.09

11.01 1.01

42.57 7.24

81.52 17.95

28.05 7.25

92.66 36.96

78.46 20.99

106.61 27.27
73.59 14.43

36.21 12.56

147.78 79.76
101.38 29.12
81.60 28.02
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%
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7
88
87
70
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84
84
67
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7
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74
80
65
46
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65
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DWIA
HF
2.07
1.26
5.05
11.69
3.51
5.00
30.93
311
410
16.12
25.52
1.07
7.72
18.87
6.59
33.19
19.94
25.85
15.99
10.86
73.71
26.52
25.54

diff
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90
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7
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85
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86
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Results — kaon distortion

functions

Overlap of functions in the radial integral R,
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Results — effects from the nucleus-hypernucleus structure

— Tamm-Dancoff self-consistent many-body calculations using the NN Daejeon16 interaction
with a phenomenological density dependent (DD) term and effective YN interactions;

— the effective YN interactions: Nijmegen-F and Jiilich A YNG with kg = 1.34 fm
— kinematics: Ey = 1.5 GeV, Q2 = 0.012 GeV?, |f’K| = 1.176 GeV, 0k = 0.5°

— the rising background in TDp is due to many weakly populated states
— the result by Motoba and Millener are from the proposal of the JLab experiment E12-20-013
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Results — tuning the nucleus structure

nucleus is described as a core-particle system: |2%8Pb, s ) = > |27 TI(E, ey e [(nlj)p)
— similarly hypernucleus: [2%8T1(Ey, Jﬁ”)) =S PTTI(E,, JE)) @ |(n'1j7)A)

the core nucleus is a “spectator” in the impulse approximation

spectrum of the core nucleus calcualted in TDp with the NN Daejeon16 interaction
and the DD term (original) is modified introducing phenomenological energies

— modification of the 20,%TI excitation spectrum
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Results — electroproduction of 52V

— the excitation spectrum in 52Cr(e,e’K*+)%2V

— the NN Daejeon16 interaction with the phenomenological density dependent term
— the Nijmegen-F and Jiilich A YNG interaction with kg = 1.34 fm

— the BS3 amplitude in the optimum on-shell approximation

— kinematics: E, = 1.3 GeV, Q2 = 0.003 GeV?, and 6k = 3°

— comparison with older results from P.B., M.Sotona, T.Motoba, K.ltonaga, K.Ogawa, and

O.Hashimoto, Nuc. Phys. 881, 199 (2012).
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Results — predictions for the E12-20-013 experiment at JLab

— the rection: 2%8Pb(e,e’KT)208T|

— the many-particle calculation: the Tamm-Dancoff A-nucleon particle-hole model

— the NN interaction: Daejeon16 with the phenomenological density dependent term

— the YNG interaction: Nijmegen-F and Jiilich A with kr = 1.34 fm

— Hall C kinematics: E,= 1.5 GeV, Q2= 0.0323 GeV?2, |Px|= 1.245 GeV, fx= 7.1°, dx= 180°
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Results — predictions for the E12-15-008 experiment at JLab

— the rection: %°Ca(e,e’K+)*K
— the many-particle calculation: the Tamm-Dancoff A-nucleon particle-hole model

— the NN interaction: chiral NNLOs;: NN+NNN as in Phys.Rev.C 108, 024615 (2023)
and Daejeon 16 with the phenomenological density dependent term

— the YNG interaction: Nijmegen-F and Jiilich A with kr = 1.30 fm
— kinematics: E,= 1.5 GeV, Q2= 0.0323 GeV?, |Py|= 1.245 GeV, Oy = 7.1°, dy= 180°
— BS3 amplitude in the optimum on-shell approximation
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Results — predictions for the E12-15-008 experiment at JLab

— the rection: *8Ca(e,e’K+)®8K
— the many-particle calculation: the Tamm-Dancoff A-nucleon particle-hole model

— the NN interaction: chiral NNLOs;; NN+NNN as in Phys.Rev.C 108, 024615 (2023)
and Daejeon 16 with the phenomenological density dependent term

— the YNG interaction: Nijmegen-F and Jiilich A with kr = 1.34 fm

— kinematics: E,= 1.5 GeV, @2= 0.0323 GeV?, |Px|= 1.245 GeV, Ox= 7.1°, b=
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Summary

@ the effects from proton Fermi motion in electroproduction of hypernuclei
depend on the elementary amplitude and kinematics and they are more
apparent in the longitudinal parts of the cross section

@ we have suggested using the optimum on-shell approximation that effectively
accounts for the proton motion and improves agreement with the data

@ the shell-model approach with the effective YN interaction fitted to very
precise data from the -ray spectroscopy provide reasonable description
of spectra in electroproduction of p-shell (light) hypernuclei

@ Tamm-Dancoff formalism with the chiral NNLOs,; NN+NNN potential and
Daejeon 16 with the phenomenological DD term and various effective YN
interactions (Nijmegen, Jiilich) turn out to be a good tool in analysis of the
data in electroproduction of medium (*4K) and heavy (*%TI) mass
hypernuclei

@ we provided predictions for the experiments in preparation at JLab

@ correct inclusion of kaon distortion is important as in given kinematics
the distortion amounts to ~ 30-40% for light (p-shell) and ~ 50-90%
for heavy hypernuclei
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Outlook

@ include Coulomb interaction in the kaon FSI (Z = 81 for 2%8T1)

@ a more ambitious project: develop analogous formalism for (7, K™)
production and utilize consistent calculations of the many-particle part
(OBDME)
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Thank you for your attention!
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Backup slide — factorization

@ production amplitude in PWIA

BRE d? - S
Tj:z/d3§,\ d3¢, eBA Tr/ (275”3 exp [/pp “(6n — é“p)] Ji(Pk, Py, Bp)

/d3§1 P s OAELs o Erns E0) OH(Ers o ErniEn)

with the momentum transfer A = 137 — .E’K, Jacobi coordinates 5’
a scaling parameter B and assuming translational invariance

(Pk BalJj| Py Bp) = (2m)° 6(3)(PK+IB/\_'D’Y_5P) Ji(Pk, Py, Bp)-
— the amplitude is still averaged over the proton momentum p, .
— the elementary amplitude J; is a matrix 2x2

(in two-component CGLN-like formalism)

@ elementary amplitude is factorized out of the integral
replacing ju(PKa Pv:ﬁp) — j,u,(PKv P’yaﬁeff)
for some (unknown) effective proton momentum Pes.
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Backup slide — effective proton momentum

@ another possibility how to fix p.s is to use a mean value
calculated from the mean kinetic energy of the proton in nucleus

2 -
(Thin) = 2 = (p) = /20(Tkin) = |Bes| where

2p
)N\ [d* I(I+1
<wEljm|Tkin|wE[jm> /dr UEU I’) ( ) |:dr2 — (r2):| uElj(r)

- /dr|ua,( P (E — (ljm| V| fjm))

with the Woods-Saxon and Coulomb potentials: V= W5, + WS;s + Veou
and the single-particle state: Wgjm(F) = & we(0) [y, (F) @ D P,
o for the 12C target we get results:

proton state E[MeV] WS, WS;s (T) (p)
P12 1037 -54.18 1898 18.16 176.7
p3/2 -15.96 -54.18 -9.49 18.76 179.6
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Backup slide — off-shell effects
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