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Motivation

< Most of the theoretical descriptions of
single A-hypernuclei rely on the validity of
the mean field picture

55 MeV

|

< Correlations induced by the YN interaction can, however,
substantially change this picture and, therefore, should not be ignored

< The knowledge of the single-particle spectral function of the A in
finite nuclei is fundamental to determine:

v To which extent the mean field description of hypernuclei is valid

v To describe properly the cross section of different production mechanisms
of hypernuclei

do, = [dpydEydoSy (Py,Ey)Sy(Pa-Ey)

< Information on the A spectral function can be obtained from a
combined analysis of data provided by e.g., (e,e’K") reactions or other
experiments with theoretical calculations (see Franco Garibaldi’s talk
on Thursday)



Scheme of the Calculation
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Finite nucle1 hyperon-nucleon G-matrix

=  Finite nuclel1 G-matrix =  Nuclear matter G-matrix

GFN=V+V(2) Gy GNM=V+V(2) Gy
E FN E NM

Eliminating V:

GFN =GNM +GNM [(2) _(Q) ]GFN
E)ey \E/yu

Truncating the expansion up second order:

Gy =Gy + Gy [(2) _(2) ]GNM
E)ey \E/yu




Finite nucleus A self-energy in the BHF approximation

3 L4 A
Using Ggy as an effective A -
YN interaction, the finite . . N7

. N
nucleus A self-energy 1is O ~ WQ + as
given as sum of a 15 order Gin G

. NM
term & a 2plh correction A A
NM
A
< 15t order term
A
1
Vitka, Ky, la, jA) =5——=>_ Y @J+1)
3 2ja +1 T nplpjnty,
Q X ((KALA JA)(iln jntz,) TGl (kAla ja) (Malh jntz, ) T )
G
NM
A

This contribution 1s real & energy-independent

N.B. most of the effort is on the basis transformation \(kAlA J gt )J> —|KLgLSJTM,)



< 2p1h correction Tn

This contribution 1s the sum of two terms: G

* The first, due to the piece Waptn(ka, ks La, ja, )

1 T
Gam(Q/E)pGyvs - g1VesS =211 > 2 2 / dqq’ / dKK*QJ + 1)
rise to an 1maginary miliintyy LLSIT Y'=AT

d d ¢ rt . X ((k;\lAjA)(nhlhjhtzh)J|G|KﬁqLSJjTMT)
cnergy-dependent part 1n x (KLqLSJTTMr|GI(kalnjn) (talh jnty,) )
the A self-energy

h2K? h?q*(my +my)
2(my +myr) 2mymy:

x8(w+8h— —mY/+mA)

From which can be obtained the contribution to the real part of the self-
energy through a dispersion relation

o0

VO (en, Kr, La, i, @) =
2p1h( AsRpAsLA, JA’w)— ;P d(l)

—00

IWaptn(ka, Ky, I, ja, @)
o —w




* The second, due to the v,k K, 14, jn)

piece Gyy(Q/E)mGrms = ! >y ¥ quqZ/dKK2(2J+l)

. 2jp+1 ,
gives also a real & energy- Rhlnintz, LLSTT Y'=AE
independent contribution X ((kpla ja) (nnln jntz,) T |GIK LgLST T T Mr)
to the A self-energy and X (KLGLSJTTMr|G|(kalajn)(naln jntz,)T)

. . 2 p2 2 2 -1

avoids double counting of X Oyn (Q_ NE" Ko mitmy) o om A)
Y N states Hmpy +my) AN

Summarizing, in the BHF approximation the finite nucleus A self-
energy 1s given by:

Tigjnka,ky, @) =V, jaka, ki, @) +iWi, j, (ka, ki, w)|

with

Vinin (s Ky @) = Vika, Ky, I, ) + Vi kas Ky Las jas @) = Voo, (kas Ky Las ja) |

Winjn ka, ki, @) = Waptn(ka, ki, LA, ja, C0)|
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Expectation value < Wy | X

A self-energy 1n finite nuclei

s-wave state: He (black), C (red), O (green), $-, p-, d-, f- and g- wave states for Pb

Ca (blue), Zr (brown) & Pb (violet) JB (black) & NSC89 (red)

100 TT 171 :1YTIIIIIIII1V[II‘E ](]()_ lllll IYII!IIIII]IIII:

50 - = soF E

0 é’ 0E o
-100 g -100 -7 =
-150 é _|50_ v e id

100 FroroT l TTrT1T I LU I TTT l: :I TTT ] TTTT I TTTT I TTT I: ‘:_T l()() I

50 ——— E NSC97b 3 o

- - - -

-50 {2 3 3
100 Nt = o 100 s> 3 E 3
150 T e P TE dsobolon e b s Bi i g
IOOZIIII[I1IIIIIIIIII1I: :TIIIIIIII]TYII]TITI: :I1TT]IIIIIIIIT[II1I: 8 l()() b=

s0E 3 E NSC97e 3 E NSCY7f 5 g= 50 E

0 - — g - -4 g 0 N /;:—: — ':;

E -----I23 ==ccstedl  E C---C 2= o -5 K= 4 F ~--=F =

S0E arrer I = 22227 % N7 E = E E

200 E ---==="3 E ~---==="4 B -=2%77 3 K100 [ I = P I & 3
E | \~|_f’| 3 = | \j—f’l = E | \—I" | = 150 = Ea b e e d SERNE FNERE FRNEE ANANE

_150 el 1111 1111 11117 CLLll 1111 1111 11113 cL1il 1111 1111 11117 ‘_500 0 500 IO()O 1500 _500 0 S(X) IOUO 1500 -S(X) 0 500 lm}o Ism

5500 0 500 1000 1500 -500 0 500 1000 1500 -500 0 500 1000 1500 Energy ® [MeV]

Energy ® [MeV]

< [Im <W |Z]P>| larger in Nijmegen models —> strong w dependence of Re <W |Z|¥>
< Im <W¥ [Z[W># 0 only for > 0 & always negative

< Im <W |Z|W> behaves almost quadratically for energies close to w =0
< Re <W |Z|W> attractive for m < 0 up to a given value of w turning repulsive at high w

< Up to 500-600 MeV Re <W |Z|W> more attractive for heavier hypernuclei. At higher
o more repulsive than that of lighter ones



A single-particle bound states

A s.p. bound states can be obtained using the real part of the A self-energy as
an effective hyperon-nucleus potential in the Schoedinger equation

Z i

i=1

Nmax h2k2
2mA

+ lejA (kn, ki, = elAjA)] q’ilAjAmjA = €A ja \pnlAjAmjA

solved by diagonalizing the Hamiltonian in a complete & orthonormal set of
regular basis functions within a spherical box of radius R,

Dty jam;, (F) = (Flhknlajamj,) = Nuiy jiy kn?)¥1sjam;, ©, &)

* N,j» ——> normalization constant

* N,.. ——> maximum number of basis states in the box

* Jija(k;r) ——> Bessel functions for discrete momenta (j;, (k,Ry)=0)
* Yipjamia(0,9) ——  spherical harmonics the including spin d.o.f.

* Woiniama=<k,lpjam[W> ——> projection of the state [> on the basis [k, 1], m;,>

N.B. a self-consistent procedure is required for each eigenvalue



A single-particle bound states: Energy

Nuclei | Ipja | JB J04  NSC89 NSC97a NSC97b NSC97c NSC97d NSC97e NSC97f| Exp.

He (3He)
s | —228 589 —058 -3.16 —338 -394 424 420 -359 | -3.12

e Ko
sz | 948 —1894 569 —11.46 —11.79 -12.76 —13.08 —12.82 —11.37 | —11.69
P32 - —~3.66 - -024 -032 063 -068 —054 —0.01 | —0.7(p)
P12 - —4.07 - -012 -0.14 037 035 0.9 -

o 0
syp | —11.83 —23.40 -739 —1431 —1465 -1570 -15.99 -—1568 —14.02| -125
p3j2 | —0.87 —8.16 - -257 -272 -324 =333 =310 =217 | -25(p)
P12 | —1.06 —8.03 - -2.16 —222 261 —257 230 —141

4‘,{Ca (‘fgCa)
si2 | —19.60 —36.16 —15.04 —23.09 —23.42 -24.60 -2474 -2420 -21.96| -20.0
pa2 | —9.64 -2381 —6.92 —1237 -1257 -1340 -13.35 -12.84 —11.09 [ -12.0(p)
pi2 | =992 -2378 -629 -—12.10 -1223 -1295 -12.78 -12.22 -10.45
dsp | =070 —-11.72 - -2.80 —293 -347 338 —3.00 -—1.83 | —1.0(d)
dy; | —1.01 —11.65 - -243 246 285 261 218 —1.04

N )
si2 | —25.80 —4630 -22.77 3138 —31.73 -33.05 -33.06 -32.33 -29.56 | -23.0
p3j2 |—18.19 —37.73 —17.08 -2392 -2420 -2528 -2522 -24.58 —22.25|-16.0(p)
pij2 | —1830 —38.01 —16.68 —23.82 —24.06 -25.07 -24.92 -2423 -21.88
dsp | —11.16 —28.35 —9.05 —1441 —1458 —1536 —15.09 —1442 -12.41| —9.0(d)
dyp | —11.17 —28.44 —849 -—1430 -1440 -1512 -1477 -1406 -11.9
fip | =305 —1845 —1.56 —546 —552 —6.03 -559 —493 327 | -2.0(f)
fspp | =299 -1876 -1.00 —-528 —526 —569 —520 —452 -2.86

2(1)‘\)% (ﬂi{ipb)
s;2 | —=31.36 —59.95 —29.52 —38.85 —39.23 —40.63 —40.44 -39.50 -39.30 | -27.0
paj2 | —27.13 —5521 —26.01 -3349 -3391 -3513 -3480 -33.86 —31.03 |-22.0(p)
pij2 | —27.18 —5540 —25.72 -3338 -3378 -34.94 -3454 -3356 -30.72
ds;y | —21.70 —45.08 —17.85 —2323 -23.54 -2438 -23.79 -—22.86 —20.60  —17.0(d)
dyp | 2177 —45.07 —17.65 —23.17 -23.45 -2427 -23.68 -—2275 -20.51
fiz | —13.00 =37.15 —9.67 —1538 —1543 -—16.04 -1505 —13.81 —10.98 | —12.0(f)
fspp | —1313 —=37.16 —931 —1535 —1533 -1590 —1487 -13.61 -10.76
goj2 | —8.14 2991 -527 -10.07 -10.14 -10.68 -9.80 —871 —628 | —7.0(g)
g7/2 | —826 -—30.16 —4.80 -10.01 —10.00 -1046 -949 —837 —591

< Qualitatively good

agreement with
experiment, except for
JO4 (unrealistic
overbinding)

Zr & Pb overbound
also for NSC97a-f
models. These models
predict U,(0) ~ -40
MeV compared with
-30 MeV extrapolated
from data

Splitting of p-, d-, f-
and g-waves of ~ few
tenths of MeV due to
the small spin-orbit
strength of YN
interaction



A Binding Energy

p— 40 I I I I | 40 I I I | | I I
> JB - - NSC89 -
2 301, «-s8  — 301 ~
=T =] T -
g‘} 20 —*‘?; * - f - 20 —_hl\ o =
S e +":P\\ - A — g _ B —?T:-*: \&\ =
® 10k _;,‘_1:[ | z;l:\ *\ihx + Exp. |, _-l:+ \:l- . \t + =
E - '1'. I"l \\ N il P " —_ - “1 * \" qqqqq -]
S . VT % ol BT Ea e
0 0.1 02 0.3 04 0 0.1 0.2 0.3 0.4
_ 40— i T I T T 40— ] T | T | T
E - NSC97a - NSCO7f -
= 30 \]*\ —] 30 _Ql 't\ =
m" o il#- \\‘\ v B _|-1 \\ i
) 1
20"\ 4 20N R =
= - ;—_t_ \ R - R -T-A".'*_‘\ N o
v v q;\ > . #,‘
Y
.%ﬂ 10 __h‘d—‘k“\ +‘“‘- =] 10 _t—%—ﬂ -k\ *5\"‘-.,_“ =
E — ' ‘l.’ ."~ - -“-"‘.._\ — - {.“:‘ ' \\\ \\--“"-.._\_ -
S ¥ il il o I P W
0 0.1 0.2 0.3 04 0 0.1 0.2 0.3 0.4
A-2/3 A 23



A single-particle bound states: Radial Wave Function
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< W, state more and more spread when going from light to heavy
hypernuclei ——» probability of finding the A at the center of the
hypernuclei (|¥, ,(r=0)[?) decreases.

< Only He falls out this pattern because the energy of the s,, state is too
low, therefore, resulting in a very extended wave function

< The small spin-orbit splitting of the p-, d-, f- and g-wave states cannot be
resolved 1n the corresponding wave functions



General Remarks on the s.p. Spectral Function

Single-particle Green’s function (Lehmann representation):

N _pN-1
00 Ey —E,

Describes propagation of a
SP (@ St (o' _ propag
gap(w) = f do —2° (,w )‘ / do —28 (@ ). particle or a hole added to
. @ =0 +in w =o' —in | 4 N-particle system
LO\' t ‘—E(‘)” —00

being

Sho(@) =Y (WY 1Ea U w1l 1w )8 — (BN - EY)), 0> B - Eff |
m Particle & hole
part of the s.p.

5 TSNP T PN ¥ e ” - spectral function
Sap(@) =:FZ(‘I‘O Cg| W, — N (W, T lca| Wy )o(w — (Eg —E,; 7)), w<Ey —Ey~
n

Diagonal parts SP,, & S = probability density of adding or removing a
particle to the ground state of the N-particle system & finding the resulting
N+1 (N-1) one with energy w-(EN*! -EN,)) or (EN,-EN-!)-



The case of the single-particle A spectral function

In the case of a A hyperon that is added to a pure nucleonic
system (e.g., infinite nuclear matter or an ordinary nucle1), it 1s
clear, that since there are no other A’s in the N-particle pure
nucleonic system, the A can only be added to it and, therefore,
the hole part of its spectral function is zero

The Lehmann representation of the single-A propagator 1s simply:

o

gé\ﬁ (w) = f do'

~N4+A _pN
Ey -k

w—w +in




A Spectral Strength

In any production mechanism of single-A hypernuclei a A can be formed in
a bound or in a scattering state ——> the A particle spectral function is sum
of a discrete & a continuum contribution

< Discrete contribution

St Gen, @) = Z1, jo | (knla jam j [9)*8 (0 — g1, j,)

is a delta function located at the energy of the s.p. bound state with strength
given by the Z-factor

(WS, ; N7 -1
= (1- 2UT@W)) )
Elpnin

ow

The discrete contribution to the total A spectral strength is obained by
summing over all discrete momenta k

z’f\(, (@) = Zi, jp (@ — €1, j,)




A Spectral Strength

< Continuum contribution

1

{)ff)\ (ka Ky, ) = ——Img,\“ (ka, ky» @) |

where the single-A propagator can be derived from the following form of the
Dyson equation

S(ky — k') ra /
81 jn kas Ky @) = =2 50260 (ka, ) + g ko) “ (kK 0)gl) (K, )

A ) 1 ) 1

Free s.p. propagator Reducible A self-energy

/

Zixgs kas Ky, @) = By, j, (ka, Ky, ) + f dqagy Bi, ju (ka, qa, ©)g} (@A, ©) [, (@a, ki, )



A Spectral Strength

Due to the delta function in the Dyson equation is numerically more
convenient to obtain the continuum contribution of the A spectral function in
coordinate space

o0 oc
C / 2 !/ ! . C / . / 4
I (rarry, ) = = f dk K3 f dk)\ k2 ji, (eara) P (en, Ky, @) iy (K7l
0 0

The continuum contribution to the total A spectral strength is obtained
from the following double folding of the spectral function

o0 o0
S/ () = [ drar f driyri2 W, j, (ra) S (ra, rh, @)Wy, ()
0 0

Total A spectral strength

P _ op(d) plc)
Sl_.\ JA (0)) - S]_,\ ia (0)) + SIA Ja ((t))




A Spectral Strength: Results

s-wave state: He (black), C (red), O (green),

-, p-, d-, f- and g- tates (NSC97
Ca (blue), Zr (brown) & Pb (violet) s-, p-, d-, f- and g- wave states ( f)
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< Discrete contribution: delta function located at the energy of the s.p.
bound state with strength given by the Z-factor. Decreases when moving

from light to heavy nuclet —s AN correlations more important when
density of nuclear core increases

< Continuum contribution: strength spread over all positive energies.
Structure for w < 100 MeV reflects the behavior of self-energy.
Monotonically reduction for w > 200



AN correlations: Z-factor

YT, (@)Y -
Zinja =\1- dw |
D=Elp ja

Z measures the importance of
correlations. The smaller the value
of Z the more important are the
correlations of the system

< Z 1is relatively large for all
hypernucleti ——> A keeps its
identity inside the nucleus & is
less correlated than nucleons

< Z decreases from light to heavy
hypernuclei —> AN correlations
increase when density of nuclear
COre Increases

< Z increases when increasing the
partial wave —> AN correlations
become less important for higher
partial waves

Nuclei | I ja JB NSC89  NSC97a  NSC97f
AHe s1/2 0.976 0.983 0.965 0.964
e stz | 0950 0940 0.933 0.933

P32 - - 0.975 0.979
P12 - - 0.976
Yo s1/2 0.942 0.930 0.923 0.924
pia | 0973 - 0.956 0.959
piz | 0971 - 0.957 0.961
lca siz | 0920 0.89 0.898 0.898
paz | 0930 0915 0.911 0.914
P | 0929 0914 0.910 0.912
ds;; | 0952 - 0.932 0.938
d3jz | 0.949 - 0.931 0.939
T si2 | 0904 0870 0.879 0.876
p3z | 0906 0875 0.884 0.883
pia | 0907 0876 0.885 0.883
ds;; | 0910  0.886 0.891 0.893
dz | 0911 0.886 0.891 0.891
fip | 0919 0903 0.903 0.906
fsp | 0920 0905 0.902 0.907
Wpb | sy | 0884 0.846 0.857 0.856
pi | 0885  0.847 0.858 0.857
piz | 0885 0847 0.858 0.857
ds;; | 0896  0.858 0.870 0.869
dsz | 0896 0857 0.869 0.867
fiz | 0891 0.852 0.863 0.857
fsp | 0891 0.851 0.863 0.855
go2 | 0892 0855 0.869 0.862
g2 | 0892 0854 0.868 0.860
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< dd,a(ky) gives the probability of adding a A of momentum k,, in the s.p.
state 1,j, of the hypernucleus

< Intuitively one expects that if k, is large the A can easily escape from the
nucleus & the probability of binding it must be small. Both plots show in
fact that d4,;,(k,) decreases when increasing k, and is almost negligible
for very large values —> In hypernuclear production reactions the A is

mostly formed in a quasi-free state



oo

Total Disoccupation Number
The total spectral strength of the A hyperon fulfills the sum rule

o0

o0

The total disoccupation number
is 1 —> 1is always possible to

P _ p(d) plc o ) .
_/ dws;, ;, (@) = / dwsSj, ;j, (@) + / dws§j, j, (@) =1 add a A either in a bound or a
HA A A8 , scattering state of a given
! ! ordinary nucleus
discrete continuum
Nuclei 5172 P32 p1/2 ds ;2 di;2 far2 fs/2 £9/2 272
AHe | Discrete 0.964 - - = = = 5 A .
Continuum 0.023 - - Al - & - A >
Total 0.987 2 2 & z e 2 n <
3¢ | Discrete 0933 0979 - - - - . - -
Continuum 0.040 0.017 - - - - - -~ _
Total 0973  0.996 - - - - _ _ ~
70 | Discrete 0924 0959  0.961 - - = : 2 :
Continuum 0.053 0.037 0.036 - - - - - -
Total 0977 099  0.997 . = - - » ~
“lca | Discrete 0.898 0914 0912 0938 0939 = g 2 m
Continoum  0.071  0.063  0.064  0.048  0.047 iz - 2 S
Total 0969 0977 0976 098  0.986 = 2 _ <
N Zr Discrete 0876 0.883 0.883 0893 0891 0906  0.907 - -
Continuum  0.120  0.113  0.113 0103  0.105  0.089  0.090 - -
Total 0996 099 099 099 099 0995  0.997 - -
2Mpy | Discrete 0.856 0.857 0.857 0869 0867 0857 085 0862 0.860
Continoum  0.138  0.142  0.142 0.129 0.130 0.140 0.141 0137  0.139
Total 0994 0999 0999 0998 0997 0997 099 0999  0.999




The final message of this talk
Nucl. Phys. A 958, 48 (2017)
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<> Purpose:

v" Calculation of finite nuclei A spectral function from
its self-energy derived within a perturbative many-
body approach with realistic YN interactions

< Results & Conclusions

v' Binding energies in good agreement with experiment

v’ Z-factor relatively large —> A less correlated than
nucleons

v" Discrete cont. to disoc. numb decreases with k, —s A is
mostly formed 1n a quasi-free state i1n production
reactions

v’ Scattering reactions such as (e,e’,K") at JLAB &
MAMI-C can provide valuable information on the
disoccupation of A s.p. bound states



< You for your time & attention

<> The organizers for their invitation




