Hypernuclear Spectroscopy
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Decay of hypernuclei  recall my = 1115.68 MeV

e Weak decay from ground state with 7 ~ 200 ps (74 = 263 +2 ps)

.- A—p+n free 63.9(5)%
oo A—n+aY free 35.8(5)%
I'n AN —nN in medium ~ 80%
'y ANN — nNN in medium ~ 20%

e ~ decay from bound excited states or particle emission followed
by v decay from daughter hypernucleus

dassisted by John Millener



Recent mesonic weak-decay spectra from FINUDA, PLB 681 (2009) 139
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Motoba, Itonaga, Bando, NPA 489 (1988) 683; update Gal, NPA 828 (2009) 72



Studies of A hypernuclei
e n(K ,77)A — emulsions, CERN, BNL, KEK, Frascati
e n(nt, K7)A — BNL, KEK
o (77, K*v) at KEK and (K—,7 v) at BNL, with Hyperball
e ple,e/ KT)A — JLab, Hall A and Hall C

YO(K—, 7= )% 0 at px = 900 MeV /c g (MeV/c)
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M. Ukai et al., Phys. Rev. C 77 (2008) 054315 [BNL-E930]
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10(e, e KT)§N from Jlab Hall A
PRL 103 (2009) 202501
B = 13.76+0.16 MeV for '{N(17)



Levels and cross sections obtained by fitting the **O(e, ¢ KT)8 N spectrum

compared with theoretical predictions.

E, Width Cross section E, Wave function J7" Cross section
(MeV) (FWHM, MeV) (nb/sr?/GeV) (MeV) (nb/sr?/GeV)
0.00 1.71 1.45 £ 0.26 0.00 p1_/12 ® 5128 07 0.002
0.03  prp®sion 17 1.45
6.83 + 0.06 0.88 316 £ 035 671 pyu®sipn 10 0.80
6.93 p;/12 ® s1on 27 2.11
10.92 £ 0.07 0.99 2.11 £ 0.37 11.00 p1_/12 R pajan 27T 1.82
11.07  pyy®@pijoa 17 0.62
17.10 £ 0.07 1.00 3.44 4+ 0.52 17.56 p;/12 @pijan 27T 2.10
17.57  py®@psjon 37 2.26

Note pjon — p3/2a degeneracy within curve fitting
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Left: 3Be(5/2%,3/2% — 1/21) Right: 80(1~ — 17,07)

Hypernuclear ‘fine structure’ in ~v-ray spectra

Sensitivity to ‘spin-orbit’ (1Be) and to ‘tensor’ (}{O)
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Hotchi et al., Phys. Rev. C 64 (2001) 044302 B, = 23.11 + 0.10 MeV
T. Motoba, D.E. Lanskoy, D.J. Millener, Y. Yamamoto, NPA 804 (2008) 99
deduce negligible A spin-orbit splittings, 0.2 MeV for 1 f,
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Update:  Millener, Dover, Gal, PRC 38, 2700 (1988)
Textbook demonstration of the shell model for A hypernuclei
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Shell model techniques
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Shell-model calculations

e Both |p"a.J. T x sp) and |p"a.J. 1. X sx) configurations included. In general, T,
can take three values. E.g. for °Li, T, = 1/2,3/2,5/2.

e Supermultiplet basis |p™|f.]B:(LeSe)J.Te) is very good for p shell = states with
different |f.] (often T.) well separated. E.g. ~ 15 MeV for lowest T,=1/2 x 3 and
T.=3/2 x ¥ in '§Li example.

e p-shell interactions fitted with tensor interaction constrained to give cancellation

in MC 3 decay; single-particle LS spacing constrained by data at the beginning of
the shell.

e Need NA-NA (parametrized, A,..), NA-NY (see following slides), and N>-NX
(for T=1/2 and T=3/2; from YNG-type interaction) two-body matrix elements.
All can be represented in the same way.

e Diagonal energies of A and X states differ by ~ 80MeV, plus core energy
differences, plus contributions from YN interactions.
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T-1 u
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A N
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N A
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Effective AN (YN) interaction

Van = Vo(r)+Vo(r) sn-sa+Va(r) Ina-sa+Va(r) Ina-sn+Vr(r) [3(on7)(onT)—on-04]

Vir)= zk: Vi(r) L£F . S*

Slg = \/602(7/“\> . [0'1, 0'2]2

YNG interactions

Vir)=> v ich Ve(r) = v o725
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Harmonic Oscillator — Wave Functions

H =p* /2m + 1/2mw*r?, b’ = h/mw

—r2/2

r— /b Ry, o< e Ry, o re " /2 Ry ox r2e"/? Ry ox (3 — 27“2)6_T2/2

/OOO r2Pe™ dr = 1/20(p + 1/2) I'(p+1)=pl(p) [(1/2) = 7

e Symmetry group - SU3
single-particle transforms as (q0) with ¢ = 2n + 1

e Coordinate transformations, ry, ro — (11 —1r2)/v2, (11 4+ 12)/V2
Talmi-Moshinsky transformation

e Generally for A particles — set of internal coordinates (maybe a number of

clusters) plus center of mass
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Some Racah Algebra basics for SU2

(Jp M| TR J M) = (J;M; kq|J e M) (T || T J;)

J2 72
jl J12 J3 = ZJ% U(jljgjjg, J12J23> jl J23 J3
J J
7 = vatbiera ) @ 0o
Ulabed, ef) = ef W (abed, ef) = ef (~)
d ¢ f
J2 J3 ( i g2 Jie J3 J2
. . = > | s Ji Ju . .
Jig J
J1 12 34N \J4 hala \ Jio ko J ) J1 J13 JaN \J4
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a b C a b C
(d e f)@fgﬁ< d e f ¢
g h ) \g h Z‘)
Ji kN
(JrJo; JI|[R, S*2 1M J1 Jg; J') = (Jé ko Jz)<JlR’“1J{><J23k2JQ>
Jk J

(aT[|[R7, SY"[[«'T") = (=)7 47" > _U(Tol'X, T1w)(aT||R7|[yT1) (yT1||S|2'T")

yl'y
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Two-body matrix elements

/ L L' k ~ -
<z112LS\vu’1sz’S’>JT=§kj(—)L *S”{ ¢ o }LulzzLVk(fr)ﬁkl’ll;L’>S<SS’“S’>

(LWl L|| Vi () CE|| 1L L) = (nIN Ly, LInilingla, LY (W' UN L., L' |0 Ui, L)

NL (nn')

L. " L'

,(_)l+Lc+k+L’ﬁlA
E L 1

} (nd [V (r) In'U) QUTLE(T)

SN - SA Ina - (SA + sN) Ina - (SA — SN) Tensor

(S|IS*|[S")  dssr(8s1 — 3ds0) /4 dssr/S(S+1)  (=)SV3(1—dss)/S  0ss1/205/3
()L O S/l + 1) S /UL + 1) v/6(1020]1'0)
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Gaussian:

(nl|V(r)|n'l'y =) B(nl,n'l';p) I,

p

2 o0 2
I, = | e v(vartd
P = T+ 3/2) Jo r“Pe V(\fr yredr

2

V(r)= Ve /r

I Vo
p (1 i 292)p+3/2

= |
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AN (YN) interaction parameters

Vna SNSA DNSA TLi values (MeV)
Va I V= 2(I§+ I?) (—1.22)
VoSn-sa I A= 2(I§+I7) 0.480
Valna-sa Sa = 3I? —0.015
Vnlna-Sn Sy =117 —0.400
VrSia T = %]10 0.030

Vi — ivc(sz 0) +zvo(sz D) V= Ve(S=1) = Va(S = 0)

Visina-(sa + Sn) + Varslya-(sa — sy) = Valwa-sa + Vvlya-sy
Vin=Vis +Vars VN = Vs —Vars

19



Van = Vo(r)+Vo(r) sy -sa+Vis(r) Ina-(sa+5sn)+Vars(r) Ina-(sa—sn)+Vr(r) Sis
%:1/41Vc+3/43vc VU:?’VC—lVC

FOI‘pNSY VAN:‘_/—I-ASN'SA—FSAZN°SA—|—SNZN°SN—|—T312

Parameters in MeV

|4 A Sa SN T
NA-NAN A=7-7 0.430 —-0.015 —-0.390 0.030
A=11-16 0.330 —0.015 —=0.350 0.024

NA-NX 1.45 3.04 —0.085 —0.085 0.157

20



Can write the central A-> coupling interaction as
\/4/3tN°tyv/—|— 4/3SN'SytN'tyA/

The factor (/4/3 arises from defining ¢ty as an operator that changes a A into a X

Diagonal matrix element \/4/3\/T(T + DV 4 a(IT|| X siti|| J) A
Off-diagonal matrix element b(J)(JL|| 2 sitil| Jo) A

The important A-X coupling matrix elements involve a > coupled to the same core
state as the A and states connected to this by a large Gamow-Teller matrix element.

21



Detour to light hypernuclei
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S-Shell A Hypernuclei

Hypernucleus J™(gs) By MeV J7 E, MeV
T 1/2+ 0.13(5)
1H 0+ 2.04(4) |+ 1.04(5)
1 He 0+ 2.39(3) 1+ 1.15(4)
2 He 1/2+ 3.12(2)

ADb Initio Calculations

o A=3,4 A. Noggaetal., PRL 88 (2002) 172501
Faddeev and Faddeev-Yakubovsky

e A=4 E. Hiyama et al., PRC 65 (2002) 011301(R)
Jacobi-coordinate Gaussian basis

o A=3,4,5 H. Nemura et al., PRL 89 (2002) 142504
Stochastic variation with correlated Gaussians
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A — 3 coupling for 1H and i He

Y. Akaishi et al., PRL 84 (2000) 3539
[AHe(T = 1/2)) = as’sp + Bs°sy

From AN—XN g matrix for Os orbits
v = (s°sp|g|s’ss), AFE ~ 80 MeV gss = 4.8 'gss = —1.0

V =335 A =1D5.38
0t v = %3933 — % Lges =V + %A Admixture ~ —v/AFE
1+ U:%?)gss—'_%lgss:‘_/—iA EShiftNU2/AE

NSCO7f: for 0t v ~7.7MeV = FEsMIt L 0.74 MeV

24



SN.SA + AX

NSC97e

SN.SA + AY

NSC97t

25

1.15

—1.24 MeV

—2.39 MeV



ME = (s°sy, J|V|sss, J)

%) = > 1/V2(=)"F|[$*(TS), s](1/21/2)) TS =01, 10

S(T)
ME = 3/2§U(S%J%, %g)QU(T%%O, %%)U(T%%l, %%)(ssA,S\VISSg,§>
J=0 ME=3/2PFV + U(l%%l, %%)1\/] =3/2[°V —1/3'V] =V + 3/4A
3V = 4.8 MeV 1V = —1.0 MeV
V =1/4'V 4+ 3/4°V = 3.35 MeV A =3V —1V =58 MeV

V(0") = 7.7 MeV V(1) = 1.9 MeV

26
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L=2 S=

The °Li core for {Li

: 5_‘_1+
>0 5.366 21

4.3] ot
s 3.563 0"
2186 v 3T R
1.475
Te4d | BE2)
(e,€’)
0 1T
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®, are p? states

Single-particle energies

€3/2 €1/2

Centroid Ep

€3/2 —€&1/2 = 3/2519

where one-body spin-orbit is

—&p 2 i li- s



Wave functions for A =6

A=6-9 fitd CK616 CK816 CKPOT
1?’; 0
35S 0.9873 0.9906 0.9576 0.9484 0.9847
°D —0.0422 —0.0437 —0.2777 —0.3093 —0.1600
p —0.1532 —0.1298 —0.0761 —0.0703 —0.0685
150
3S 0.0287 —0.0347 —0.2810 —0.3082 —0.1426
°D —0.9007 —0.9987 —0.9591 —0.9510 —0.9673
p 0.4334 0.0708 —0.0354 0.0259 0.2096
Oi’; 1
'S 0.9560 0.9909 0.9997 0.9999 0.9946
P 0.2935 0.1348 0.0247 —0.0137 0.1036
271
'D 0.8760 0.9827 0.9486 0.9959 0.9839
P 0.4824 0.3148 0.1854 0.0905 0.1789

Note ['N(17:0)) = —0.1139 35 + 0.2405 ' P — 0.9639 3D

29



°Li(gs)) = a®S; + B°Dy + ' P,

Q(°Li) = e*%(4/V5a8 + 2 — T/108%)

Q(expt) = —0.082 fm? Spin-orbit vs. Tensor

B(M1;2%;1 —1%;0) =83+ 1.5 x 107 Wu
°Li(2%;1)) = a(*D)'D + a(*P)*P
(IT) > 0 but not big enough; need (s7) > 0

(57) = [a(*D)a(" D) — \/5/3a(' P)a(*P)] ¢{"

30



7T
ALI

Lowest particle decay threshold for {Li is {3 He+d

Sa(ALi) = Sq(°Li) 4+ Ba(jLi) — Ba(3He)
= 1.475 4 5.58 — 3.12
= 3.94 MeV

Shell-Model (more later)

Weak-coupling basis (e T, gy Y ) JT)

Take core energies from experiment where possible

31



7Li v rays — Hyperball, KEK E419 and BNL E930

AY
; (keV) N
3.94(4) 3 He+d _ 3963 01
3878 oo 1/27:1 98 0.60
59 At
SN
2186 +
2521 &3 7/2+A 0 008 ° 50
471(2
2050 I 2)bg.2 5/2FY 74 1.23 Sy
T =5.8(11) ps 1474  *He+d
692 y 190 3/2+ 6 0.13
I A 0 170
A
0 Y Y oq/tY 78 121
7 Li o(nt,Kt)  °Li

H. Tamura et al., PRL 84 (2000) 5963 K. Tanida et al., PRL 86 (2001) 1982
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Energy spacings in {Li

Energy contributions are in keV AFE = AFEs+ AEyy Expt. in green

A =0430 Sy =-0.015 Sy=-0.390 T =0.030

Jr—JF  AEc A% A Sa Sx T AE
3/2+ — 1/2F 1.461  0.038  0.011  —028 (92
0 72 628 —1 —4 —9 693
5/2+ —1/2F 0179  —1.140  0.738  1.097 2050
2186 1 77 17 288 33 2047

1/2+ —1/2+ 0.972  —0.026 0211  —0.085 3878
3565  —20 418 0 —82 —3 3886

7/2+ —5/2F 1.294 2166  0.020 —2.380 471
0 74 557 —32 8 —71 194
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AY (keV)

2040 - 10 3047 325 o (5) keV
2 3004 I 5/2+
E., = 3024(3)
0 0t 4 0 ! 1/2F
*Be ?Be
AY A SA SN T AFE
—0.033 —2.467 0.000 0.939
—8 —14 37 0 28 44 keV

e Order of 3/27, 5/2% not determined from this experiment.

e In 2001 run on B target, the upper level is seen following
B — % Be + p enabling us to deduce JT = 3/2"

e Small spin-orbit splitting; note A(ps — pz)x & 150 keV in PC,
compared to A(p% —p%)N ~ 4 —6 MeV
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Tensor Interaction

For pure pl_/123 A, the combination of parameters governing the
doublet splitting is |[R.H. Dalitz, A. Gal, Ann. Phys. 116 (1978) 167]

1 4
B(17) = B(07) = =3 A+ 55y + 8T

3
2+
6793 33 {§784 — 22
6176 3/2_/ 0502—e—¢ 1 AFE = 222 keV
5241 5/2¢
5183 3
0 12— { 264X X 17 AE=26 keV
15 16
0 50

M. Ukai et al. — Phys. Rev. Lett. 93 (2004) 232501
M. Ukai et al. — Phys. Rev. C 77 (2008) 054315
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Energy spacings in ;'O

Energy contributions are in keV AFE = AFEs+ AEyy Expt. in green

A=0330 Sy=-0015 Sy=-0350 T =0.0239

Jr—JF AEc  AY A Sa Sx T AE
1= — 0~ —0.372 1369  —0.003  7.883 26
0 29  —123 —21 1 188 27

1; — 17 ~0.256  —1.239  —1.494  —0.769 6536
6176  —32 —84 19 523 ~18 6535

2= — 15 0.627 1.369  —0.003  —1.752 222
0 82 207 —21 1 —41 238

E,(27) = 6784 keV

36



1. G-Matrix elements from NA-NY calculation fitted with sums of Gaussians,
Yukawas, OBEP forms, ...

2. Hypernuclear two-body matrix elements calculated using Woods-Saxon wave

functions.

p-shell s-shell
v A Sa SN T Vs A
fit-djm {Li | —1.142 0.438 —0.008 —0.414 0.031 | —1.387 0.497
O | —1.161 0.441 —-0.007 —0.401 0.030
nsc97f  1Li | —1.086 0.421 —0.149 —0.238 0.055 | —1.725 0.775
escO4a 1Li | —1.287 0.381 —0.108 —0.236 0.013 | —1.577 0.850
esc08a  fLi | —1.221 0.146 —0.074 —0.241 0.055 | —1.796 0.650

e First two lines show that matrix elements are roughly constant with A - same
YNG interaction, WS wells have R=1,A"3, but rms radii of p-shell nuclei are
roughly constant
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pnsa A-2 coupling parameters from Nijmegen baryon-baryon potentials.

Source Interaction V! A’ S\ Sy T

Akaishi (s-shell) NSC97e/f 1.45 3.04 —-0.09 —-0.09 0.16
Yamamoto NSCI7t 0.96 3.62 —0.07 —-0.07 0.31
Halderson NSC97e 0.75 3.51 —045 —-0.24 0.31
Halderson NSCI7f 1.10 3.73 —-0.45 —-0.23 0.30
Halderson * ESC04a —2.30 —-2.59 —-0.17 -—-0.17 0.23
Halderson ESC08a 1.05 4.71 —0.07 0.02 0.32

+ D. Halderson, Phys. Rev. 77, 034304 (2008).

o iH/iHe 07 V] +3/4 Al
e \H/4He 17 V/—-1/4 Al
e Effective central interaction from second-order tensor; ESC04 interactions have a

peculiar radial behavior (see Halderson) but the overall strength is not so
different from the other interacions (when resticted to the p shell).
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Other p-shell hypernuclei
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Strong 1~ and 0" states in *O(K—,7w7)%0

25.4 0+
31_/1231/2A = \/4/553P128A +

17.1 0*

1/55*p'%(02)(sd) s,

D3 /2P3/2a + £5*p0(sd)sp

12.7 3/2+
12.1 1/2+
10.3 1/2+;1 106 0%

~ T8 1/2F, 3/2F

~ 12.5

50 4+ A

Py 5p12n + e5'p10(sd)sa

~ 7.8
15 ~ 6.9 -, 2= 15
AN pg_/1231/2A AN _|_p
0 21201/ -




15N ~ rays — Hyperball, BNL E930 (°01)

3948 (15 1+

2313- 0L D5 gty

4710-99:9 3/2%

1228 100 1/t

2442 1961

2268 1 §2v I8 1/9+:]

2268 7= 4%

(92) y 1/2%
0 Y 3/2F

42

A

T~ 1.9 fs
9

T~ 39f1s 70

T ~ 0.48 ps 106
Teap=1.5(4) Ds

T ~ 170 ps 14
56



Energy spacings in "N

Energy contributions are in keV AFE = AEs + AEyy Expt. in green

A =0.330 S)=-0.015 Sy=-0.350 T =0.0239

Jr—J7  AEc  AX A Sa Sx T AE
Py 0.5 ~2.0 0 ~12

1/2+ —3/2% 0.740  —2.237  0.024  —8.956 ?
0 42 244 33 —8 214 96

1/2+:1—3/2% 0.262 —0.752  0.016  —2.966 2268

2313 —50 86 11 —5 ~71 2282

1/24 —3/24 1.367  0.130 0.034  —0.424 481
0 61 451 —2 —12 ~10 502

3/25 —1/2%;1 0.474  0.025  —1.335 —0.271 2442

1635 96 156 0 467 —6 2342

Close to perfect fit with A = 0.31 and Sy = —0.40
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Excitation energies and weak-coupling wave functions for '3 N.

Jo.T  E, (keV) Wave function

3/27;0 0 0.998517:0 x sp + 0.031815:0 x s, + 0.037821:0 x s,

1/27:0 96 0.998617;0 x sp + 0.050315;0 x s

1/27;1 2282 0.999007;1 x sp + 0.023117;1 x s, + 0.020605;1 x sp
— 0.026107;1 x sx

1/23:0 4122 —0.050217;0 x 55 + 0.998415:0 x s,

3/25:0 4624 —0.033317;0 x sx + 0.998413:0 x sa + 0.036327:0 x s,
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M1 decays from 1/2%;1 in 3N

1/2%;1 — 3/2%;0 af a; core M1
large component 0.9979 x 0.9988 x (—0.251) —0.250
13, s admixture 0.0318 x 0.9988 x ( 2.957) +0.095
) admixture +0.011
—0.137

1/27:1—1/27;0 af a; core M1
large component 0.9983 x 0.9988 x (—0.251) —0.250
15, s, admixture 0.0545 x 0.9988 x ( 2.957) +0.161
) admixture +0.008
—0.081

gan = —1.226 py gas = 3.22 un
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Doublet spacings in p-shell hypernuclei

JrJr | AY A Sy Sy T |AE"™ ApRew
TLi 3/2t 1/2t ] 72 628 —1 -4 9| 693 692
TLi7/2T 5/2F | 74 557 =32 -8 71| 494 471
L 27 17 | 151 396 —14 —16 —24 | 450  (442)
ALi 5/2T 3/2T | 116 530 —17 —18 —1| 589
L 3/25 1/2t | -80 231 —-13 —-13 93| 9
“Be 3/2T 5/2F| -8 —14 37 0 28 44 43
UB 7/2t 5/2t| 5 339 —-37 —-10 —80| 267 264
UB 3/2F 1/2| 61 424 -3 —44 10| 475 505
2Cc 20 1- 61 175 —12 —13 —42| 153 161
BN 3/25 1/2§| 65 451 -2 —16 —10| 507 481
0 1= 07 | -33 —123 -20 1 188 23 26
RO 27 15 92 207 -—21 1 —41| 248 224
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Ground-state doublet spacings in 4B and '43C

AY (keV) AY (keV)
- 150 2= 39
121 2 49
0 1- 34 0 1= 96
12
A“C
AY A Sa Sn T AFE
12C 0.531 1.453 0.038 —1.742
57 175 —22 —13 —42 150 keV
1B 0.570 1.425 0.008 —1.099
—14 188 —21 —3 —26 121 keV
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[0.679]

0.001]
0.464

0.217

0.066]
0.306]

1.118]

Speculations on the placement of 1B ~ rays.

AL 48 3/2%:1 7~ 0.92fs

5317
3834 2477
2840) 18y 1/9%
2511 3/2F
45819 /
205395 WU 1/2%:1
1988 | 505 1570 3/2F
1483 100(86) ¥ 1/2+
1483
264 7/2%
1264
0 Y 5/2F

48

T ~ 0.69 ps
T~ 1.1 ps

T ~ 0.08 ps
T~ 1.3 ps
T ~ 27 ps

T ~ 8.4 ps

5164

LS=20

2154 _LS=21
1740

L5=00

718 _LS=01

0 LS=21

1OB

27: 1

170
01

17:0

370



Shell-model calculations for '}B

5317 3/2+;1 5361 5320 5338

2477

2511 3/2F 2555 2581 2587
N 2249 313 2936 __345 2933 354

2053_._ 1/2 1 1967 1806 1881

1988 | 505 3/2%

1483 3 1/27 1443 1447 1468
e ocs 475 org 497 o7 _ 501

264 7/2ﬂL 267 310 293
0 ¥ ¥264 5o+ 0 _ 207 0 _ 310 0 _ 293

Expt. Barker fit3 fit4
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Double one-pion exchange ANN interaction

Gal, Soper, and Dalitz: Ann. Phys. (N.Y.) 63, 53 (1971)

Independent of A spin. Averaged over s, wave function gives

]\G/JJC\; - Z le 1, T2) [017 02] ’ [Cl(TAl)v Cm<f2>]k T1 - T2

klm

Parameters in MeV
ng (2)2 Q%Q Q(2)2 — ng Q%Q
0.026 1.037 —0.531 —0.049 0.245

e ), and QY, give repulsive contributions to By that depend
quadratically on the number of p-shell nucleons in the core.

e ()5, represents an anti-symmetric spin-orbit interaction that
behaves rather like Sy
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A-Y) and spin-dependent contributions to ground-state binding energies

T3 8T 3 971 3 9 10 11 12 13 15 16

1/2+ 1= 3/2 1/2F 1= 5/2F 1-  1/2+ 3/2F 1-

A->2 103 28 59 62

A 419 288 350 0 125 203 108 —4 40 94
Sa 0 —6 —10 0 —13 —20 —14 0 12 6
SN 94 192 434 207 386 652 704 841 630 349
T —2 -9 —6 0 —15 —43 —29 -1 —69 —45
Sum 589 625 952 211 518 858 869 864 726 412
Expt 5.58 6.80 8.50 6.71 8.89 10.24 11.37 11.69 13.76
6.84 8.29 9.11 *

1% —-0.94 —-1.02 —-1.06 —1.06 —-1.04 —-1.05 —0.96 —0.93

* By = 13.76(16) MeV: F. Cusanno et al. PRL 103, 202501 (2009)

To get a rough V, take By (3He) = 3.12 MeV as s, single-particle energy, and
subtract sum from experimental B, value.
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12C(01,27%) X pa states of 13C

[In] 2O f] £ RC st
441] 1 3/270.16
| e 1/271.67
QN-QA =+ Pac B
,: 54] 3 o i/g 1.82
5/270.23
4.44 MeV

H. Kohri et al., PRC 65 (2002) 034607

p 07 54] 1227025 AR = 150(54) keV
44] e 372 1.13

Ba = 11.69 £ 0.12 MeV 3/27/1/2~  E, =10.83/10.98 MeV



BO(K~, 7)1 C M. May et al., PRL 47, 1106 (1981)
Theory: E.H. Auerbach et al., PRL 47, 1110 (1981); Ann. Phys. 148, 381 (1983)

Basic data: Separation between 10.4 and 16.4 MeV peaks at 0° and shift in position
of upper peak at 15°.

Woods-Saxon: p, bound at 0.8 MeV

2C nsc97f esc04a djm | Experiment
1/25 —1/27 6.94 6.05 6.18 6.0+ 0.4
1/2; —5/27 | 218 123 1.37| 1.7+04

Odd-state tensor, even-state tensor, and A-> mixing work against one-body and
two-body spin-orbit interactions in the “single-particle” p, splitting. Mixing of
27 X pa into 07 x py (typically 5%) also contributes to the spacing.
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Contribution to “single-particle” p, splitting in 3 C

Source AE (keV)
Qn - Qa: mixing with 27 x p, states 224
One-body spin-orbit 43
Two-body LS + ALS interaction 57
A — X mixing —30
Spin-spin interaction 27
Odd-state tensor interaction —45
Even-state tensor interaction —94
182

Full diagonalization 186

Total LS + ALS 100
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Future Hypernuclear vy-ray Spectroscopy

e Hyperball-J at J-PARC (Tamura)

o (K- ,m ) px=11o0r15GeV/c

e Larger spin-flip amplitudes - test case 1He 17 — 07
e p-shell and light sd-shell nuclei as targets

o (K, my) also possible
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