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Light nuclei from the first principles

* First principles for Nuclear Physics:

QCD 2M Force, 3MForce,  4M Force
— Non-perturbative at low energies 8; >< }{
— Lattice QCD in the future
« For now a good place to start: , >< () =:ZI:1
* Inter-nucleon forces from chiral NLO  |-..
effective field theory H
— Based on the symmetries of QCD
* Degrees of freedom: nucleons + pions Q3 }+J

— Systematic low-momentum expansion to NNLO }'Hj [
a given order b

— Hierarchy e,
— Consistency Qs X*‘H’J ,1 HX H‘FH*
— Low energy constants (LEC) NLO *1 o 0 1

« Fitted to data ™ -

» Can be calculated by lattice QCD
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The NN interaction from chiral EFT

PHYSICAL REVIEW C 68, 041001(R) (2003)

Accurate charge-dependent nucleon-nucleon potential at fourth order
of chiral perturbation theory
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« 24 LECs fitted to the np scattering
data and the deuteron properties

— Including ¢; LECs (i=1-4) from
pion-nucleon Lagrangian
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The NNN interaction from chiral EFT

Two-pion exchange
...... <> c,¢3,¢4 LECs appear in the chiral NN imteraction
* Determined in the A=2 system

C1s €35 €4

""" — One-pion-exchange-contact

New cp, LEC ™
C New! _
D Must be determined

- in 4>3 system
Contact
—> New ¢; LEC ~/
E
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Local chiral N2LO NNN interaction

* Regulator depending on momentum transfer = local NNN interaction in coordinate space

— Simpler to use, more like TM’, UIX, IL

— Different space-tensor structure (compared to regulation with nucleon momenta)
* Appears to perform better in mid-p-shell nuclei

— Example: Even the simplest, the contact term, gets involved...

= 2/1 . L
I“,/vfont = E7_"2 7_"3(5(]_"1 —_’2)(5(_’3 7_'1) & = §(§(r1 +r2)—r3)
11 / Fio= (- )
= BTy Tymm—=— ity dyd 7] A7) |7y /) (71 75 V2
(271')6 ( 3) o = %(%(ﬁ1+132)_])3)
Q= ph—pa= %(ﬁ; 71) + \/_(72_ 2)
Q = Py — s =/ 5(F2 — )

11
Wt = EBfy e ——

E?y -7y / A& 6|6 Ea) Z0(V2Er; M) Zo( 581 + 361 M) Eo)

/dﬁldﬁQdﬁ’ldﬁé]ﬁlfr’g)F(Q A)F(Q A) (77 1
Zo(riA) =55 dgq’jo(qr)F(¢*; A)

F(q*;: A) = exp[—q*/A%]

3 1 2
Few Body Syst (2007) 41: 117-140
DOI 10.1007/500601-007-0193-3 F§W
Printed in The Netherlands rﬁ/
Systems

Local three-nucleon interaction from chiral

« Technical details in  efective field theory

P. Navratl®
Lawrence Livermore National Laboratory, Livermore, CA, USA
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SH and 4He with chiral EFT interactions
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B I‘ T 21 __ \ “Q __
I Q. 3 T 2r He v B—> NN 28 eff B
=3 i H £--A NN 28 bare = 23 & LN O= 0O NN+NNN 36 bare | _|
L \‘\ B—1> NN 28 eff i L \ A\\ [0 NN+NNN 36 eff |
©= © NN+NNN 28 bare 241 . o= NN+NNN 28 eff | -]
4 s =< NN+NNN 28 ff | | - .
o 5\‘ - _ 25 _— ——
B 5 i n B 26| -
2 | . | = - 4
g Yy e i
i b ] 28} -
7+ k. - 2 .
L _D\R/LV\LEH‘”DM e S e — Yy 30:_ —:
L WM‘”’—O—O—O—O—O—“—(\ 31— _
9= 3l .
L e e Rl I | | | | | | | | | |
0 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36 0 2 4 6 8 \10 12 14 16 18 20
[\’ ax ’,HEIL\
BH 4HC‘
9\ 1 /¢ f 24172
Eg». .I7';2:,\?‘1""2 Eg\ -..Ip..f"lll
NN NCSM [71] —7.852(5) 1.650(5) NN NCSM [Tl} —25.39(1) 1.515(2)
NN HH [17] —7.854 1.655 NN HH [17] —25.38 1.518
NN+NNN NCSM [71] —8.473(5) 1.608(5) NN+NNN NCSM [71] —28.34(2) 1.475(2)
NNENNN HH[17] 847 1611 NN-+NNN HH [17] —28.36  1.476

A=3 binding energy constraint
co=+1, cc=-0.029, A=500 MeV [71]1 FBS 41, 117 (2007) [17] JPG 35, 063101 (2008)
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Determination of NNN constants c, and c,

from the triton

and the

* Chiral EFT: cj also in the two-nucleon
contact vertex with an external probe

« Calculate (Ei')=|(*He||E{'||*H)|
— Leading order GT
— NZ2LO: one-pion exchange plus contact

 A=3 binding energy constraint:
Cp=-0.2+0.1 ¢z =-0.205+£0.015

0.4 — T T
02~
0 —
Uu 0. A Lt
04
— Average
3 _
0.6 —He
08 P R S H R
-3 2 -1 0 1 2 3
c

B om— - e—
T s SR e e . e . . =
¢ e e ame .

] Calculation
= No MEC _
No 3INF

m wm No MEC, No 3NF|
- - dR=D .

no 3NF, t‘i=3.4

PRL 103, 102502 (2009)
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4He from chiral EFT interactions:
d.S. energy convergence

ST T T T T T T T 1 Chiral N3LO NN plus N2LO NNN
i \ e-ebare 36) |1  potential
i 4 \ v—v SRG (2.0/28)| ]
25 He: - — Bare interaction (black line)
A \ | - Variational calculation
I | « Strong short-range
; -26 - N3LO (500 MeV) ] correlations |
§ : NN + NNN = Large basis needed
m 7L | — SRG evolved effective
I I interaction (red line)
I . |  Unitary transformation
—28 \‘;\ i « Two- plus three-body
e YT e components, four-body
ol Ll e e e b )y omitted
2 4 6 8 10 le 14 16 13 20 22 « Softens the interaction
max - Variational calculation

= Smaller basis sufficient

Evolution of Nuclear Many-Body Forces with the Similarity Renormalization Group

E.D. Jurgenson,' P. Navritil,” and R.J. Furnstahl'




RTRIUMF 5Li from chiral EFT interactions:

Ground-state & excitation energies

—14+ —
L + -
S| : Ll 4
-18+ " [ — NN+NNN A=3 binding energy & half life constraint
- 2 L cp=-0.2, cz=-0.205, A=500 MeV
S o0— A=18fm ]
O _7oL e, |
> L 3 .
T 24+ s e, _
&8 F U i 1+
5 ol R T TTh_ geqd
[5 5 ' : e T 5
-28— — — 2+. —
i g —_ — 0%1
30l 4hQ . —— 3+
A1 6hQ —— ]
32+ 8hQ — .a)\ 1+ ]
34 - N = 40 extrap ]

[ SRG with 2- plus 3-body: Good convergence, extrapolation to infinite basis space possible j




R TRIUMF

Structure of p-shell nuclei

with chiral NN+NNN interactions

* NCSM is the only method to apply the chiral EFT NN+NNN interactions in the p-shell

— Technically challenging, large-scale computational problem
» ~4000 processors used in '213C calculations PRL 99, 042501 (007 PHYSICAL REVIEW LETTERS Hhs

Structure of A = 10-13 Nuclei with Two- Plus Three-Nucleon Interactions
from Chiral Effective Field Theory

P. Navritil.!
!Lawrence Livermore

. Gueorguiev." P Vary.! W E. Ormand.' and A. Nogga®
nal Laboratory, L-414, P.O. Box 808, Livermere, Californic 94551, LSA
Towa 5001 S, US4

mes.
*Forschungszentrum Jiilich, Instin fiir Kernphysik ( Theorie), D-52425 Kilich. Germany
iReceived 16 January 2007: published 25 July 20071

« NNN interaction essential to describe structure of light nuclei
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NNN interaction effects in neutron rich nuclei:
He isotopes

8He s"

*
*
»
.......

®He and 8He with SRG-evolved chiral N3LO NN + N2LO NNN

. . ) ) . A=3 binding energy & half life constraint
— 3N matrix elements in coupled-J single-particle basis: cp=-0.2, cz=-0.205, A=500 MeV.

* Introduced and implemented by Robert Roth et al.
* Now also in my codes: Jacobi-Slater-Determinant transformation & NCSD code
« Example: ®He, 8He NCSM calculations up to N_ =10 done with moderate resources

T T -21 [ ] T T T I |
] 2F A 3 .
NN+3N(500 - NN+3N(500 1
( )_1 1 23 N He ( )_]
SRG A=1.7 fm . - \ SRG A=1.7 fm
_ 24+ \ _
hQ=16 MeV . - KN hQ=16 MeV 1
% 251 \\\ ]
A NCSM ] E 261 N A NCSM N
—— Expfit <! —— Expfi
—_ extl;ap — Lﬂw 27 ot
_28 -
~ A ] ol
_____ N 29
] 30 T A
| | |
8 10 12 =315 2
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3N interaction effects in neutron rich nuclei:
He isotopes

o @ He (@®
* SHe and 8He with SRG-evolved chiral N3LO NN + N2LO 3N

— chiral N°LO NN: “He underbound, sHe and 8He unbound
— chiral N°LO NN + N2LO 3N(500): “He OK, both °He and éHe bound

T T
24k
____________ E
R o--0 NN
6k A--a NN+3N(500)
A=3 binding energy & half life constraint ~ * Expt
cp=-0.2, cz=-0.205, A=500 MeV é) -
Hgn 28
(] L] L[] m & ‘‘‘‘‘‘‘‘‘‘‘
NNN interaction important - T
to bind neutron rich nuclei 301 4
He
-32 L
4
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3N interaction effects in neutron rich nuclei:
He isotopes

 SHe and 8He with SRG-evolved chiral N3LO NN + N2LO 3N
— chiral N3LO NN: “He underbound, ®He and 8He unbound

— chiral N3LO NN + N2LO 3N(400): “He fitted, ®He barely unbound, 8He unbound
« describes quite well binding energies of '°C, 160, 4°Ca, 4Ca

— chiral N3LO NN + N2LO 3N(500): “He OK, both ¢He and 8He bound
« does well up to A=10, overbinds "?C, 160, Ca isotopes

— SRG-NSLO NN A=2.02 fm': “He OK, both ®He and éHe bound

« 160, Ca strongly overbound

[ [
( . ) ) 24
4He binding energy & 3H half life constraint o
[ cp=-0.2, cg=+0.098, A=400 MeV i [ EDDNN
- N 6l oo NN+3N(400) |
A=3 binding energy & half life constraint — A--A NN+3N(500)
| p=-0.2,¢=-0.205, A=500 MeV | Z NN-srg 2.02
2 [ ] EXpt
NNN interaction important S \
| to bind neutron rich nuclei 30k
[ . .
Our knowledge of the 3N interaction -
| is incomplete
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ExtreMe matter: 'H

Proton knockout from 8He: Is there a "H resonance?

[MeV]

E

15¢

10F

e
—ea
e
NN+3N(500)
SRG A=1.7 fm” IR
- fi
hQ=16 MeV T oo
H
s -~ H
E A
- Tl A N
- | | . s i A-———
0 2 4 6 8
N
max

[ NCSM calculation extrapolates to E,,<0. Not much can be concluded at this stage... j

14
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Superallowed Fermi -decay

Test of the Standard Model

K M, =2(1-4,)
ft1/2 2
G, |M,|
WO . . .
f= f dWPW(Wo —W) o) c : Isospin-mixing
I correction
M, =(flr,|i)=~2 for T=1

Cabibbo-Kobayashi-Maskawa matrix

/ dW / vud v vub / dS \

us

Sy | = Vea Ves Ver || Ss

(A

\bW \Viu Vs Vi) \b5/

2 2

+ [V

vud
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Superallowed Fermi -decay

Ab initio calculation

Phenomenological Shell Model calculations
d¢ for 1°C: 0.15(9)%, 0.18(2)%
3170- | ® £t ®
| O Ftp *¢%s °*
~~ 3160-
L [ )
<
= % °005
£ 31500 % § § %
0.6 O 6RO o @
| e O o
~ 04 o, *
é I ] O g e
Ze) i
0.2_ e
0.0— : : : : :
0 5 10 15 20 25
Z

02 T T T T
©O-O NN(3Nind) SRG 1.7 fm”"
¢ <O NN+3N SRG 1.7 fm”"
0.15- A -A CD-Bonn 2000 ]
10 + 10 + A
s CO" 1)-> B@O" 1)
;U 0.1r /g 7
Y Sea
‘/-’/,,0‘
0.05F & -7 -
e
Y orte
8///
ol I I I I
0 2 4 6 8
N
max

0nQ2  2nQ2  4rQ 602  8hL2
0-(%) 0.0231 0.0466 0.0654 0.0933 0.1211

Unitarity condition:
IVigl? + [Vyel? + |V,6[?=0.99995+0.00061

Useful to revisit:

10C constraints the scalar current
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E2 transitions in 1°Be and 1°C

7 I T T T 7 , : | |
10 10 o2
VH6__ Be PUNIEESELES < o ,—6_ C —r 4
= T e T |
iy - E 5L NN+3N(500) e -
%4_ o *02 34 SRG A=1.7 fm’' 0/,/" .
K i + n £ 4r - _
el NN+3N(500) AAE > hQ=16 MeV R
o 3_‘ SRG A=1.7 fm" ] + 3_‘ N
@:2_ hQ=16 MeV ] iui2— V“‘:,‘/‘:-——v __________ JE— v
- I [an} B ///
1_ — 1— ()/ ]
0—Ff========== D e S AR 0 I l l |
0 2 4 6 0 2 4 6
N N
max max

Q(2%)<0; Q(27,)>0

Expt.: Phys. Rev. Lett. 103, 192501 (2009)
2+.:9.2(3) €2 fm%  2*,: 0.11(2) €2 fm*

GFMC: AV18+IL7
2+.: 8.8(4) €2 fm*;  2*,: 1.8(1) €2 fm?

Q(2%)<0; Q(27,)>0

Expt.: arXiv: 1201.2960 [nucl-ex]
2+,:8.8(3) €2 fm?; 2+,: 7

GFMC: AV18+IL7
2+ 15.3(1.4) €2 fm%;  2*,: 0.2(1) €2 fm*

[Chiral NN+3N appears to do better than AVI18+IL7 for E2 transitions in AZlOJ

17



“Anomalous Long Lifetime of Carbon-14"

Objectives | Impact

= Solve the puzzle ﬁf the long but = Establishes a major role for strong 3-nucleon forces in nuclei
useful lifetime of C » Verifies accuracy of ab initio microscopic nuclear theory
= Determine the microscopic origin = Provides foundation for guiding DOE-supported experiments

of the suppressed 3-decay rate

14 - 14
! ~ 5,730 years ] N

%

3-nucleon forces suppress critical component

T T T T T T
H N3LO NN only

B N3LO +3NF (¢ ;=-02)
B N3LO +3NF (c=-2.0)

= Dimension of matrix solved
for 8 lowest states ~ 1x10°

=  Solution takes ~ 6 hours on
215,000 cores on Cray XT5
Jaguar at ORNL

—
4
% 5 -‘
~
{4
\ Q
A Y
[ S
GT matrix element
s & & =
o © o ; p p B
—_ N W 8 8 S (=3 E
T T T

7’
o i A B

\ V4 7 x
! 0.1 \ | | | 1 ]
w i TS \y sd  pf sdg pfth sdgi pthj sdgik Jhjl
\
Saot? shell
PRL 106, 202502 (2011) PHYSICAL REVIEW LETTERS A

net decay rate
Is very small

Origin of the Anomalous Long Lifetime of 14C

P. Maris,' J.P. Vary,' P. Navritil,>® W.E. Ormand,** H. Nam,” and D. J. Dean’

U.S. DEPARTMENT OF Office of pad
JENERGY  science @NCITE [OWA STATE UNIVERSITY @TRIUMF

and Industrial Competitiveness

® UNEDF SciDAC Collaboration s TR [a¥?) OAK RIDGE NATIONAL LABORATORY
%  Universal Nuclear Energy Density Functional ' v ‘ a‘-"s " Managed by UT-Battelle for the Department of Energy
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Neutron-triton elastic scattering with yEFT
NN+NNN

« Hypherspherical-harmonics variational calculations

— M. Viviani, A. Kievski, L. Girlanda, L. E. Marcucci,
Few Body Syst. 45, 119-121 (2009); arXiv:0812.3547

e Chiral N3LO NN plus local chiral N°LO NNN

[ A=3 binding energy constraint, c,=+1, ¢,=-0.029, A=500 MeV J

3 T T IIIIII] T T T T T T TT Soolllllllllll Il'l'llllll_lllllllllll

— NBLO-Idaho E=1MeV - E-2MeV 7% E =3.5 MeV
--= N3LO-Idaho/N2LO 400 -
— AvVi8
° IR
% 300 —
— Ee)
o) £
© g
Expt. B 00~
1= -~ |
100 (—
| | | L1 I| | | | L1 0 1 I 1 I 1 | 1 | 1 I 1 1 | 1 I 1 | 1 | 1 l 1 1 | 1 l 1 | 1 | 1 I 1
% 1 10 0 30 60 90 120 150 180 30 60 90 120 150 180 30 60 90 120 150 180
0, , [deg]

E. [MeV]

Cross sections obtained using chiral NN+NNN interaction are in the best agreement with experiment
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Proton-3He elastic scattering with YEFT NN

+NNN

 Hypherspherical-harmonics variational calculations
M. Viviani, L. Girlanda, A. Kievski, L. E. Marcucci, and S. Rosati, arXiv:1004.1306

* A, puzzle resolved with the chiral N3LO NN

plus local chiral N2LO NNN
— developed for and used within the NCSM

A=3 binding energy constraint,
cp=*1, cg=-0.029, A=500 MeV

|

0.6 T T T T T T T T T T T T T T T T T T
400 — L U i T e ! IE_,L-\A\I.- l ! lE-.x\l AR I l ! EI=55_1_I\J&\II !
- 1 E.=2:25 MgV | EtMev ” E,=5.54 MeV/ i Ry s T P 7
Gy [ | | | S o G [ & Fisher 2006 o Alley 1993 ")
. o Fanulue 195 - o Goup0 W §
icher 1006 ! 2006 q - isher 2006 o —+ | o Allex-2 1993 . E
300 - | _0_ Ei]ﬁém |8 ‘ o Fisher 2006 L | A =
- ¥ | — mvarowao 0.4 |- | =—— IN3LON-N2LO L5 I 3
=250 AVISUIX AVISIUIX = ]
: ¥
= 200 i - =703 - —+
%15@— f i T
L 02+ - -+
0o~ - — i I ;
af ot - = R+ 4
L L G ' § L & ",“
Q1 [ [ e o | T e B ) = '.f‘.jﬂ"”) \
G 30 6@ 9 120 150 O 30 60 90 120 150 0 30 60 90 120150180 ol 1L 1 I NAL L Ly 1 LoNA Lo
6o 193] 6o 1960] 6., (€] 0 30 60 90 120 150 O 30 60 90 120 150 O 30 60 94 120 150 180

e[c.m.] [deg] etc.m.] [deg]

Chiral NN+NNN Hamiltonian provides the best agreement with the cross
section and analyzing power data and with the new TUNL PSA analysis

Yoy [deQ])
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7 lw i [mb]

s
o

“He photo-absorption cross section

with xEFT NN + NNN forces

@ Wells (‘92)

o Shima (‘05)

¢ Nilsson (‘07)
a

i
(=]

Lof

00l

YEFT NN+NNN
AV18 4
AV18+UIX B
-=. TUCOM T

1 i ' 'Y A 1 ]

20

l 30
w [MeV]

‘o
N

Still large discrepancies between different
experimenal data

— up to 100% disagreement on the
peak-height

The NNN force induces a suppression of
the peak

Overall better agreement with
recent data by Nakayama et al.

In the peak region xyEFT NN+NNN and AV18
+ UIX curves are relatively close:

expect larger effects in p-shell nuclei

A=3 binding energy constraint,
cp=-1, cg=-0.331, A=500 MeV

S. Quaglioni and P. N.,
Phys. Lett. B 652 (2007) 37

Sizable effect of NNN force. However, differences in the realistic calculations far below the
experimental uncertainties: urgency for further experimental activity to clarify the situation.




R TRIUMF Including 3N interaction in the NCSM/RGM
Single-nucleon projectile:

A - ]. A - 2 T s
VINN(r, 1) =Y " Ry (r') Rua(r) {( )2( ) (@7 |Va—aa—14(1 — 2Pa_14)|®@}T
A—1)(A-2)(A-3 x x
_ ! ) 5 ) ) (@) |Pa—14Va—34-24-1|®}n ")
h SN
N \
Direct potential: in the model space Exchange potential: in the model space
(interaction is localized!) (interaction is localized!)

+ 4+ 4+

(A-1)
a,a;a;a,aqq,

Wal

(A-1) + _+
o : rar
SD <w"‘1 |a’ a;a,d; SD

v ), |||>< < (wi™

(c)

Including 3N interaction challenging: more than 2 body density required
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(a) (b)

(c)

G. Hupin: Kernel derivations
with many-body densities.
Use of existing codes:

[( l aJa : "bleb Joto

38'37 7K JoTog't, jotok'h, (—1
{J1 1/2 s}{J{ 1/2 s’}

I J [

JOK J\[d Jo K\[K 4 K
{j' J J }{jé K jz’;}{j' J j(,z}
{Terl’}{t;To 7'}{t§c i ’T}

12 T 12 (¢ t 1/2 1/2 1/2 1/2
<[(n’l’j’: n la]a) jét{):ngl{,j{,] J0T0|VA_3A_2A_1H(nalaja:nalaja)joto: nblbjb] J0T0>

Kt 'ty joto JoTo

<af4_1J{T1' {[alu n;z;j;] aigzgjg} {[anazajaanalaja] a‘"blbjb} ] aA—1J1T1>

Including 3N interaction in the NCSM/RGM:

Direct and exchange terms

)1/2+T0+t0+1

Sl

-/

—1)JiH I 1)jo+Jo—j+2j’(_1)T1+1/2+T(_1
1
J

K

v 5
ST
}{ 1/02 1t/02 IT“O}

llljlj| J0T0| VA—ZA—IA(]- . 2PA—1A)

Joto T_ » Joto i
] [analajaanblbjb:l

1/2
J
Jo
gf)

J

j
g

[(nalada : mleds ) Goto s nki| JoTo )

a
RALANN

04A—1J1T1>

|: [GIL/ i

)J{+j’+J(_1)j+j;+j{7+j(,+-70+k'(_1)T1+1/2+T(_1)17T077'+t6+t§€

Applicable to .A=34 targets




RTRIUMF Including 3N interaction in the NCSM/RGM:

Direct and exchange terms

/ J. Langhammer: \

Kernel derivations without the angular momentum

re-coupling and the many-body density factorization.
(a) (b)

Kernel calculations directly from the target eigenvectors:

Applicable to p-shell nuclei targets

The same strategy possible for multi-nucleon projectiles
\\ and A>4 targets /

(c)
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Direct and exchange terms
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Computational challenge:

multiple M values
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New developments: NCSM with continuum

The idea behind the NCSMC

NCSM/RGM ‘r/.

™ — — 1 "T'(A—a,a
w7y =3 / dFy, (7 Ad7 T (A=aa)

Hx = ENx

1 1

X =Ntiy (NT2HNT2)y = EY
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New developments: NCSM with continuum

The idea behind the NCSMC
NCSM/RGM
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NCSM with continuum: "He < °He+n

E,, [MeV]

5.6

?

NCSM/RGM
with up to three ‘He states

(2+,17,0%)

1.797

SHe

J=0%,
T=1

Expt.

unbound

P8 csrissiisiid

2,92 ($)3

1.327

He +2n

0.529
“He +3n

-0.445

“He + n

4 Y
NCSMC

with up to three ‘He states
and three "He eigenstates
More 7-nucleon correlations

S Fewer target states needed Y.

28
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NCSM with continuum: "He < °He+n

g E)
unbound
P8 osiisiiss il
NCSM/RGM NCSMC
with three °He states ) with three °He states
2% )3 and three "He eigenstates
1397 More 7-nucleon correlations
5.6 (2+,17,0% *He +2n
. N Fewer target states needed Y.
“He +3n
1797 2! EXpt- en) Experimental controversy:
"He s EXistence of low-lying 1/2- state
Hen . not seen in this calculations
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Conclusions

« Chiral N3LO NN interaction plus local chiral N°LO NNN interaction with
consistent LECs currently the best Hamiltonian for nuclei A<11

— Binding energies and radii of *H, 3He, “He

— Half-life of 3H

— proton-3He and neutron-3H elastic scattering
— Photodisintegration of “He

— Spectra and binding energies of p-shell nuclei

— However:
» Overbinds for A212 nuclei
« “overcorrects” spin-orbit sensitive observables (1* 0 state in '°C too low...)
« Lowering the cutoff to 400 MeV and re-fitting c¢ to “He binding energy:
— Accurate binding energies for 2C, 160, 240, 40Ca, “8Ca

— overcorrection problem goes away

* Our knowledge of the 3N interaction is incomplete
— Include N3LO NNN terms ...
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