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Outline

: Theory method
= Ab initio no-core shell model (NCSM) and NCSM with continuum (NCSMC)
. Input chiral NN+3N interactions
: Continued fraction Lanczos method for Green’s functions
: Fundamental symmetries
2 Calculations of B-decay electron spectrum
= ®He, N — reach to light sd-shell, e.g., "°*Ne
2 Nuclear structure corrections for the extraction of the V4 from the superallowed Fermi transition
= §cand Syg for 1°C—10B — reach to *O — "N and possibly 8Ne — "8F, 2Mg — %2Na
. Parity-violating and time-reversal violating nuclear moments
: Anapole and electric dipole moments of light nuclei

- Proton capture on ’Li and the hypothetical X17 boson



Outline

- Nuclear structure
- Resonances close to threshold — reach to light sd-shell
= DT fusion, ’He+p, °Be+p — ""Be B-decay to continuum
- Halo nuclei
= 1Be — photodissociation, ANC
= 15C — ANCs, narrow resonances in the "F mirror
2 Radii of weakly bound nuclei within the NCSMC — much superior to NCSM (HO basis)
: Nuclear astrophysics
- Capture reactions — reach to light sd-shell

. 4He(d,y)bLi, "Be(p,y)eB, "C(p,y)'2N, 8Li(n,y)°Li, 1*C(n,y)'°C
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Ab initio No-Core Shell Model (NCSM) 5
= Basis expansion method &
= Harmonic oscillator (HO) basis truncated in a particular way (N, ax)
= Why HO basis?

= Lowest filled HO shells match magic numbers of light nuclei
(2, 8, 20 — “He, 60, 4°Ca)

= Equivalent description in relative(Jacobi)-coordinate and
Slater determinant (SD) basis

= Short- and medium range correlations
= Bound-states, narrow resonances

N=2n+]|
1=1,3 N=3 \i 7/ 20—40
/1=0,2 N=2 12—20
[ = N =1 6—8
/=0 N=0 2—2

E=(2n+1+3)b0
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Ab initio No-Core Shell Model (NCSM) 7
= Basis expansion method &
= Harmonic oscillator (HO) basis truncated in a particular way (N, ax)
= Why HO basis?

= Lowest filled HO shells match magic numbers of light nuclei
(2, 8, 20 — “He, 60, 4°Ca)

= Equivalent description in relative(Jacobi)-coordinate and
Slater determinant (SD) basis

= Short- and medium range correlations

For A>4 nuclei we use the SD basis

= Bound-states, narrow resonances
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ADb Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)
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ADb Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)
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ADb Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)
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NCSM & NCSMC

= What are the observables that will have the most impact?
= Input — chiral NN+3N interactions
= NN well constrained by the nucleon-nucleon scattering data
= 3N is not well constrained
= Need to measure three-nucleon scattering

12



NCSM & NCSMC

= What theoretical advances are required?
= Coupling of different mass partitions

Moving in that direction:
First example 6Li(n,t)*He

10

o Friesenhahn75
o Khnitter 77
4 Lamaze78

— “Li(n,0)'He

®Litn,n)°Li

E, (MeV)
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Precise measurements of g decays to search for Physics Beyond the Standard Model 15

= Precision measurements of B-decay observables offer the possibility to search for deviations from the Standard Model
= B-decay observables are sensitive to interference of currents of SM particles and hypothetical BSM physics
= Discovering such small deviations from the SM predictions demands also high-precision theoretical calculations
= = Nuclear structure calculations with quantified uncertainties



®He B-decay

= Decay rate proportional to

dw o1+ agyB - D+ bp™e B=

3.5078
°He

=
<!
|
<
<>

ag, angular correlation coefficient between
the emitted electron and the antineutrino

b Fierz interference term that can be extracted
from electron energy spectrum measurements

= The V-A structure of the weak interaction in the Standard Model
implies for a Gamow-Teller transition

Wl

16

12:01

2.0 :
———  [3.563 0*1 A
“*He+n+p “ \

2
2.186 30 1.07
1.4743
MHe+d
\ \
1%:0
-0.992 671
Ti+d-t Li
|
6 J5=0%;
He T=1 >0.0007%

<99.9993%



Precise measurements of g decays to search for Physics Beyond the Standard Model 17

= In the presence of Beyond the Standard Model interactions

=277 3,563 0"1 e\
2 Ak 365078 “He+n+p w \
Cr |2 +|C| He )
CLBSM - 1 — 2T 2.186 3*:0
— - : 2 1.07
pv 3 2|Cal B 14743
“He+d
bBSM _ CT—FC,,T Y Y 1+;0
Fierz Ca -0.992 61 i
TLi+d-t
= with tensor and pseudo-tensor contributions
= However, deviations also within the Standard Model caused by | ; o
the finite momentum transfer, higher-order transition operators, He T=! 20.0007%

and nuclear structure effects

12:01 <99.9993%

= Detailed, accurate, and precise calculations required



Precise measurements of g decays to search for Physics Beyond the Standard Model 18

= Higher-order Standard Model recoil and shape corrections

_ 1 ot am
) =—3(1+5 ")
1B _ ST g=k+7v momentum transfer
F =9
. éf‘ axial charge
-2 MY
T _ gme[ UEH/AD /5 g, —2) O 3A/q”)] A
LN (LTI MY vector magnetic or weak magnetism
2 ERaz; — 22 (@z5)?
—_—— f ’ - .
7 630 L{ «< 1  Gamow-Teller leading order
1V
tp- 4 (IC{/qll) (1M1 /qll) A
b " = 59% [ (||LA||) ++/2(Eo — 2E) —(||i'1“||) Ci" M)" NLO recoil corrections, order g/my
—|— ; E Ra Z f —_— g E 0 Ra Z f’ J. Phys. G: Nucl. Part. Phys. 49 (2022) 105105 (24pp) hitps://doi.org/10.1088/1361-6471/acedc
) CA 84 A formalism t th
518 = 2o | UC1/AN | 5 (M7 /91D it
3 (|| LA ||) (|| LA ||) effects in precision 3-decay studies

Ayala Glick-Magid® and Doron Gazit*



Precise measurements of g decays to search for Physics Beyond the Standard Model

= Higher-order Standard Model recoil and shape corrections

@qu A
J _ [ ~/ =2
=) — |84, (qrj)
q sz;mN JM; J
1 gP 2 -
) m (Eo + AE() E/],M] (qrj)] Tj+,

~

A
TA . gP 2 e -
L]M] = Zl (gA + (sz)Zq ) E,J/M] (qu) lef—’
j=1

M‘]/M A 1
] _ - A _>' 7 A, _,. +
P j§—1 — [gvAJM, @rj) = SHE;u, (qr])] T

Hadronic vector, axial vector and pseudo-scalar charges

~ _ (2mpy)?

gv= 1 ga= -12756(13) gp = m2 _qz gA
4 i

u = 4.706 is the nucleon isovector magnetic moment

AEc = (5Li 15|Vc[5Li 1) — (°He 04|V.|°He 0F)

2, (475) = [W%MJMJ(CI"?) 7 (7),

Vyar, (a75) = My, (a75) () - Vi, + 5550, (7)),

A, (qFy) =

A

A

M, (a75) = G(qr;)Yom, (75)

My, (a7y) = joar;)Yiom, (75)

Ultimately, we need to calculate
®He(0* 1) — SLi(1* 0) matrix elements
of these “one-body” operators
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Apply ab initio No-Core Shell Model to calculate the 5Li and ’He wave

functions and the operator matrix elements

= Matrix elements of the relevant operators
~ . 1= B o
o, 015) = | 1952 07| - ),

A . = 1 . .
QQMJ (qu) = MJMJ(qu) U(]) ' ij + §EZMJ(q7“j),

A N —_ = 1 —
A, (q75) = My, (gry) - avfj,

A . 11 - . o
S0 (a) = —i [Ev@. < Wy, (qrj>] 505),

= Convergence investigation
= Variation of HO frequency
= hQ =16 - 24 MeV
= Variation of basis size
*  Nmax= 0 - 14 for NNLO,
Nimax= 0 - 12 for NNLOgy

o
N
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Contents lists available at ScienceDirect
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Nuclear ab initio calculations of ®He S-decay for beyond the Standard

Model studies

Ayala Glick-l\gagid 2, Christian Forssén*, Daniel Gazda®, Doron Gazit**, Peter Gysbers ¢-¢,

Petr Navratil
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Overall results for ®He(0* 1) — 6Li(1* 0) +e-+ v

= We find up to 1% correction for the B spectrum and up to
2% correction for the angular correlation

= Propagating nuclear structure and yEFT uncertainties
results in an overall uncertainty of 104

= Comparable to the precision of current experiments

by P =5 =_152(18)-1073

<S§+ﬂ_> — _2.54(68)-1073

Non-zero Fierz interference term due to nuclear
structure corrections

Note that new physics at TeV scale implies
bBSM _ CT+C;" ~ 10~3
Ca _.

Fierz —

Physics Letters B 832 (2022) 137259

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Nuclear ab initio calculations of ’He B-decay for beyond the Standard )
Model studies —

Avala Glick-Magid ?, Christian Forssén™*, Daniel Gazda®, Doron Gazit®*, Peter Gysbers %-¢,
Petr Navratil¢

1*B~

N
o
L

—
o
1

(a)

————

i - —- Gamow-Teller N

B Nucl. structure error
Total theory error
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Unique first-forbidden beta decay °N(2-) — 1¢O(0*)

= The unique first-forbidden transition, JA™ =2~ is of
great interest for BSM searches
= Energy spectrum of emitted electrons sensitive to
the symmetries of the weak interaction, gives
constraints both in the case of right and left
couplings of the new beyond standard model
currents

= Ayala Glick-Magid et al., PLB 767 (2017) 285
= Ongoing experiment at SARAF, Israel

7116.85 g3 s

27 T=t “fl3% 0
16
QB_= 10419.0 559 u\b

1.06% o ZITE & & 388719 125 f;
_ i

4.8% . 1:T=0 % /\\\

&
66.2% 3 1=0 y ¢

qj%.
> 6129.89 18.4 ps

28.0%

M Stable



Ordinary muon capture on %O within the NCSM 23

= |nvestigated using three sets of chiral EFT NN+3N interactions:
= NN(N4LO)+3N(N2LO,Inl)

16 + - 16 —
Entem, Machleidt, Nosyk, Phys. Rev. C 96, 024004 (2017) (NN) O0g) + 17 = PN(2g) + v

Gysbers et al., Nature Phys. 15, 428 (2019) (3N) 90| o | T O
= NN(N4LO)+3N(N4LO,Inl,E7)

Girlanda, Kievsky, Viviani, Phys. Rev. C 84, 014001 (2011) (E7) 51 B
= NN(N3LO)+3N(N2LO,Inl) =

Entem, Machleidt, Phys. Rev. C 68, 041001 (2003) (NN) % ol ; .

Soma, Navratil et al., Phys. Rev. C 101, 014318 (2020) (3N) o

|| —m— NN-NYLO+3N ) Early exps. )
= Results quite encouraging NN-N'LO+3Nj, Kane 1973
—— NN-N3LO* 43Ny,

= NCSM describes well the complex systems 60 and 16N o l—— ‘

0 2 4 6 8 10 12 o
Nmax
Lotta Jokiniemi, PN, Kotila, and Kravvaris, in progress

= — Feasible to apply NCSM to the '°N beta decay



24

1N(2-) Gamow-Teller transitions to the negative parity excited states of 1°0

= Tests of NCSM wave functions
= B(GT)s overestimated — operator SRG, 2BC need to be included, continuum

= Correct hierarchy of transitions

16 16 66— NNN'LON,
N-> 0O & — -0 NNN'LON, B
T T T T |o— -0 NNN'LO+3N, 2:T=1_7.13s 0
2 16
e ©----© NNN'LO,, °N
B QB_= 10419.0 ) 6&9 b(\g
1.06% o 21T=0. %Y o >—S8871.9 125 ;s

s o

_ O1g 3 4.8% 15T=0 ¥ A 711685 g3

£ - ] > '

S - &

M 66.2% - 3:1=0 Y &~ 6129.89 184 ps

0.01 =
0% T=0 0
| ] 1 ] 28.0% . * Stable
16

l
0.001 0 2 4 6 8 10 0
8

max



Unique first-forbidden beta decay °N(2-) — 1¢O(0*)

= Basic operator matrix elements
= NN-N3LO+3N;, - Nnax dependence, COM effect
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Electroweak radiative
corrections 6yg and 6¢

Discovery,
accelerated

2023-05-19




. d,
V.q element of CKM matrix Lec = —%(ab g, fL)quSL> the

b,

27

= Precise V4 from superallowed Fermi transitions

9 h7 7T3111(2) Gr = Fermi coupling constant
‘Vud‘ — determined from muon g decay

- GEmict Ft(1 + AY)

—hadronic matrix elements modified by nuclear environment
— Fermi matrix element renormalized by isospin non—conserving forces

B K
G2 Mrol?(1 + A)

ft:ft(l—F(S}z)(l—(S(j—l—(sNS) Ft




Leptonic current

\4 NME of charged
AR and 51\75 / weak current
. GF N/ /1
= Tree level beta decay amplitude  M;,ce = _ELAF (p', p)
= Hadronic correction in forward scattering limit

oM = ’yW(Ee)Mtree

Y

28



Nonrelativistic Compton amplitude | .

oy

jo) 4 lf\l

'@ll Y
'@ll Y

= Goal: Non-relativistic currents in momentum space
= Rewrite currents with A-body propagators

= Fourier transform currents into momentum space

= General multipole expansion of currents

29

T3(1:11) = dmirzr /MM Z 27+ 1) (U [{ T8 G+ My +ie) T+ T5h Glo -+ My + i T
q :

-+ T%mag G(—v + M; + ie) T% + T%el G(—v+ M; + ie)T%ag} (|cj’|)“1’z>

NCSM calculations led by M. Gennari (UVic/TRIUMF PhD student)



Nonrelativistic Compton amplitude

= Goal: Non-relativistic currents in momentum space
= Rewrite currents with A-body propagators

= Fourier transform currents into momentum space

= General multipole expansion of currents

¢
—> 30
a

Lanczos continued fraction
method to compute nuclear
Green’s functions

v

T3(v,|q|) = 4mi—-+/M;M; Z(ZJ +1) (wf\{T%ag

a J=1 7

I/—l—Mf-I-ie)

+ T§10|G(u + My +ie) [T

+ Tg(’)mag G(—v + M; +ie)| TS, + T%el G(—v + M; + ie€)

e b )

NCSM calculations led by M. Gennari (UVic/TRIUMF PhD student)



Preliminary 6 s result at Ny=3 and N,,,,=5 still being double checked

Feasible to reach N, =11

Towner & Hardy used 6ys=-0.4

le-3

4.0

3.5 1

3.0 -

2.5 1

Integral of NME

0.5 A

0.0 -

- -1
10C - 10B =
50 RES = 0.51%
PRELIMINARY

| e NN—N4LO(500) + 3Ny,

Tmag é T5, el

Tmag I® T3l Tel ® ;—5, mag T3 maglg ® Te! 75 €l ®I Tmag

NCSM calculations led by M. Gennari (UVic/TRIUMF PhD student)
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The pathway to &

0.20—
0.18f
0.16f

= 8¢ in ab initio NCSM over 20 0.14p

0.12F
years ago .16l

0.08f
0.06F
0.04F

O ¢ [%]

PHYSICAL REVIEW C 66, 024314 (2002)
Ab initio shell model for 4=10 nuclei

E. Caurit:r,1 P. Navratil,”> W. E. Ormand,2 and J. P. Vary3

7 ——hQ=12 MeV
——hQ=13 MeV
——hQ=14 MeV
]l —hQ=15 MeV
-: ——hQ=16 MeV
7 ——hQ=18 MeV

Unstitut de Recherches Subatomiques (IN2P3-CNRS-Universite Louis Pasteur), Batiment 27/1, 67037 Strasbourg Cedex 2, France 0 - 02 -
2Lawrence Livermore National Laboratory, L-414, P.O. Box 808, Livermore, California 94551 5

*Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011 O ' 00 |

(Received 10 May 2002; published 13 August 2002) 0

HO expansion incompatible with reaction theory
I. Imprecise asymptotics

Il.  missing correlations in excited states

lii. description of scattering not feasible

Combine NCSM with resonating
group method (RGM)

® &

32



PHYSICAL REVIEW C 105, 054316 (2022)

| |
6 C I n N ( S M < Ab initio calculation of the B decay from 'Be to a 1’Be + p resonance

M. C. Atkinson®,' P. Navritil®,! G. Hupin®,? K. Kravvaris,’ and S. Quaglioni’

= Compute Fermi matrix element in NCSMC

T+|\IJ.J7TT7;MT7;> R ‘MFF — ‘MFO’2(1 o 50)

= Total isospin operator T, = Tf) + sz) for partitioned system

Mp ~[(AXNpJ (T My, | Ty | AN T, Mo, )|+ (AN Ty Mo, | T Ay | i 75
JeT e M JeT s M
@ T Ay T | AN T T Mo | (@0 | A s T Ay @y 7
NCSM matrix element \

NCSM-Cluster matrix elements




10C structure from chiral EFT NN(N4LO)+3N(N2LO,Inl) interaction (N,,,,, = 9)

‘10C> = Z ca‘lOC, a>NCSM -+ Z/dr VVJFT(T)A,,“QB + D, V>

6.580 29

= Treat as mass partition of proton plus °B
= Use 3/27 and 5/2~ states of °B 522238
= Known bound states captured by NCSMC

4.0060
9
3.3536 o+|  BHPp
State  Encsy (MeV)  E (MeV) Eexo (MeV)
0+ ~3.09 —3.46 —4.006
2+ +0.40 —0.03 —0.652

y
IOC



10C structure from chiral EFT NN(N4LO)+3N(N2LO,Inl) interaction (N,,,,, = 9)

Eigenphase shifts
] °B[3/27,5/27]
6.580 29 1501 7 = 41 omm—mmeee o ———
i 7 T Tm - P
] ; BT T .
: ’l //’ ’,’ —————————
522 538 \Gﬂ " /// /”’ ST T T
e 4
O \,’ II// II
v ] ! 17 ;
40060 = 5QA H /' ]
9 -
3.3536 )|  Btp © ! Y ;
/ s !
0 +-==&=szssscooo=2fo------mmmmmo- I
| 10 e T
~50 w B T
2 4 6 8

0*:1

1OC

Exin (MeV)
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0B structure from chiral EFT NN(N4LO)+3N(N4LO,Inl) interaction (N, = 9)
11B) = Z N ol s T R Z / dr v, (r)A, |°Be + p, v) + Z / dr v, (r)A, "B + n, u)
«Q v 7

o o 8889 8894 1/ a

——-0 = Use 3/27 and 5/2~ states of °B and °Be
8.4363 775 21.96 8-(_)71':(1_/4_*:\0) . .
KT\ = Eight of twelve bound states predicted
7,002 6 873 — 1m0-1L¢3+)0
6.560 4 ) S
6.02500.1272L5 ¢ Be+
59195 et P State E (MeV) Eexo (MeV)
[5.1103 53,1639 ilzéf} L " N
44610 2T7A03 N;*(} 3 —5.75 —6.5859
OLi4+cx 3 =571 - 36480 1t —5.33 —5.8676
ot —4.30 —4.8458
2.1543
21343 1+ —4.26 —4.4316
+ — —
_ s 2 2.69 2.9988
e g 2+ ~0.93 ~1.4220
2+ —0.70 —0.6664
10 4+ ~0.19 ~0.5609

&c calculations ongoing ...
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Why investigate the anapole moment and the EDM?

Parity violation in atomic and molecular systems sensitive to a variety of “new physics”

Probes electron-quark electroweak interaction

Best limits on the Z' boson parity violating interaction with electrons and nucleons

The EDM is a promising probe for CP violation beyond the standard model as well as
CP violating QCD 8 parameter

Nuclear structure can enhance the EDM

Nuclear EDMs can be measured in storage rings (CERN feasibility study:
arXiv:1912.07881)
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Nuclear spin dependent parity violating effects in light polyatomic molecules 39

= Experiments proposed for °BeNC, 25MgNC

= To extract the underlying physics, atomic, molecular
and nuclear structure effects must be understood

= Ab initio calculations

= Spin dependent PV

= Z-boson exchange between nucleon axial-
vector and electron-vector currents (b)

= Electromagnetic interaction of atomic electrons
with the nuclear anapole moment (c)




Parity violating nucleon-nucleon interaction and the nuclear anapole moment 40

= Parity violating (non-conserving) Van"NC interaction * Anapole moment operator dominated by
= Conserves total angular momentum / spin contribution

= Mixes opposite parities

: : : _ 3
= Has isoscalar, isovector and isotensor components a = /d rr’ J QQ/“’
' v’

= Admixes unnatural parity states in the ground state

& me
,uz r; X a'z
Vs I) = s I7) + 3 1y I77) Z

1 ’ H@_HP(1/2+tz,Z) + Hn(l/Q_tz,z')
X < 7T“/N NC|¢gs Iﬁ>

Egs o EJ

= (thgs I I, 1|a<1)|¢gs [ I,=I)

= Here is what we want to calculate:

2e e? (I110|I1)
- — — —i4 s I™||\/4m/ i Y1(75)o; 1)
kA Gr Qs KA ( ﬂ—Gpmc NoTEs zj:wg | ZM 1 ] | 1™ >

(5 TV ipgs I™)
Egs — Ej ®



Parity violating nucleon-nucleon interaction and the nuclear

= Parity violating (non-conserving) V\v"NC interaction
= Conserves total angular momentum /
= Mixes opposite parities
= Has isoscalar, isovector and isotensor components
= Admixes unnatural parity states in the ground state

Lanczos continued fraction
method to compute nuclear
Green’s function

s 1) = [tgs I7) + > J1b; 1

/

7T“/N NC|¢gS IW>

1
X
Egs o EJ

Wi

= Here is what we want to calculate:

2

e (I110|11)

V2I+1

—d

KA =
GF mec

1
Z Pgs IWH\/47T Zﬂzrz Yl rz Uz ||¢] I_ﬂ-> Egs — <
J

anapole moment 41

= Anapole moment operator dominated by
spin contribution

pi(r; X o)
Hi:Hp(1/2+tz,i) + Hn(l/Q_tz,i)

= (thgs I I, I|a<1>|¢gs [ I,=I)

-7 | VPNC ’wgs I7‘r>



3He EDM Benchmark Calculation

Discrepancy between calculations?

PLB 665:165-172
(2008)
(NN EFT)

“5 0.015
@ 0.023

0] 0.037
-0.0012

1 0.0013
-0.0028

GO 0.0009

-0.0017

PRC

87:015501

(2013)

(x 1/2)
(x 1/2)
(x 1/5)
(x 1/2)

(x 1/2)

(x 1/5)
(x 1/2)

(x 1/2)

PRC

91:054005

(2015)

(x 1/2)
(x 1/2)
(x 1/2)
(x 1/2)

(x 1/2)

(x 1/2)
(x 1/2)

(x 1/2)

Our calculation
(NN EFT)

0.0073 (x 1/2)
0.011 (x 1/2)
0.019 (x 1/2)
-0.00062 (x 1/2)

0.00063 (x 1/2)

-0.0014 (x 1/2)
0.00042 (x 1/2)

-0.00086 (x 1/2)

PHYSICAL REVIEW C 104, 025502 (2021)

D(pol)/G_?E [e fm]

D(pOD/ Gl [e fm]

i [e fm]

DG

Our results confirm those of Yamanaka and Hiyama, PRC 91:054005 (2015)

Ab initio calculations of electric dipole moments of light nuclei

TRIUMF, 4004 Wesbrook Mall, Vancouve:
and Department of Physics and Astronomy, University of British Columbia, Vancouve

TRIUMF, 4004 Wesbrook Mall, Vancouve

Paul Froese”
1, British Columbia V6T 2A3, Canada
1, British Columbia V6T 1Z1, Canada

Petr Navritil O
7, British Columbia V6T 2A3, Canada

Nmax convergence for SHe
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Nuclear spin-dependent parity-violating effects from NCSM

PHYSICAL REVIEW A 102, 052828 (2020)

Yongliang Hao ,! Petr Navritil ,2 Eric B. Norrgard ,3 Miroslav Ilia§ ,4 Ephraim Eliav,’ Rob G. E. Timmermans ®,
Victor V. Flambaum ©,° and Anastasia Borschevsky © "

Nuclear spin-dependent parity-violating effects in light polyatomic molecules

= Contributions from nucleon axial-vector and the anapole moment

9Be 130 14N 15N 25 Mg
I7 3/2° 1/2~ 1+ 1/2~ 5/2F
UP —1.177% 0.702° 0.404¢ —0.283¢ —0.855°¢
NCSM calculations

7 —1.05 0.44 0.37 —0.25 —0.50
KA 0.016 —0.028 0.036 0.088 0.035
(Sp.2) 0.009 —0.049 —0.183 —0.148 0.06
(Sn.z) 0.360 —0.141 —0.1815 0.004 0.30
Kax 0.035 —0.009 0.0002 0.015 0.024
K 0.050 —0.037 0.037 0.103 0.057

Kaz =~ —2C2%(sp.2) — 2Co,(Sn ») ~ —0.1(s, ») + 0.1(sy, »)

(81,2)=(Wes I" 1, =15, ;|1 I" 1, =I)

Cap = —Copn = ga(1 — 4sin® Oyy) /2 ~ 0.05

0.03
0.025
0.02
<0015
0.01

0.005

1*

1
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PHYSICAL REVIEW A 102, 052828 (2020)

Nuclear spin-dependent parity-violating effects in light polyatomic molecules

Yongliang Hao ,! Petr Navritil ,2 Eric B. Norrgard ,3 Miroslav Ilia§ ,4 Ephraim Eliav,’ Rob G. E. Timmermans ®,'

Victor V. Flambaum ©,° and Anastasia Borschevsky © " 44

Nuclear spin-dependent parity-violating effects from NCSM
= Contributions from nucleon axial-vector and the anapole moment

v,
IBe 3o N 15N Mg e\ 4 e'\ 4
;
>
>

|
n B B B} )
1 3/2 1/2 1+ 1/2 5/2F ,
)

|

A —1.177% 0.702° 0.404¢ —0.283¢ —0.855¢

NCSM calculations I
U —1.05 0.44 0.37 —0.25 —0.50 /O
A 0016 _0.028 __ 0.036 0.088 0.035 e WV VN
(sp.)  0.009  —0.049  —0.183  —0.148 0.06 (b) ©
(Sn.z) 0.360 —0.141 —0.1815 0.004 0.30 0.03—— : : : :
Ko 0.035  —0.009 0.0002 0.015 0.024 9% sopom |
K 0.050 —0.037 0.037 0.103 0.057 | ©
Expecting a significant enhancement of the anapole moment for "Be 0o1F .
o g 5 7 5 i



Calculated EDMs of selected stable nuclei
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PHYSICAL REVIEW C 104, 025502 (2021)

Ab initio calculations of electric dipole moments of light nuclei
Paul Froese”
TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
and Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada

Petr Navritil O
TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

9Be 1B N UF

IOB 13C 15N

Examples of Nynax COnvergence
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Proton capture on ‘Li and
the hypothetical X17 boson

Discovery,
accelerated

2023-05-19




X17 Anomaly

Phys. Rev. Lett. 116, 042501 (2016) — "Li+p -> 8Be

Phys. Rev. C 104, 044003 (2021)

—3H+p -> 4He

Phys. Rev. C 106, L061601 (2022) — "B+p ->12C

“An anomaly in the internal pair creation on the M1 transition depopulating the 18.15 MeV
isoscalar 11 state on ®Be was observed. This could be explained by the creation and

subsequent decay of a new boson .. mass 17.01(16) MeV”

IPCC(O) (relative unit)

-
]

10

g
N

C—

-

\
N\

7Li(p,‘()8Be
E =1100 keV

N

a0

60

PR N TN TN TR (NN TN SN WO NN TN TN TN NN SN SN SN N
80 100 120 140 160
© (deg.)

IPCC (relative)

3 + 4
Ak‘* H(p,e'e’) He

N E =900 keV

oo Dava o beaa o lae o baa ool oo lan o leaaslyaaalay
40 50 60 70 80 90 100 110 120 130
© (degree)

X

Angle between e and e*

Can ab initio nuclear theory help interpret the anomaly?

Firak, Krasznahorkay, et al

Q SR
g
4l
°Be
Feng PRD 95, 035017 (2017)
EPJ Web of Conferences 232 04005 (2020)
IPCC:
Internal Pair Creation
Angular Correlation
1+, MIS Bed
1*, MIV
"Li+p
c % K
= = '
3 v :
= | 13
i1 =Y :2
<Y = 8
= S|
0+, T=0 v

Fig. from PLB 813, 136061 (2021)



Ab initio calculations of ’Li(p,y)Be radiative capture, "Li(p,e*e’)®Be pair production & X17 boson

= Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020))

= No-core shell model with continuum (NCSMC) with wave function ansatz

Ungsme = O o [PBe, Ay + > / dry (r) Ay |TLi+pv) + ) / dry,(r)A, | Be +n, 1)
A v I

S-factor ("Lizso-(p,v)"Be)

L L L T
; — NCSMC: ~ 180 s P | ]
102+ b ~=== NCSMC: v + 7 [ P, et
] {  Data: 1501 1" : ]
{ Data: vo + v i ‘ .
’ ! 120 |~ Dominated by
2 = ool T=1
> 10" 1 Y - Dominated by
T ] Pri ary S [ 1=0
e ] * B ) ]
o b 4 ! P,
] 3 .
100_——-*—4-14-4‘/{ \‘i-t.t_*_.‘l_t._tt)‘hfttti_* { 30_— J) —
| of ]
i : : : : : '30—_ ! ] ! ] ! ] ! ] ! ] ! ] ! ]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0 0.2 04 %6 M({}S 1 1.2
E [MeV] in (MeV]

~o: decay to ground state (0™)
1 : decay to first excited (27)

Data: Zahnow et al.
Z.Phys.A 351 229-236 (1995)
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Ab initio calculations of ’Li(p,y)Be radiative capture, "Li(p,e*e’)®Be pair production & X17 boson

= Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020))

= No-core shell model with continuum (NCSMC) with wave function ansatz

Ungsme = O o [PBe, Ay + > / dry (r) Ay |TLi+pv) + ) / dry,(r)A, | Be +n, 1)
A v I

Internal electron-positron pair conversion correlation

Assuming J=1 - 0* bound-to-bound like decay rate

Yy

(0

e

NCSMC IPCC results consistent with LANL R-matrix phenomenology
arXiv: 2106.06834; Phys. Rev. C 105, 055502 (2022)

IPCC (relative units)

H
3
L

[y
2
]

7Li(p, e*e‘)SBe; B, = 0.9 MeV

----- NCSMC: dI'(E1,M1)
=== NCSMC: dI'(M1)
—-= NCSMC: dI'(E1)
< ATOMKI 2016

4 ATOMKI 2019

Pr ry

1 NCsSMC matched to data at 659 s

~
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_1072
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NCSMC calculations led by P. Gysbers (UBC/TRIUMF PhD student)



Ab initio calculations of ’Li(p,y)Be radiative capture, "Li(p,e*e’)®Be pair production & X17 boson

= Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020))

= No-core shell model with continuum (NCSMC) with wave function ansatz

Ungsme = O o [PBe, Ay + > / dry (r) Ay |TLi+pv) + ) / dry,(r)A, | Be +n, 1)
A v I

Internal electron-positron pair conversion correlation

Assuming J=1 - 0* bound-to-bound like decay rate

Yy

(0

e

NCSMC IPCC results consistent with LANL R-matrix phenomenology
arXiv: 2106.06834; Phys. Rev. C 105, 055502 (2022)

IPCC (relative units)

H
<
L

,_.
=
no

Li(p,ete™)*Be; Epin = 0.9 MeV

------ NCSMC: dT'(E1,M1)
——- NCSMC: dI'(M1)
. Pr ary —-~ NCSMC: dr(E1)
o— & ATOMKI 2016
4 ATOMKI 2019
. "'~,.§=
A, -
N
. =Q=
AN e, —O—
\:\“\ '““'.
R o =
D i o
1 NCSMC matched to data at 105" oo
40 60 80 100 120 140 160
© [deg]

Angle between e- and e*
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NCSMC calculations led by P. Gysbers (UBC/TRIUMF PhD student)



Ab initio calculations of ’Li(p,y)Be radiative capture, "Li(p,e*e’)®Be pair production & X17 boson

= Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020))

= No-core shell model with continuum (NCSMC) with wave function ansatz

Nc;S|\/|C—ZCA|8Be A) +Z/d7’% )A, |"Li+p,v) +Z/d7”m

Ay ’7Be+”7“>

Li(p,ete™)*Be; Epin = 0.9 MeV

Internal electron-positron pair conversion correlation

NCSMC matched to data at 105°

----- NCSMC: dI'
—— NCSMC: do
¢ ATOMKI 2016
4 ATOMKI 2019

Pre ary

- 1072

Calculating properly the pair production cross section 3
with the interference of different multipoles T NG
© ] :
’(p(a) ¢(A) Following formalism by Viviani et al. S 10
p F Phys. Rev. C 105, 014001 (2022) =
=
>
S
+ >
a £
x
1072
a 40
w(TA ) o

NCSMC pair production cross section slightly closer to ATOMKI SM background data

60 80 100 120 140 160
© [deg]
X

Angle between e- and e*
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NCSMC calculations led by P. Gysbers (UBC/TRIUMF PhD student)



Ab initio calculations of ’Li(p,y)Be radiative capture, "Li(p,e*e’)®Be pair production & X17 boson

= Motivated by ATOMKI experiments (Firak, Krasznahorkay et al., EPJ Web of Conferences 232, 04005 (2020))

= No-core shell model with continuum (NCSMC) with wave function ansatz

Nc;S|\/|C—ZCA|8Be A) +Z/d7’% )A, |"Li+p,v) +Z/d7”m

Internal electron-positron pair conversion correlation

Calculating properly the pair production cross section
with the interference of different multipoles

’(p(a) ¢(A) Following formalism by Viviani et al.
P F Phys. Rev. C 105, 014001 (2022)
et
5
A—a _
U e

Ay ’7Be+”7“>

Relative Counts/(10 degrees)

Li(p,ete™)*Be; Epin = 0.9 MeV

----- NCSMC: dI'
—— NCSMC: do
¢ ATOMKI 2016
4 ATOMKI 2019

Pre ary

H
2
L

- 1072

,_.
<
no

] NCSMC matched to data at 65°
40 60 80 100 120 140 160
© [deg]

X

NCSMC pair production cross section slightly closer to ATOMKI SM background data

Angle between e- and e*
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NCSMC calculations led by P. Gysbers (UBC/TRIUMF PhD student)
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Nuclear structure:
Resonances close to threshold

Discovery,
accelerated
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Deuterium-Tritium fusion
= The d+3H—n+*He reaction ‘ NS
= The most promising for the production of fusion energy in the near future R

= Used to achieve inertial-confinement (laser-induced) fusion at NIF - ignition,
and magnetic-confinement fusion at ITER

= With its mirror reaction, 3He(d,p)*He, important for Big Bang nucleosynthesis

23.97 24.06
1+ Deuterium Helium
0]‘25213921.(»4 z 5 3 +
2 G +‘
19.96 BN 19.780 \ » /‘Jr i
19141926 1931 3 3 %* 19.016 "l|é+2(] @ 2 -
SH+p+n * \
16.84 3 < + / \ Energy
(¥
Tritium Neutron
14.325
Li+d-a
10.534
SH+t-n
Resonance at E;, =48 keV (E4=105 keV)
in the J=3/2* channel
Cross section at the peak: 4.88 b
127 4 17.64 MeV energy released:
FegiT-l 14.1 MeV neutron and 3.5 MeV alpha
897

5
-d-OLi He #He+n -




n-*He scattering and 3H+d fusion within NCSMC

n-*He and d+3H scattering phase-shifts

120

60

-120

. . —_ 12

— 12"
3/2

— 312"

° 12'FY

o 32 FY

¢ 32 FY

chiral N°LO NN

NCSMC with SRG evolved NN+3Nind
FY with bare NN

5 10 15
E,. [MeV]

FY: Faddeev-Yakubovsky method - Rimantas Lazauskas

‘“He+n

125 F

&0 — — = 0d4+-0d* —— 9d+4d*
= ——=T7d+4d™ |
- 5 — — 5d+3d™ ]
< U e T2/ 3d+2d*

— 1d4+-0d™*
25 .
______________ -
() —_— e T T e s s e - =
o i 1 1 1 -

17.8 17.9 18 18.1 18.2

Ein [MeV]

The d-3H fusion takes place through a transition

of d+3H is S-wave to n+*He in D-wave:
Importance of the tensor and 3N force
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3H(d,n)4He with chiral NN+3N(500) interaction

Astrophysical S-factor

I~ -=  NCSMC

NN+3N(500) |

AR52, CO52, AR54
KOG66. JA84, BR87

— NCSMC — pheno

L1 1 1 Lol

109

1
5.10!

Een. [keV]

10! 2100 102

Fusion
cross section
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Astrophysical S-factor:
nuclear contribution

2nZ,Z,e’
exp| —
A 2E/m
‘Coulomb’
Contribution
(tunneling)
VA Q2N

Ab initio predictions for polarized deuterium-
tritium thermonuclear fusion

Guillaume Hupin'?3, Sofia Quaglioni® 3 & Petr Navrétil



PHYSICAL REVIEW C 100, 024304 (2019)

"Be and "Li nuclei within the no-core shell model with continuum

Matteo Vorabbi®" and Petr Navratil*
TRIUMF, 4004 Wesbrook Mall, Vancouver; British Columbia V6T 2A3, Canada

S-wave resonance close to the threshold of SHe+p? Sofa Queglioni

Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

Guillaume Hupin
Institut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay, France

= NCSMC study of “Li and “Be nuclei using all binary mass partitions
= Known resonances reproduced
= Prediction of several new resonances of both parities
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S-wave resonance close to the threshold of ¢He+p?

= NCSMC study of “Li and “Be nuclei using all binary mass partitions

= Known resonances reproduced
= Prediction of several new resonances of both parities
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"Be and "Li nuclei within the no-core shell model with continuum

Matteo Vorabbi®" and Petr Navratil*
TRIUMF, 4004 Wesbrook Mall, Vancouver; British Columbia V6T 2A3, Canada

Sofia Quaglioni
Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

Guillaume Hupin
Institut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay, France
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"Be and "Li nuclei within the no-core shell model with continuum

Matteo Vorabbi®" and Petr Navratil*
TRIUMF, 4004 Wesbrook Mall, Vancouver; British Columbia V6T 2A3, Canada

S-wave resonance close to the threshold of ¢He+p? Sofa Quagliont

Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

Guillaume Hupin
Institut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay, France

= NCSMC study of “Li and “Be nuclei using all binary mass partitions
= Known resonances reproduced
= Prediction of several new resonances of both parities
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"Be and "Li nuclei within the no-core shell model with continuum

Matteo Vorabbi®" and Petr Navratil*
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S-wave resonance close to the threshold of ¢He+p?

Sofia Quaglioni
Lawrence Livermore National Laboratory, P. O. Box 808, L-414, Livermore, California 94551, USA

Guillaume Hupin
Institut de Physique Nucléaire, CNRS/IN2P3, Université Paris-Sud, Université Paris-Saclay, F-91406, Orsay, France

= NCSMC study of “Li and “Be nuclei using all binary mass partitions
= Known resonances reproduced

= Prediction of several new resonances of both parities He(d,n)’Li* —» SHe+p
experiment at Texas A&M
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B-delayed proton emission in 1'Be

PHYSICAL REVIEW LETTERS 123, 082501 (2019)

Editors' Suggestion

Direct Observation of Proton Emission in 'Be

Y. Ayyad,"*" B. Olaizola,” W. Mittig,”* G. Potel,' V. Zelevinsky,"** M. Horoi,” S. Beceiro-Novo,' M. Alcorta,’

C. Andreoiu,6 g B Ahn,7 M. Anholm,3’8 L. Atar,9 A. Babu,3 D. Bazin,z‘“l N. Bemier,‘”(’ S.S. Bhattacharjee,3 M. Bowry.3
R. Caballero-Folch,3 M. Cortesi,2 C. Dalitz,ll E. Dunling,l12 A. B. Garnsworthy,3 M. Holl,>"* B. Kootte,‘l'8
K.G. Leach," J. S. Randhawa,” Y. Saito,”'’ C. Santamaria,”” P. Siunyté,3"6 C.E. Svensson,’

R. Umashankar,3 N. Watwood,2 and D. Yates™'”

Motivated by the hypothetical dark decay of the neutron

e Directly observed the protons from '1Be(3p)!°Be
@ Measured consistent branching ratio b, = 1.3(3) x 107>
o Still orders of magnitude larger than theoretical predictions

@ Predict the proton resonance at 11.425(20) MeV from the proton energy distribution

) ) + +
e Predicted to be either % or %

e Corresponds to excitation energy of 197 keV
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NCSMC extended to describe exotic '"Be fp emission

"Be or "B

e oy y T(r)
Wi = "¢ |AAJ”T)+Z/d . M [ A
A

(J*T)

[(I"Beai " T1) [N { ) )(ST)Ye(f‘lo,l)]

g d(r—rio,1) T

?

rrio,1 n for ""Be or p for "B

)

Including 0*s and 2*, states of °Be
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Input chiral interaction

NN N4LO(500) + 3N(Inl)

!
Entem-Machleidt-Nosyk 2017

3N N2LO w local/non-local regulator

PHYSICAL REVIEW C 105, 054316 (2022)

1

1t £ 3. 1D
B(GT) = 1|(wz,? | GT | wz,2)

Ab initio calculation of the g decay from 'Be to a '’Be + p resonance

M. C. Atkinson®,' P. Navritil®,! G. Hupin®,? K. Kravvaris,? and S. Quaglioni®




e
SN

Energy [MeV]

1"Be and "B nuclear structure results 63

12554 124 T=32) 1/2 NS
10 - 11893120400 oo 7/%:\5/2' o
= Bound states wrt "°Be+N thresholds , on 11430, 7 1L600 52087 5 57 L
NI 7 602, 72t - 13e
NN 10.330— 572 32" i

9.820_9.873 (1/2 3/2

3.04 i
248 45
1.90 12

|
—_

Q370191835 ,-7/2" 512 {O,gs g
1 5601 G/ 2Ai| =
r 11 Be 11 B 7.9778 3/27 TLita 8.6641
: 7.2855 v
INCSMC Pheno  Expt. 4 "NCSMC  Pheno Expt. 6.7419.6.7918 1. 7/2= 1/2*
0 -— e 5.0203 . 3/2" 51679 21969
[ 1/27 4.4450 5/2° Ctd-a Bitd
_0 5 e ——— 1/2’| O ___________________________ 12C+t-a
3/27F
E _________ 5;2_'_ 1 42.1247 viv ||v 1/2° 19824;
R \ 1 ]
[ - 5/27 \\\ c ) 4 2m002
> 3 /21 \\
?_“O _4 i 1/2+ \\\\\ -0.1581 < Ad = A S B"‘ ////
Qg) o —— s — 7// o \\\\\14N+n-a J5=3/2% T=12 1—4?. /840 /////
RN Ctp-a_--~
= - -8.0303 "~ 11B _--713.1852
9.1235 %Be+a-d 77 BranldHe 2159569
......... 5/2°
_ 8k
1/2°
3/2"
—12



NCSMC phenomenology

(A) (A) (A) _ (A) - r
HYY - EW v zc" Q,A>+Zfdr y (F) A, (ra)/?a) ,v>
(A)m- \ s.\r.‘ (4), L P
————— > B2 Oy < 8" (A‘:)> Oy < & - ()(A‘:)>

adjustable parameters / H
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NCSMC extended to describe exotic '"Be fp emission,
supports large branching ratio due to narrow 2" resonance

11Be — (1%Be+p) + S+ V, GT transition p+1°Be Scattering Phase Shifts
350 —
300 |
250 | 1
200 .
150 | -

! 1— 3
100 } (5 ’5)

50- -

0(E) |deg]

_50 : 1 1 1 1 1 1 1
Ecm. [MeV]

PHYSICAL REVIEW C 105, 054316 (2022)

Ab initio calculation of the g decay from 'Be to a '’Be + p resonance

M. C. Atkinson®,' P. Navritil®,! G. Hupin®,? K. Kravvaris,? and S. Quaglioni®



NCSMC extended to describe exotic '"Be fp emission,
supports large branching ratio due to narrow 2" resonance
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Ab initio calculation of the g decay from 'Be to a '’Be + p resonance

M. C. Atkinson®,' P. Navritil®,! G. Hupin®,? K. Kravvaris,? and S. Quaglioni®



NCSMC extended to describe exotic '"Be fp emission,

supports large branching ratio due to narrow 2" resonance

11Be — (19Be+p) + B+ V, GT transition
250 . T r . .

68

p+1°Be Scattering Phase Shifts
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Evidence of a Near-Threshold Resonance in 'B Relevant

Observation of a Near-Threshold Proton Resonance in 'B to the f-Delayed Proton Emission of !'Be

E. Lopez-Saavedra®,"” S. Almaraz-Calderon®,"" B. W. Asher,' L. T. Baby®," N. Gerken,' K. Hanselman®," Y. Ayyad
K. W. Kemper ,' A.N. Kuchera ,2 A.B. Morelock,] J. E. Perello®,

; ; ; B.P. Kay,’® E. A. Maugeri,” B. Monteagudo,” F. Ndayisabye, S.N. Paneru,” J. Pereira,” E. Rubino,?
E.S. Temanson®, A. Volya®, and I. Wiedenhover

C. Samtan:nan’a,2 D. Schumax'm,7 J. Surbmok,z'3 L. Wagne:r,2 J.C Zamora,2 and V. Ze:levi.nskyz‘3

"> W. Mittig,> T. Tang,” B. Olaizola,” G. Potel,” N. Rijal,> N. Watwood,” H. Alvarez-Pol,' D. Bazin,*
i M. Caamafio,' J. Chen,® M. Cortesi,” B. Ferndndez-Dominguez,' S. Giraud,? P. Gueye,™ S. Heinitz,” R. Jain, ™

Ab initio calculation of the 8 decay from 'Be to a °Be + p resonance

M. C. Atkinson®,' P. Navritil®,! G. Hupin®,? K. Kravvaris,? and S. Quaglioni®



B-delayed proton emission in ""Be

= New FRIB experiment measuring proton emission led by Jason Surbrook reports branching
ratio b, ~ 8(4) x 10-°
= Lower but still consistent with Ayyad TRIUMF experiment

= More experiments planned!

= NCSMC calculations will be extended by including the ’Li+a mass partition
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Photo-disassociation of 11Be
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Can Ab Initio Theory Explain the Phenomenon of Parity Inversion in "'Be?

Angelo Calci,"" Petr Navrétil,"" Robert Roth,> Jérémy Dohet-Eraly,"* Sofia Quaglioni,” and Guillaume Hupin*”



NCSMC wave functions of 1"Be used as input for other studies

PHYSICAL REVIEW C 98, 054602 (2018)
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Neutron disappearance inside the nucleus Reliable extraction of the dB(E1)/dE for 1'Be from its breakup at
520 MeV/nucleon
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Can Ab Initio Theory Explain the Phenomenon of Parity Inversion in 'Be? Neutron transfer reactions in halo effective field theo y
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15C cluster form factors — NCSMC '4C+n

= 1/2* S-wave and 5/2* D-wave ANCs
= Cyp+ = 1.282 fm12 - compare to Moschini & Capel inferred from transfer data: 1.26(2) fm-1/2
= Cspps = 0.048 fm-172
= Spectroscopic factors: 0.96 for 1/2* and 0.90 for 5/2* - experiments 0.95(5) and 0.69, resp.
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Unbound sd-shell nucleus 1°F — NCSMC calculations

= Very narrow P-wave resonances
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Nuclear radii from NCSMC

Proper wave function tail — much superior to NCSM (HO) M= ey

= Computation more involved

Published results for 7Li, 'Be, ®He (*He+n+n cluster)
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"Be NCSM NCSMC Exp. Refs.
E3/>- [MeV] —0.82 —1.52 —1.587 [47]
E1/p- [MeV] —0.49 —1.26 —1.157 [47]
[ Ten [fm] 2.375 2.62 2.647(17) | [48]
Q [efm?] —4.57 —6.14 -
M [un] -1.14 —1.16 —1.3995(5) [48]
Li NCSM NCSMC Exp. Refs.
E3/p- [MeV] -1.79 —2.43 —2.467 [47]
E1/p- [MeV] —1.46 -2.15 —1.989 [47]
[ Ten [fm] 2.21 2.42 2.39(3) | [49]
Q [efm?] —2.67 —3.72 —4.0003) [50]
M [un] 3.00 3.02 3.256 [51]

Physics Letters B

www.elsevier.com/locate/physletb
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3He(a, ¥)"Be and 3H(a, y)7Li astrophysical S factors from the no-core @
shell model with continuum

Jérémy Dohet-Eraly >*, Petr Navratil 2, Sofia Quaglioni ®, Wataru Horiuchi€,
Guillaume Hupin 54,1 "Francesco Raimondi®>
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Nuclear astrophysics:
Capture reactions

Discovery,
accelerated

2023-05-19




Reaction 4He(d,y)bLi responsible for Li production in BBN

= Three orders of magnitude discrepancy between BBN
predictions and observations
=  Problem with astronomical observations?
= Problem with our understanding of the reaction rate?
= New physics?

= NCSMC calculations with chiral NN+3N interaction

= Radiative capture S-factor
= Dominated by E2
= M1 significant at low energy
= E1 negligible — isospin supressed (T=0 — T=0)

= Thermonuclear reaction rate
= Smaller than NACRE Il evaluation
= Agreement with LUNA result with reduced
uncertainty

PHYSICAL REVIEW LETTERS 129, 042503 (2022)

Ab Initio Prediction of the “He(d,y)’Li Big Bang Radiative Capture

C. Hebborn ,1‘2'* G. Hupin ,3 K. Kravvaris ,2 S. Quaglioni ,2 P. Navritil ,4 and P. Gysbers 3
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Radiative capture of protons on 'Be

= Solar pp chain reaction, solar 8B neutrinos

= NCSMC calculations with a set of chiral NN+3N interactions as input
= Radiative capture S-factor
= Dominated by E1 non-resonant
= M1/E2 significant at 1* and 3* resonances
= Correlations between results obtained by different chiral

interactions and experimental data — evaluation of the S-factor
at E=0 energy relevant for the solar physics

Recommended value S,,(0) ~ 19.8(3) eV b

Latest evaluation in Rev. Mod. Phys. 83,195-245 (2011):
S47(0) = 20.8 £ 0.7(expt) £ 1.4(theory) eV b

77

——N3LO*+3N;y © Strieder % Baby ® Davids
ok —N4LO+3Ni"nl O Hammache ¢ Junghans @ Kikuchi
¢ Filippone A Hass ¥ Schumann Buompane
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Ab initio informed evaluation of the radiative capture of protons on "Be
K. Kravvaris,! P. Navratil,2 S. Quaglioni,! C. Hebborn,>! and G. Hupin*

arXiv: 2202.11759



Measurement of ""C(p,p) resonance
scattering planned at TRIUMF TUDA facility
p+11C scattering and ""C(p,y)12N capture

* NCSMC calculations of ""C(p,p) with chiral NN+3N
= MUC: 3/2-,1/2-, 5/2-, 3/2- NCSM eigenstates
= 12N: 26 m = +1 and 24 m = -1 NCSM eigenstates
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Radiative capture of neutrons on 8Li

= Reactions involving the short-lived 8Li nucleus may
contribute to the synthesis of heavier nuclei by bridging
the stability gap of mass A = 8 elements

= Cannot be measured directly as 8Li half-life 840 ms

= NCSMC calculations - 8Li(n,y)°Li — cross section higher
compared to recent phenomenological calculations
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G(n.y) [Hb]

14C(n,y)15C capture

= Comparison to Karlsruhe experiment — Phys. Rev. C 77, 015804 (2008)
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Relevant for
Inhomogeneous Big Bang models
Neutron induced CNO cycles

Neutrino driven wind models
for the r-process

Validation of Coulomb dissociation
method
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Conclusions
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Ab initio NCSM and NCSMC with chiral EFT interactions as input applied to

Tests of fundamental symmetries
= Nuclear-structure corrections to B-decay observables
= Structure corrections for the extraction of the V, 4 matrix element from the Fermi transitions
= Anapole and electric dipole moments of light nuclei
= Proton capture on 7Li and the hypothetical X17 boson

Nuclear structure studies
= Near-threshold resonances
= Halo nuclei

Nuclear astrophysics
= Proton and neutron capture reactions



