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First principles or ab initio nuclear theory
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Review

Ab initio no core shell model

Conceptually simplest ab initio method: No-Core Shell Model (NCSM) Bruce R Baree, et vt Jmes . Vry 5

= Basis expansion method ﬁ NCSM
= Harmonic oscillator (HO) basis truncated in a particular way (N,.,)
= Why HO basis?

= Lowest filled HO shells match magic numbers of light nuclei N =N, +
(2, 8, 20 — “He, 160, 4°Ca)

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

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

Ab initio no core shell model

Conceptually simplest ab initio method: No-Core Shell Model (NCSM) R ——

= Basis expansion method o3
= Harmonic oscillator (HO) basis truncated in a particular way (N,.,)
= Why HO basis?

= Lowest filled HO shells match magic numbers of light nuclei N =N, +
(2, 8, 20 — “He, 160, 4°Ca)

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

= Short- and medium range correlations

= Bound-states, narrow resonances N =2n+ | \
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PHYSICAL REVIEW C 101, 014318 (2020)

Novel chiral Hamiltonian and observables in light and medium-mass nuclei

V. Soma,!"" P. Navrétil®,>" F. Raimondi,>** C. Barbieri ©®,*% and T. Duguet'>"/

Binding energies of atomic nuclei with NN+3N forces from chiral Effective Field Theory

= Quite reasonable description of binding energies across the nuclear charts becomes feasible
= The Hamiltonian fully determined in A=2 and A=3,4 systems
= Nucleon—nucleon scattering, deuteron properties, 3H and “He binding energy, *H half life

= Light nuclei — NCSM

= Medium mass nuclei — Self-Consistent Green’s Function method
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1.8/2.0 (EM) results: J. Simonis, S. R. Stroberg, K. Hebeler,
J. D. Holt, and A. Schwenk, Phys. Rev. C 96, 014303 (2017).
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Binding energies of atomic nuclei with NN+3N forces from chiral Effective Field Theory

= Quite reasonable description of binding energies across the nuclear charts becomes feasible
= The Hamiltonian fully determined in A=2 and A=3,4 systems
= Nucleon—nucleon scattering, deuteron properties, 3H and “He binding energy, 3H half life

[MeV]

= Light nuclei — NCSM NN N3LO (Entem-Machleidt 2003)
= Medium mass nuclei — Self-Consistent Green’s Function method 3N N*LO w local/non-local regulator
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Converged ab initio calculations of heavy nuclei
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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 11

= Experiments proposed for °BeNC, 2>MgNC

= 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

= Meson exchange approach

= Chiral EFT VR

= Unknown parameters (LECS)
= DDH (1980) — estimates based on the quark
model

= Experiments give conflicting limits on the
weak couplings

" ¥ REVIEW
- front'e'.'s published: 21 July 2020
mn PhYSICS doi: 10.3389/fphy.2020.00218
‘ Ch;ckfor ‘

updates

Parity- and Time-Reversal-Violating
Nuclear Forces

Jordy de Vries 2, Evgeny Epelbaum?, Luca Girlanda*®, Alex Gnech®,
Emanuele Mereghetti” and Michele Viviani®
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Unified Treatment of the Parity Violating Nuclear Force
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Parity violating nucleon-nucleon interaction

= Meson exchange approach

= Chiral EFT

= Unknown parameters (LECS)
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Parity violating nucleon-nucleon interaction and the nuclear anapole moment

= Parity violating (non-conserving) V"¢ interaction

= Conserves total angular momentum |
= Mixes opposite parities

= Has isoscalar, isovector and isotensor components
= Admixes unnatural parity states in the ground state

[gs 1) = [tgs I™) 4+ > [tb; 177
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Parity violating nucleon-nucleon interaction and the nuclear anapole moment

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

[thgs I) = b I™) + Y |th; I™
J

1
—Tr V PNC X I™
X Egs o E]< ‘ NN |77bg >

Here is what we want to calculate:

2e €2 h (I110|11)
KA = —Qg KA = —1dm
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= Anapole moment operator dominated by
spin contribution
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NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?

1 — T T
_ <¢j I ‘Vl\?lilwcngs I >

e D) =W I+ 210 I g

= Solving Schroedinger equation with inhomogeneous term
PNC
(Egs - H)Wgs I) = Van Wgs I™)

= To invert this equation, we apply the Lanczos algorithm

~(1
e = e T L= e 1 1.1

16



. : . : _ _7114(1) _
NCSM applications to parity-violating moments: s = (YPgs 1 Iz—ﬂa/s,o’%s I I.=I)
How to calculate the sum of intermediate unnatural parity states?

™ — T 1 — 7T T
s 1) = [togs 1) + D |45 I77) g (g T VAR s 1) |a
j gs
= Solving Schroedinger equation with inhomogeneous term %( -
¢ .VWJ

(Egs - H)Wgs I> — Vl\llal\l?ICWgs IW>

= To invert this equation, we apply the Lanczos algorithm
— Bring matrix to tri-diagonal form (v, v, ... orthonormal, H Hermitian)

Hv,=av,+byv,
Hv,=byv, +a,v,+ b,v,
Hv, = b,v,+a.;v,+ bv,

Hv, = byv,+a,v,+b,v,

— nth jteration computes 2n" moment
— Eigenvalues converge to extreme (largest in magnitude) values
— ~ 150-200 iterations needed for 10 eigenvalues (even for 10° states)



NCSM applications to parity-violating moments:
How to calculate the sum of intermediate unnatural parity states?

1
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= Solving Schroedinger equation with inhomogeneous term
PNC
(Egs - H)Wgs I) = Van Wgs I™)

= To invert this equation, we apply the Lanczos algorithm
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Few-Body Systems 33, 259-276 (2003)
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Efficient Method for Lorentz Integral
Transforms of Reaction Cross Sections

M. A. Marchisio', N. Bamea?, W. Leidemann', and G. Orlandini’
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Parity and time-reversal violating nucleon-nucleon interaction
. . PHYSICAL REVIEW C 70, 055501 (2004)
Introduced through Hamiltonian Hg 1y :

P- and T-odd two-nucleon interaction and the deuteron electric dipole moment

19
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Parity and time-reversal violating nucleon-nucleon interaction
. . PHYSICAL REVIEW C 70, 055501 (2004)
Introduced through Hamiltonian Hg 1y :

P- and T-odd two-nucleon interaction and the deuteron electric dipole moment

20

C.-P. Liu* and R. G. E. Timmermans'
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Based on one meson exchange model
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Coupling constants
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Parity and time-reversal violating nucleon-nucleon interaction and nuclear EDM or Schiff moment 21

Hp\ 1y INntroduces parity admixture in the ground state (perturbation theory):

10) -10) + |0)

~ 1
0) = ) =5 WnlHpry10)

n+0

Nuclear EDM is dominated by polarization contribution: S — € Z (r-zr- . §(r2) hr_)
- 17 3 chf i

A
s e
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Parity and time-reversal violating nucleon-nucleon interaction and nuclear EDM or Schiff moment

Hp\ 1y INntroduces parity admixture in the ground state (perturbation theory):

|0)

n+0

Nuclear EDM is dominated by polarization contribution:

D@D =(0|D,|0) + c.c.

Eo

-10) + |0)

|n><n|HPVTV|O>

Low lying states of opposite

parity can lead to enhancement!

22



SHe EDM Benchmark Calculation

Discrepancy between calculations?

PLB 665:165-172

(2008)

(NN EFT)
AU 0.015

[ 0.023
4 0.037
G2 -0.0012

1 0.0013

# -0.0028
74 0.0009

| -0.0017

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

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)

Ab initio calculations of electric dipole moments of light nuclei

Paul Froese”

TRIUMF, 4004 Wesbrook Mall, Vancouver; British Columbia V6T 2A3, Canada

Petr Navrdtil 7

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

N

max

N3LO NN

convergence for 3He

and Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada

O—0 hQ=20 MeV
V-V hQ=30 MeV




NCSM applications to parity-violating moments:
EDMs of light 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 &7
TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
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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§®,* Ephraim Eliav,’ Rob G. E. Timmermans ©,'

Victor V. Flambaum ©,° and Anastasia Borschevsky ©!-* 25

Nuclear spin-dependent parity-violating effects from NCSM

= Contributions from nucleon axial-vector and the anapole moment

I 3/2~ 1/2~ 1T 1/2~ 5/2*
U P —1.1772 0.702° 0.404¢ —0.2834 —(0.855°¢
NCSM calculations

) —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 0.03— , , , ,

Kax 0.035 —0.009 0.0002 0.015 0.024 ol 9B SoNcsm |

K 0.050 —0.037 0.037 0.103 0.057 ' €
Koz =~ —209,(sp ») — 209, (sp.2) ~ —0.1(sp ) + 0.1(s,, .) Foosst -
<3y,z>5<¢gs lez:—[‘gy,z"‘pgs lez:I> 00.05: ---------------------------------------- A

.2

Cop = —Coy = ga(l —4sin” Oy )/2 ~ 0.05 o]
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Precise measurements of B decays to search for Physics Beyond the Standard Model 27

= 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



28

°He B-decay

= Decay rate proportional to

3.5078 T [3.563 01
S Me - . R Ho He+n+p
dCt)OCl-'-aﬁvﬁ-v—'-bFT ﬁ:F vV = VD > 2 186 10
ag, angular correlation coefficient between |
. . . i 4 \
the emitted electron and the antineutrino "0
-0.992 61 i
“Li+d-t

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

17=0%
6He T=1 =0.0007%

= The V-A structure of the weak interaction in the Standard Model
implies for a Gamow-Teller transition 1201

<HLHG03%

apy = —

bp=0

W[



Precise measurements of B decays to search for Physics Beyond the Standard Model 29

= In the presence of Beyond the Standard Model interactions

i 3.5078 ﬁ;ﬂ 3.563 0%l
’CT|2+‘CT‘ T e+n+p
gBsSM _— _ 1 _ 2.186 340
B 3 2|Ca|? i = =
‘*He+d
pBSM _ Cr+Cp T
Fierz Ca 0992 6Ll
“Li+d-t
= with tensor and pseudo-tensor contributions
= However, deviations also within the Standard Model caused by e

the finite momentum transfer, higher-order transition operators, ®He T 20.0007%
and nuclear structure effects

= Detailed, accurate, and precise calculations required

12-01 <HLHG03%



Precise measurements of B decays to search for Physics Beyond the Standard Model 30

= Higher-order Standard Model recoil and shape corrections

At =L (1437 )
Lt _ 1t g=k+7v momentum transfer
F = 9%
R éf‘ axial charge

176 _ 2 [_Eom al | e o <||M¥/q||>]

1 = D ~ : :
3 QLA (LD M) vector magnetic or weak magnetism
4 233
— -ERaZy — aZs), A _
7 530( ’ L{ 1  Gamow-Teller leading order

\1V

<1t~ _ 4 (IC /QII (IIM7 /qll) A .

5, © = —Re ++/2(Eg— 2E) — L A v - :

a 3 [ (”LA”) QLA Cq 1 NLO recoil corrections, order g/my
4 2 [ —

—I— —ERa Zf — —EoRa Zf, J. Phys. G: Nucl. Part. Phys. 48 (2022) 105105 (24pp) hitps://dol.0rg/10.1088/1361-6471/ac7ede
7 5
- 2 cA 84 A formalism t th

570 = 2o | G/ 5 IMT /4l e e e e,

3 {l L{‘ I (I L{‘ I effects in precision 3-decay studies

Ayala Glick-Magid " and Doron Gazit*



Precise measurements of B decays to search for Physics Beyond the Standard Model 31

= Higher-order Standard Model recoil and shape corrections

6?M1 ay A
7 — Q/ Fi
ZmN [gA jMJ(qrj)
j=1
1 gp &/ = +
—EE(EO‘FAEC)EJMJ(Q'}') Ti,
& gp
P =Y i(gat 2) $u @) T
MY A .
]MJ —1 ~ - 1 o/ - +
= — A rj)— -uX ri)|T;
q ;mN [gv ]Mj(q i) 2[«" ]Mj(q }):I i

Hadronic vector, axial vector and pseudo-scalar charges

_ (2mp)*
m% —q?

gy=1 g.=-1.2756(13) &p= gA

u ~ 4.706 is the nucleon isovector magnetic moment

AEc = (°Li 15|VcIPLi 1) — (PHe 0f|V|°He OF)

Ultimately, we need to calculate
®He(0* 1) — 6Li(1* 0) matrix elements
of these “one-body” operators




Contents lists available at ScienceDirect

Physics Letters B

l:l\l,\H:]\’ www_elsevier.com/locate/physletb

Nuclear ab initio calculations of ®He S-decay for beyond the Standard )

Model studies =
Apply ab initio No-Core Shell Model to calculate the 5Li and *He wave R S "
functions and the operator matrix elements ‘ NCSM
= Matrix elements of the relevant operators ~_ 0275 - n 0-138 7
1 S| | D oue | |
- - = — R - )
T, (a7) = [5ijMJMJ(qrj>] - 3(5), Z %*®7  NNLOgpt T o13a] NNLOgp
N . = 1., . 50-265' T 0132
Qyar, (ar5) = Ming, (¢75) 3(5) - Vi + 535500, (a75), N NNLOgat N NNLOgt
A ~ 1. t, 0.260 - +, 0.130 -
a0 = i 07 2 e | | £ oo |
J g g % 0ass LI ° o128+ |
~ o . ]_ — — o o, . T T T T T T
¥, (7)) = —i [—ij X MJJMJ(qu)] -3(7),
q 0.0008
o -
- I = 0.007 -
- C o 2 0.0006 - ©
- Converg_er_lce iInvestigation w;“t’ ' NNLO ot T 0.006 1 ||
= Variation of HO frequency = P = NNLO
= hQ =16 - 24 MeV 2 00004 9 = o mmm Z 0.005 - o
-0 © <] 2
= Variation of basis size 0,005 - NNLO 00041 NNLOgp
* Npa= 0 - 14 for NNLO, = . sat YT [—
— = = —
" Npo= 0-12 for NNLO,, , , , , | .
0.0 2.5 5.0 0.0 2.5 5.0



Overall results for ®He(0* 1) - °Li(1*0) + e + v

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

Propagating nuclear structure and yEFT uncertainties
results in an overall uncertainty of 10

= Comparable to the precision of current experiments

pl" e

18- _
PP =5 P =—-152718)-1073

|

Sf”) — —2.54(68) 1073

Non-zero Fierz interference term due to nuclear
structure corrections

Note that new physics at TeV scale implies

BSM _ Cr+Crp -3
bFierz _ C’A_ :J 10

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Nuclear ab initio calculations of SHe g-decay for beyond the Standard )
Model studies

Ayala Glick-Magid *, Christian Forssén™*, Daniel Gazda®, Doron Gazit™*, Peter Gysbers dee,
Petr Navratil ¢

1B~

N
o

B spectrum (a.u.)
(=]
o

= O

61 % (%)
o

—0.330

—-0.335

(a)

————

Gamow-Teller ~
B Nucl. structure error N

Total theory error ~

(d)

0.5

1.0 1.5 2.0 2.5 3.0

electron kinetic energy (MeV)
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Synergy of precision experiments and ab initio nuclear theory to test CKM unitarity
Structure corrections for the extraction of the V 4 matrix element from the °C—1B Fermi transition

. . - . vV e
= CKM unitarity sensitive probe of BSM physics See poster by . . »
= V,, element from super-allowed Fermi transitions Michael Gennar q\ wt vy /q
yop— Mm@ Ft = " n P
udl — 2 2 1%
GZmSct  Ft G% |Mpo|?(1 4+ AY) -
i =2
1% / AT — N LR
Ft(l+Ap) = ft(1 + %) (1 —dc + dns) L Ej .:D
X —0.51
_ _ 2s -10] e IR
= Ong Pparametrizes correction to free yW box [ bxs = — 0.412%
= Ab initio no-core shell model (NCSM) soa
= Avery good convergence — consistent with what used in latest e T
evaluation with a substantially reduced theoretical uncertainties | T‘\%@ﬂ;\&@ff}\@T’J"‘Tﬁw@ il
L VAnuc. —VAfreen BaCLS I——
Ins = 2[0 w7 oa0f S DM 100,108
16 MeV
An ab initio strategy for taming the nuclear-structure dependence of V,; extractions: S SR R "
the '°C — 1B superallowed transition arXiv: 2405.19281 £ ooa] T S — I :
Michael Genna,riljz, Mehdi Drissi', Mikhail Gorchtein®#, Petr Navratil'2, and Chien-Yeah Seng® 0.46- 1
5NS - - 0422(31)1111('(12)1) el %

3 7

5
Nmax

NCSM applicable also to 1O — 4N and possibly Ne — 18F, 22Mg — ?°Na
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The pathway to &

= 8¢ In ab initio NCSM over 20
years ago

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

E. Caurier,' P. Navratil,” W. E. Ormand,” and J. P. Va\ry3
Unstitut de Recherches Subatomiques (IN2P3-CNRS-Université Louis Pasteur), Batiment 27/1, 67037 Strasbourg Cedex 2, France
2Lawrence Livermore National Laboratory, L-414, PO. Box 808, Livermore, California 94551
Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011
(Received 10 May 2002; published 13 August 2002)
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——hQ=12 MeV
—— hQ=13 MeV
—— hQ=14 MeV
——hQ=15 MeV
—— hQ=16 MeV

—— hQ=18 MeV
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The pathway to &

0.15F . 0.15-
L 10 10 i i 14 14
C B O— N
= ¢ In ab initio NCSM now .. .
011 0 1—01 4 0.1k 00101 o
— o — ) ,/
S - & -7
v ,»0'/ w” ’/,o’
0.051 o7 . 0.05 g
= ”J’ d | /o’—
L NN N'LO500 43N, | [ 7 NN N'LO500 + 3N, 0,
I ?/ | | ! | ] el ! | ! !
"0 2 4 6 8 070 2 4 6 8
N N



The pathway to &

0.15F

= 8¢ In ab initio NCSM now

0.1F

5 %]

0.05 ~07

ol NN N*LO500 + 3N,

Isospin-symmetry breaking interaction admixes
continuum intruder states in the ground state

= Poorly described in the HO expansion
= Need to include continuum effects explicitly
— No-Core Shell Model with Continuum

8 %]

0.15
0.1

0.05

Combine NCSM with resonating
group method (RGM)

® &

NN N'LO500 + 3N




Ab Initio Calculations of Structure, Scattering, Reactions 10
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

(4) —
7

OB, 1)+ &0 dr g,(7) 4,

(4-a)

10P Publishing | Royal Swedish Academy of Sciences ~~~~~~~ Physica Scripta
2016) 053002 (38pp) 0i:10.1088/0031-8949/91/5/053002

Invited Comment

Unified ab initio approaches to nuclear
structure and reactions

Petr Navratil', Sofia Quaglioni’, Guillaume HuPin“,
Carolina Romero-Redondo’ and Angelo Calci

S. Baroni, P. Navratil, and S. Quaglioni,
PRL 110, 022505 (2013); PRC 87, 034326 (2013).



Ab Initio Calculations of Structure, Scattering, Reactions "
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

10P Publishing | Royal Swedish Academy of Sciences ~~~~~~~ Physica Scripta
2016) 053002 (38pp) - /

Invited Comment

Unified ab initio approaches to nuclear

Static solutions for aggregate system, structure and reactions
describe all nucleons close together S ———

Carolina Romero-Redondo’ and Angelo Calci

S. Baroni, P. Navratil, and S. Quaglioni,
PRL 110, 022505 (2013); PRC 87, 034326 (2013).



Ab Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

YO, [V, 1 >+a dfgv<;>zn(o’;/g) )
/ n A-a
- —— _J

42

Continuous microscopic cluster states,

AE = Ny describe long-range projectile-target

Static solutions for aggregate system,
describe all nucleons close together

10P Publishing | Royal Swedish Academy of Sciences ~~~~~~~ Physica Scripta
2016) 05: F R

Invited Comment

Unified ab initio approaches to nuclear
structure and reactions

Petr Navi tISngI GIIumeHP
Carolina Romero-Redondo’ dAgICI

S. Baroni, P. Navratil, and S. Quaglioni,
PRL 110, 022505 (2013); PRC 87, 034326 (2013).



Ab Initio Calculations of Structure, Scattering, Reactions
Unified approach to bound & continuum states

No-Core Shell Model with Continuum (NCSMC)

/ Unknowns \

R T A LR 0)/'(') )
/ n A-a
- —— _J

43

Continuous microscopic cluster states,

AE = Ny describe long-range projectile-target

Static solutions for aggregate system,
describe all nucleons close together

10P Publishing | Royal Swedish Academy of Sciences ~~~~~~~ Physica Scripta
2016) 05: F R

Invited Comment

Unified ab initio approaches to nuclear
structure and reactions

Petr Navratil', Sofia Quaglioniz, Guillaume HuPinu,
Carolina Romero-Redondo’ and Angelo Calci

S. Baroni, P. Navratil, and S. Quaglioni,
PRL 110, 022505 (2013); PRC 87, 034326 (2013).



PHYSICAL REVIEW C 105, 054316 (2022)

6 C I n N < S I\/I ‘ Ab initio calculation of the 8 decay from 'Be to a '°Be + p resonance

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

44

= Compute Fermi matrix element in NCSMC

p—

T_\_‘@JWT;;MT?;> R ‘MF|2 - ‘MFO|2(]~ . 50)

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

J; Ty M,

My ~ (AN J Ty Moy, | T | ANT T Mo, )|+ (AN Ty Moy | Ty Ayi| B 70

J T M T J T MT T
/‘ (Dot T AL T | AN, JTMT \ AT A Ty Ay BT

NCSM matrix element

NCSM- Cluster matrix elements



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

‘10C> = an\loc, a)NCSM - Z/d?" '}/L‘,]WT(T)AVPB + D, 1/>

6.580 (2%

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

4.0060
9
3.3536 2| TB+P
State Encsy (MeV) E (MeV) Eexp (MeV)
ot —3.09 —3.46 —4.006
2t +0.40 —0.03 —0.652

l()C




10C structure from chiral EFT NN(N“LO)+3N(N2LO,Inl) interaction (Np,q, =

|
O
~—

Eigenphase shifts

6.580 29 150 -
= _
@ :
400600 O 50
33536 »|  B+p ©

0*:1

] °B[3/27,5/27]

o

—_— _—
~~_ o
— -——————__
)

Ekin (MeV)

IOC
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10B structure from chiral EFT NN(N“LO)+3N(N2LO,Inl) interaction (N,,,;, = 9)
10B) — Z co |19B, ) Nnesyv T Z f dr v, (r)A, |?Be + p, v} + Z/d'r‘ Yu(r)A, 9B + n, p)
8! v )

g 68 8.889 8894 |/ 2

R e = Use 3/27 and 5/2 states of °B and °Be
90909 aas 196 ﬂ'rzo_{;f.aoi _ .
B e " = Eight of twelve bound states predicted
7002 6 873 — 1:0-1L(5%)0
6.560 4 i) —ee——t
12 3 9
e s S State E (MeV) Eor (MeV)
[5.11033,16395 1801 "+, N
4.4610 3774030 .-.N;i} 3 —5.75 —6.5859
O] i :
Lisve | (o . - 1+ ~5.33 —5.8676
o+ —4.30 —4.8458
2.1543
21343, 1+ —4.26 —4.4316
+ — —
- N ) 2 2.69 2.9988
TR g 2+ —0.93 —1.4220
T 2+ ~0.70 —0.6664
10 4+ —0.19 —0.5609

&c calculations ongoing ...
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AN A
\\)Bo >/

= R

pT \f;’
X17 Anomaly Phys. Rev. Lett. 116, 042501 (2016) — "Li+p -> éBe . ? e
Phys. Rev. C 104, 044003 (2021) —3H+p -> “He A B
Phys. Rev. C 106, L061601 (2022) — 11B+p ->12C
Feng PRD 95, 035017 (2017)
“An anomaly in the internal pair creation on the M1 transition depopulating the 18.15 MeV
isoscalar 17 state on ®Be was observed. This could be explained by the creation and
subsequent decay of a new boson .. mass 17.01(16) MeV” Firak, Krasznahorkay, et al
_ N EPJ Web of Conferences 232 04005 (2020)
é ey ?Litp,*fJHBe E ’K&_ *Hip,e*e’) He
E ‘t‘{\ E,=1100 keV § \'\ﬁ%ﬁ“ E,= 900 keV IPCC:
't X a LN Internal Pair Creation
g g \ Angular Correlation
Kﬁ: 1*, MIS Bed
=
%ﬁi 1*, MIV
_+_:2'— "Li+p
‘ = 2| z| A
0 =l 2| :
40| I Iﬁlﬂl I ISIIII I II{IH)I I IL‘Iml I Iliﬂl I Iléﬂl 4ﬂ5:tlﬁlll?'lﬂﬁll}9llllllm lllﬂlzlﬂlléﬂ ; g E %
& (deg.) & (degree) v v ' E
X o B I
Angle between e and e* S g P
Can ab initio nuclear theory help interpret the anomaly? 0. T=0 V

Fig. from PLB 813, 136061 (2021)



NCSMC calculations of 8Be structure and “Li+p scattering and capture

= Wave function ansatz

v®

= 3/2-,1/2-, 7/2-, 5/2-, 5/2 ’Li and "Be states in cluster basis

= 15 positive and 15 negative parity states in 8Be composite
state basis

NCSMC — ZC/\ ’836, >\> + Z/dr%(r)fl,, }7Li +p, 1/> + Z/dT%(T)Au |7Be + n,u>
A v w

——e__111.24 s =[He+p+n
9.522 Qiﬂ} . ;E%affliL"-
8.75 y 422 He + p--_
“He + d =422 Tr 5_,| 09
7.2499 (7454 ° 22
Ilwlll_ai."l'n. :6'604r.-’ _:_”_:J____ ‘-_::
4.652 o
2467 |
‘He +1t | _
047761 T3
' R R

11.01 ér_:”'f;..lﬂ.ﬁ?ﬁs
9.9, 5l 2 "Be +n
Q.27 =i
—~_8.77
s Li+d
s /i/.-:':
72| _5,6058
4.57 +4H Li+p
1.5866
04291 4 He+'He
R e
"Be

TUNL Nuclear Data Evaluation Project



NCSMC calculations of 8Be structure and “Li+p scattering and capture

= Wave function ansatz

(8) _
Ynesme =

2.

I\ ’8Be, >\> + Z/dr%(r)fl,, ’7Li +p, 1/> -+ Z/dr*yu(r)flu |7Be + n,,u>
A v w

= 3/2-,1/2-, 7/2-, 5/2-, 5/2 ’Li and "Be states in cluster basis

= 15 positive and 15 negative parity states in 8Be composite
state basis

doy, /dopO (90%)

o,

Y

=43 ]
o, =4
e
:S O2), e stmaiirisornss
5
—6.945 ‘54_ ’(‘/278"6’)"/"’#7‘//,6/44/,4,4
27.4941 -
=
8 -
o 25.5, .| 430
ol [252522di g0
240 il
5
os| 220228 ——
22.022.05 L2307
222808 CLi+d /]31.5 3
2222|209 -
+. 0,000
mlﬁ@ﬁ%ﬂﬁﬁimﬁ
}8*”'9119.0719235*1-
18.150 190
17‘%‘0 T
16.626 “§2ZE
TO 3.03
8 & 915 |11.35 M
4
&
6 A 3,0342 0
S,
-0.0918 '
‘He +*He " 70
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3*:(0)

3%(1) 3
L 2oy L8
” 41.03
: 40.4414

32 0+1

Li+p 172551
16.0
SLi+

g
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!
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1
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Be®

TLi+p

I

)]
N

1+, MIS
1+, MIV
. . . . 2| 3z
8Be structure — calculated positive-parity eigenphase shifts =l Z]
= % P
Sl Ty 2
iy i iz
s 5|
BT 77— 0%, T=0 v
: o Fig. from PLB 813, 136061 (2021)
150F ———————— =
-1 ' — A & Jdes
1201 222808 °Li+d 150 s
o
= 90+ 3.0
® 1 i b
60- 1.03
L 0.4414
e }2';0,] I7I,i+p l7.255]|
30 16.0;
%

p+ ’Li threshold

Additional resonances are seen
compared to TUNL data

PHYSICAL REVIEW C 110, 015503 (2024)

Editors’ Suggestion

Ab initio investigation of the "Li(p, e*e~) *Be process and the X17 boson

P. Gysbers

,123 P. Navratil ©,"* K. Kravvaris ©,° G. Hupin©,® and S. Quaglioni ©°



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
Ndsmc = ZCA "Be, A) + Z/dr% Ay |Li+p,v) + Z/dm(ﬂflu |"Be + n, 1)
)

Cross-section ("Liz/»-(p, 7)°Be)

1072
] ¢ —— NCSMC: v
1 o NCSMC Yo +’}/1 1+, MIS Bes
10_3_5 °o  Data: 7
Data: 7o +m 1+, MIV
10—4_- "Li+p
a > % Z _A_
o ] = =zl :
S 10—5_E i i © ; g E c
f o2y if
] i Y i P e
1074 S| ] ¢
107 : : : : : : 0%, T=0 V
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
E [MeV]
Data: Zahnow et al. Vo: decay to ground state (0")

Z.Phys.A 351 229-236 (1995) y1: decay to first excited (2" )



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

'-l \ “{\‘\ ATOMKI -~
— P N\ —O— 2016
Internal eIectron-posﬂron palr conversion correlation § 07ty Y \ —€— 2019 | -
%ﬂ [Matched at 65°]
(a) (A) '
Vp Up =
~
i L
c
3 —
(@] 1
o |
et 2 o
7 B |
T) L
o [Matched at 105°]
(A—a) _
Uy €
Calculating properly the pair production cross section C'g | :"
with the interference of different multipoles improves description. & L 47
£ -~
Still not a perfect agreement with ATOMKI data 6 C T
I T S
PHYSICAL REVIEW C 110, 015503 (2024) b Ti 1015 - I] L, S :I' EEEEEEE L
S ! h

0 20 40 60 80 100 120 140 160 180 0

_7 © [degrees]

Ab initio investigation of the "Li(p, e*e~) *Be process and the X17 boson

- +
P. Gysbers ©,123 P, Navrétil @, K. Kravvaris ©,° G. Hupin©,5 and S. Quaglioni ©° Angle between e and e



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

New ATOMKI measurements in-between & at resonance energies

N. J. Sas et al., “Observation of the X17 anomaly in the “Li(p,e* e )®Be direct proton-capture reaction,” arXiv:2205.07744

T : 8
10,2 Ll<p7 fY) Be ;

1034
10

10754

o [b]

10*6§
10—7§

10—8§

109

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Proton slow-down in the thick target?

NCSMC calculations match well resonance data.
Disagree in-between resonances — flat E1 distribution.

Counts/(5 degrees)

55
Li(p,eTe”)®Be
103_ MatChed at 11250 _103
x2
x1 -~
1021 ————— y 102
x0.1 T
NCSMC: ATOMKI:
— 063 keV -~ 1100 keV
101 1 — 700 keV -~ 800 keV - 101
1 —— 565 keV - 650 keV r
] —— 385keV - 450 keV
40 60 80 100 120 140 160

© [degrees]

Angle between e- and e* 7



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

Modeling hypothetical X17 boson

Integrated cross sections
Li(p, X)®Be

1072

¢ Data: vy

10710 7 l' U H H
. sing gy estimates
J R from Backens et al.
o arXiv:2110.06055
10712 - " ”’l’ T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

E [MeV]

Gamma capture data: Zahnow et al.
Z.Phys.A 351 229-236 (1995)

1.4

56

X17 Candidate Bosons (mx ~ 17 MeV, AE > 17.2251 MeV ["Li + p],

kx = \/AE? —m%, k, = AE)

Operators for 1* — 07 decay (in the long-wavelength approximation)
» Pseudo-scalar (07):(Xp) ~ep <§> kx

» Axial-vector (17): (X4) ~€a <5> V2+ 21—2‘(2 Vs
» Vector (17): (Xv) ~ ev (E1) IZ—f

» For comparison: v (E1 (17), M1 (11), E2 (21), etc) Yi
(E1) ~ (Y1) by

o)~ a2+ (5)

PHYSICAL REVIEW C 110, 015503 (2024)

Editors’ Suggestion

Ab initio investigation of the "Li(p, e*e~) *Be process and the X17 boson

P. Gysbers ©,"'>3 P. Navratil ©,"* K. Kravvaris ©,° G. Hupin ©,% and S. Quaglioni ©°
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Conclusions & topics for discussion

= Ab initio nuclear theory
= Makes connections between the low-energy QCD and many-nucleon systems

= No-core shell model is an ab initio extension of the original nuclear shell model

= Applicable to nuclear structure, reactions including those relevant for astrophysics, electroweak
processes, tests of fundamental symmetries

= Open questions
= How to accurately and precisely evaluate the isospin-symmetry breaking correction 6.7
= How to evaluate the radiative nuclear structure correction dys beyond light nuclei?
= What is the importance of sub-leading chiral 3N contributions for electro-weak processes in nuclei?
= What is the particle physics interpretation of the X17 anomaly?
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Unique first-forbidden beta decay *N(2°) — %0O(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

2:T=1 "7.l5s
16
= Qp= 104190

)i

1.06%

0

g
7 T=0 &

.

o 8871.9 125 ¢s
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1:T=0 ¥

/\\\6

&
711685 g3 s

66.2%

3:T=0 Y

o
q%.
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28.0%

0" T=0
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16N(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

6— NNN'LOSN

16 16
N-> 0O & — -0 NNN'LO#3N B
T I I I ©—--0 NNN'LO3N_ 2:T=1 7.13s 0
2 16
15_ ©---© NNN'LO_, 7N
C R e e e ] A _=10419.0
— 21520 ] R ) 22 o7
? e o 1.06% 2:T=0 <V o o 88719 125 s
e - &
L BB o 21>300 | _ &
— 0. F 3 4.8% L 1:iT=0 % AN 7116.85 813 fg
S . &
o) 66.2% _ 3T=0 Y &’ 6129.89 18.4 ps
0.01F =
i Py
0.001— ' ' ' | 28.0% I { Stable
' 0 2 4 6 8 10 160

max



shape [arbitrary units]

Unique first-forbidden beta decay 1°N(2°) — °O(07) ™

= Preliminary results for electron energy spectrum and angular correlations
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Muon capture on °Li, 2C, 1N from ab initio nuclear theory

1%0(0ge) + 1™ = NQI) + vy

Ordinary muon capture on a nucleus

9
E; ~ 100 MeV

ﬂ e — . Q Involves vector, axial-vector,

magnetic and pseudoscalar nuclear-

p*+pu —=>n®+v,°

weak currents

© Proton (p*) @ Electron (e7)
@ Neutron (n°) & Muon (1) Ovpp decay

® O Momentum exchange g = m, + E; —

- Can be used as a probe of

® Neutrino (v,%)
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O Ab initio no-core shell-model calculations in good
agreement with experiments
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See talk by Lotta Jokiniemi on Saturday
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