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Key Workshop Questions

What is the status of electroweak current calculations and the prospect
for matrix element inputs for available many-body methods?

Other than currents, how can we quantify other uncertainties in the bare
operator (short-range correlations, closure)? Is everything else under
control?

* EM transitions as test case

* Single beta-decay in A<10 nuclei: g4 quenching and the role of
correlations *Preliminary results*

¥ Ab-initio calculations of 23-decay m.e.’s in light nuclei and the role of
correlations *Preliminary results*
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The Basic Model: Nuclear Potentials

» The nucleus is a system made of A non-relativistic interacting nucleons, its
energy is given by

A
H=T+V=Y t;+Y vj+ Y Vit
i=1 i<j i<j<k

where v;; and Vi are 2- and 3-nucleon interaction operators

> Realistic v;; and Vi interactions are based on EXPT data fitting and fitted
parameters subsume underlying QCD

» Realistic potentials at large inter-particle distances are described in terms of
one-pion-exchange, range ~ 1/my. Other mechanisms are, e.g., two-pion
exchange, range ~ 1/2my; A-excitations ...

N N
» Potentials utilized in these sets of calculations to generate nuclear wave
functions |¥;) solving H|¥;) = E;|'¥;) are:
[AV18+UIX], [AV18+IL7], [INN(N3LO)+3N(N2LO)]
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The Basic Model: Nuclear Electromagnetic Currents - One-body component

» Current and charge operators describe the interaction of nuclei with external

fields. They are expanded as a sum of 1—, 2—, ... nucleon operators:
A A
P:ZPi+Zpij+-v-7 J:ZJ1+ZJU+
i=1 i<j i=1 i<j

> In Impulse Approximation IA nuclear EM currents are expressed in terms of
those associated with individual protons and nucleons, i.e., p; and j;

g S
S,
> IA picture is however incomplete; Historical evidence is the 10% underestimate
of the np radiative capture ‘fixed’ by incorporating corrections from two-body

meson-exchange EM currents - Riska&Brown 1972
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The Basic Model: Nuclear Electromagnetic Currents

» Current and charge operators describe the interaction of nuclei with external

fields. They are expanded as a sum of 1—, 2—, ... nucleon operators:
A A
i=1 i<j i=1 i<j
q + .
N N

» Longitudinal EM current operator j linked to the nuclear Hamiltonian via
continuity eq. (q momentum carried by the external EM probe 7)

q-j=[H,p]=[ti+vj+ Ve, p]
* Meson-exchange currents MEC follow once meson-exchange mechanisms are
implemented to describe nuclear forces - Villars&Miyazawa 40ies

These days we have:
> Highly sophisticated MEC projected out realistic potentials
> EM currents derived from yEFTs
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EM current up to n = 1 (or up to N3LO)

LO i) ~eq2 A
NLO :j=V~eQ?! J -
N2LO : j-0 ~ QO f+

&

>

Two-body charge operators enter at
N3LO and vanish in the static limit *

LO=1A
N2LO = IA(relativistic- correction)

NLO is purely isovector

Strong contact LECs fixed from fits to np
phases shifts—PRC68, 041001 (2003)

No three-body EM currents at this order !

» 5 unknown EM LECs enter the N3LO contact and tree-level currents:

» 2 isovector LECs entering the tree-level current are fixed by A-saturation
> remaining 3 LECs fixed to reproduce, e.g., A = 2 and 3 magnetic moments

o JA M
unknown LEC's+ Jl X

il X XX

PRC78(2008)064002, PRC80(2009)034004, PRC84(2011)024001
* analogue expansion exists for the Axial nuclear current - Baroni et at. PRC93 (2016)015501 *
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Predictions with ¥ EFT EM Currents for *He and *H Magnetic f.f.’s

— = "%AVI8+UIX
- AVISHUIX
JNN(N3LO)+3N(N2LO)

FULONN(N3LO)+3N(N2LO) x
PR IV I RNITIN A WA N

0 1 2 3 40 1 2 3 4 5
qlfm’] qlfm’]

LO/N3LO with AV18+UIX — LO/N3LO with x-potentials NN(N3LO)+3N(N2LO)
» 3He/*H m.m.’s used to fix EM LECs; ~ 15% correction from two-body currents

4

107

» Two-body corrections crucial to improve agreement with EXPT data

*He < r >pxp= 1.976£0.047 fm 3H < r >pxp= 1.840+0.181 fm
A 500 600 500 600
LO 2.098 (2.092) 2.090 (2.092) 1.924 (1.918) 1.914 (1.918)
N3LO 1.927 (1.915) 1.913 (1.924) 1.808 (1.792) 1.794 (1.797)

PRC87(2013)014006
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M1 vs GT operators in IA

MiA = Z (eiLi + Wi G,')

1
1A
GT = Z Ti+ Oj
i
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Magnetic Moments in A < 10 Nuclei

Predictions for A > 3 nuclei

4
L " * |
3 * wk Y ° d m
L p [ TLi o - B i
5 3H Li
B & ok
= 6Li* I [ 10 B
~ 1= e X -
A ok i Li 8g o
= r 2H 6L j 1og* ]
= 0l-@ GFMC(IA) . .
- ™ GFMC(FULL) , 9Be C i
_1/ % EXPT o3¢ o i _
' n 3I_Ie * " |
[ ]
2 % “ -
-3

> H(IA) = puy Yi[(Li+8pSi) (14 Tiz) /2 + gnSi(1 — Tiz) /2]
» GFMC calculations based on H=T + AV18 + IL7
PRC87(2013)035503 o/



One-body magnetic densities
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> IA magnetic moment operator

;LLNZ i +8pSi (1+Ti,z)/2+gnsi(1_Ti,z)/z]
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Magnetic Moments in A < 10 Nuclei - bis

Predictions for A > 3 nuclei

4
L - *
3 . °
L [ ] i ° 9
p 34 9Li
2 o o
r OLj* ) 108
L ®
> ox e ek 8Li s
2 r ’H OLi 10g%
=
0f-@ GFMC(1A) N
| @ GFMC(FULL) ; 9Be ¢
_1| % EXPT oB¢ d
L n 3He e L
°
oL % 8
3

> uy(IA) = YLi[(Li+8pSi) (1 +Ti2) /2+8nSi(1— Ti2) /2]

> 9C (°Li) dominant spatial symmetry [s.s.] = [432] = [a,>He(*H),pp(nn)] — Large MEC

> °Be (°B) dominant spatial symmetry [s.s.] = [441] = [&, o, n(p)]

PRC87(2013)035503
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EM Transitions in A < 9 Nuclei

» Two-body EM currents bring the

theory in a better agreement with o, 9Be(S, ¥,) BE2)
the EXP
o x_ Be(*/,” 3/,) B(MI)
» Significant correction in A =9,
T = 3/2 systems. Up to ~ 40% X BG" 29BMD
correction found in °C m.m. o x SB(I* 2% BMI)
> Major corrgction (~60—70% of ox SLIG* 2% BOMI)
total MEC) is due to the
one-pion-exchange currents at & X LAY 29 BMD
NLO - purely isovector ° x TBe(lry 31,) BMI)
< Li('7y 3/,) B(E2)
One M1 prediction:°Li(1/2 — 3/2)* o 3 ity ) B
L] SLi(0* 1*) B(M1)
I(IA) = 0.59(2) eV ¥ '
I['(TOT) =0.79(3) eV * EXPT @ GFMC(IA) X GFMC(TOT)
P | IR L
+ a number of B(E2)s in IA 1 2

Ratio to experiment

*Ricard-McCutchan et al. TRIUMF proposal 2014 - ongoing data analysis
PRC87(2013)035503
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8Be Energy Spectrum

» 21 and 41 broad states at
~ 3 MeV and ~ 11 MeV

> isospin-mixed states at
~ 16 MeV, ~ 17 MeV,
~ 19 MeV

» M1 transitions

> E2 transitions

» E2 + MI transitions
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$Be energy spectrum - bis

> isospin-mixed states at
~ 16 MeV, ~ 17 MeV,
~ 19 MeV

» M1 transitions: 4 classes
from largest to smallest

> conserve w.f. [s.s.]*

and AT =1

» conserve w.f. [s.s.]
and AT =0

> change w.f. [s.s.]
and AT =1

> change w.f. [s.s.]
and AT =0

> E2 transitions
» E2 + MI transitions

*[s.5.] = dominant spatial symmetry
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One-body M1 transitions densities
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> [s.s.]-conserving transitions are enhanced due to overlap between large
components of the initial and final w.f.’s

> Isospin-conserving transitions are suppressed w.r.t. isospin-changing transitions
due to a cancellation between proton and neutron spin magnetization terms

MIOA) =iy T+ 89801+ 5)/2-+ 08501 - 52/
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Two-body M1 transitions densities
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Beta-decay rates for A < 10 nuclei

The simple case i.e. transitions with same dominant spatial symmetry in the initial
and final states
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Theory vs Experiment: Quenching
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Quenching origin: i) better w.f.’s and/or ii) many body currents are required

BE- T~ (Jf" Ty) simple w.f’s 1A IA+MEC Experiment

SHO/2T12) 5 3 He(1/2F12) 2449 22765(1) 2.357(10)

OHe(0T,1) — OLi(14,0) 2.449 2150 2.187 2.182*

TBe(3/27,1/2) = TLi(3/2—,1/2) 2582 2292 2395 2.290*

10¢ot,1) — 19B(14.,0) 2.449 2024 2076 1.862" — 2.344% (2)
*Preliminary*

« in collaboration with Bob Wiringa, Stefano Gandolfi and Rocco Schiavilla
+ data from TUNL compilations

« data from Suzuki ef al. PRC67(2003)044302

* data from Chou er al. PRC47(1993)163
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Double beta-decay m.e.’s: a test case

8He(01;2) - 1S[422] — 3Be(0™;0) - 1S[44]
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Double beta-decay m.e.’s in 8He(O' 2) — SBe(O‘ ;0)
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Bob Wiringa et
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Summary

The microscopic description of nuclei successfully reproduces EXPT data provided
that many-body effects in nuclear interactions and EM currents are accounted for.
J.Phys.G41(2014)123002 - S.Bacca&S.P.

» Two-body EM currents from yEFT tested in A < 10 nuclei
» Two-body corrections can be sizable and improve on theory/EXPT agreement

» EM structure of A = 2-3 nuclei well reproduced with chiral charge and current
operators for ¢ < 3my

> ~ 40% two-body correction found in °C’s m.m.
> ~ 20-30% corrections found in M1 transitions in low-lying states of Be

» Double-beta and beta decay m.e.’s in light nuclei as test case to study the role of
correlations and MEC
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Outlook

The microscopic description of nuclei successfully reproduces EXPT data provided
that many-body effects in nuclear interactions and EM currents are accounted for.
J.Phys.G41(2014)123002 - S.Bacca&S.P.

+ EM structure and dynamics of light nuclei

> Charge and magnetic form factors of A < 10 systems

> MI/E2 transitions in light nuclei

> Radiative captures, photonuclear reactions . ..

> Fully consistent Y EFT calculations with ‘MEC’ for A > 4

> Role of A-resonances in ‘MEC’ (EM current consistent with the chiral
‘A-full’ NN potential developed by M. Piarulli et al. PRC91(2015)024003)

+ Electroweak structure and dynamics of light nuclei

> v-nucleus scattering J. Carlson, S. Gandolfi, B. Wiringa, R. Schaivilla

» Test axial currents (chiral and conventional) in light nuclei (A. Baroni et
al.PRC93(2016)015501)

> Many-body effects in v-d pion-production at threshold (in preparation)
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