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» Eventually bound on the 1s, /, orbit
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@ A muon can replace an electron in an
atom, forming a muonic atom

» Eventually bound on the 1s, /, orbit
@ The muon can then be captured by the
nucleus

po G X = v+, Y(J}rf)

Ordinary = non-radiative

Radiative muon capture (RMC):
WA XU v+ YU+

Ordinary Muon Capture (OMC)
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@ g ~ 1/|r; — r2| = 100 — 200 MeV
@ Yet hypothetical

Decay vs. Muon Capture
p{ﬁv&‘}n

W+

— 14

17 H

po A5 XIT) = v 24 YT

@ g~ my,+ E; — Ef =~ 100 MeV
® Has been measured!

Both involve hadronic current:

af
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+ Realistic bound-muon wave functions solved from Dirac equations
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Ideally:

Quantum Chromodynamics quarks, gluons

(QCD)
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00

baryons, mesons

Genuine Ab Initio

What is ab initio?

Currently:

0 (-JQQ @

Quantum Chromodynamics quarks, gluons

(QCD) E

Chiral Effective .
Field Theory
(parameters fitted
to NN data)

00

baryons, mesons

Current ab initio
nuclear theory

HYW = EyW

Figure courtesy of P Navratil
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Nuclear Forces from
Chiral Effective Field Theory (YEFT)
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Nuclear Forces from
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@ Solve nuclear many-body problem
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@ Solve nuclear many-body problem
HAYA (p 1y, . r0) = EADTA (2 19, ... 1)

@ Two- (NN) and three-nucleon (3N) forces from
xEFT

A
HO =3B S VMG S VY
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@ Solve nuclear many-body problem

H(A)\II(A)(rl,rg, vy TA) = E(A)\IJ(A)(rl,rQ, -

ry)

@ Two- (NN) and three-nucleon (3N) forces from

xEFT

A
H(A):Zénz Z VNN (r — 1) + Z
i=1

i<j=1 i<j<k=1

@ Expansion in harmonic oscillator (HO) basis

3N
V’;jkb

Nmax

N=0 j

6 o) = Z ZCNj‘I’Jlgf?(rl,rzw--’l‘A

Ab initio No-Core Shell Model (NCSM)

E=(Qn+1+3pQ

Figure courtesy of P. Navratil
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Dependency on
the Harmonic-Oscillator Frequency

Nm"Lx

s \I](A) = Z ZCN](I)N] (rlarQa ) A)

N=0 j

@ The expansion depends on the HO
frequency because of the N.«
truncation

Discovery,
accelerated

-
pry
=
w
o



& TRIUMF

Dependency on

the Harmonic-Oscillator Frequency

Nmax

3 A = Z ZCN]'(I)%?(I‘LI?’---’I'A)

N=0 j

@ The expansion depends on the HO
frequency because of the Ny
truncation

» Increasing N,,.x leads towards
convergenced results

Eye (MeV)

Ground-state energy of °Li

—101 | === Exp.

—15| |- ®- Npax =4

—20 |- - 8

—25

- —8— Nmax = 10

—8— Nmax = 12
B Npax = 14

-~ Extrap.

T ——— 1

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 .
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Harmonic-Oscillator Frequency

Dependence of Muon Capture
20(04) + 1~ = PBOE) + v

SLi(1L) +p~ — SHe(0F) + vy

Measday 2001 Abe 2016 I
< Nmax =0 = M- Nmax =2
20 (|- m- Niax =4  —@ Nuax =6

—— Nmax =8

z Q i
E Ei
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= 10 | 15 N
ot ~
Deutsch1968 -- B Npax = 0
-B- Nmax =2 - B Noax =4
0.5} B Nuax =6 —B— Nuax = 8 |
—8— Nmax = 10 —— Npax = 12
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0 | | T T T T | |
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Harmonic-Oscillator Frequency
Dependence of Muon Capture

SLi(15) 4+ = — ®He(0k) + v, PC(0g) +um = PB(L) + v

2.5 T T T

Abe 2016

Measday 2001
—— /2 = 14 MeV —— 12 = 16 MeV
20 - —m— hQ = 18 MeV —— hQ = 20 MeV ||

—— h§) = 22 MeV

NN-N4LO+3N;,,

15 - .

10,'\'\.\_\-,

Rate(103/s)
Rate(103/s)

Deutsch1968 —@— hQ) = 12 MeV a8
0.5 @ hQ = 14 MeV —m— hQ = 16 MeV B 51 ;7i N

—m— RO = 18 MeV —— hQ = 20 MeV
—m— Q=22 MeV NN-NLO+3N},
O - T T T T T T | | | | | | |
0 2 4 6 8 10 12 14 16 0 0 2 4 6 8
Nrnax Nrnax

LJ, Navrétil, Kotila and Kravvaris, arXiv:2403.05776 (accepted to PRC)
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Results
Muon capture on Li
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Energy spectrum of °Li

61i spectrum
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e ——— i +

=5 — T TTe— 0*51
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E S [ — — — 2+
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0
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LJ, Navrétil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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@ NCSM slightly underestimating
experiment

Rate(103/s)

Capture Rates to the Ground State of °He

SLi(1L) +p~ — SHe(0F) + vy

Deutsch1968
—#— NN-N*LO+3N,
0.5 1 = NN-N*LO+3Nj,,
—8— NN-N®LO+3N,

A VMC(Ia, Ia*)

—= 1
A GFMC(Ia, Ia*) -4- 1b 4+ 2b
0 2 4 6 8 10 12 14
Nmax

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC) Q
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SLi(1) 4+ = — ®He(0k) + v,

T T T T
21 —&— 1b

-4A- 1b +2b

@ NCSM slightly underestimating
experiment 1.5

@ The results are consistent with the
variational (VMC) and Green’s function
Monte-Carlo (GFMC) calculations

Deutsch1968
—#— NN-N*LO+3Ny

Rate(103/s)

King et al., Phys. Rev. C 105, L042501 (2022) NN-N*LOL3N" Ph(y:. KFinp; eé;uibs
—#— NN- . s. Rev. ,

0.5 |

L042501 (2022) |
—8— NN-N°LO+3Nyp
A VMC(Ia, Ia¥*)
A  GFMC(Ia, Ia*)

0 2 4 6 8 10 12 14
Nrnax

iscovery,
accelerated

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC) [

-
o
=
w
o



)Y
« TRIUMF Capture Rates to the Ground State of °He

SLi(1) 4+ = — ®He(0k) + v,

T T T T
2 —-=—1b

-4A- 1b +2b

@ NCSM slightly underestimating
experiment 1.5

@ The results are consistent with the
variational (VMC) and Green’s function
Monte-Carlo (GFMC) calculations

Deutsch1968
—#— NN-N*LO+3Ny

Rate(103/s)

King et al., Phys. Rev. C 105, L042501 (2022) NN-N*LOL3N" Ph(y:. KFinp; cé:‘lii)fi
—#— NN- . s. Rev. ,

» Slow convergence likely due to 03] _a NnNLOt Ny

cluster-structure A VMC(la, Ia*)
A  GFMC(Ia, Ia*)

L042501 (2022) |

0 2 4 6 8 10 12
NInax

—
=~
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SLi(1) 4+ = — ®He(0k) + v,

21 —— 1b
- A- 1b + 2b
@ NCSM slightly underestimating
experiment 1.5 |
@ The results are consistent with the §
variational (VMC) and Green’s function = g
Monte-Carlo (GFMC) calculations = Deutsch1963
A —#— NN-N*LO+3Ny .
King et al., Phys. Rev. C 105, L042501 (2022) 4 . G- King ct al.
. 0.5 —# NN-NLO+3N},, PH:&.SR(?;,A(;);';;S‘*
» Slow convergence likely due to B NN-N?LO+3Nyy
cluster-structure : ‘égﬂ;gal Ia1*>*
» NCSM with continuum (NCSMC) might o s STMcte 1) L

—_
=~

0 2 4 6 8 10 12

give better results?
Nmax

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC) [
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Correlations with Other Observables

A
: 3.563
0;;135078 0+i1
SHe
= H-Cap- o (M)
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GT 3 decay:

T T
NN-N*LO+3N7,,

1.022 X BGT,oxp. Womc,exp.
A hQ =12 MeV hQ = 14 MeV
A hQ =16 MeV A hQ =18 MeV
A hQ = 20 MeV A K =22 MeV

>

8.2 8.4 8.6 8.8 9
Bgr

LJ, Navratil, Kotila and Kravvaris, arXiv:2403.05776 (accepted to PRC)
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GT 3 decay:

Womc(1/s)

[\

—_

Correlations with Other Observables
M1 ~ decay:

T T
NN-N*LO+3Nf,

1.022 X BGT,exp.

A hQ) = 12 MeV
A hQ =16 MeV
A hQY = 20 MeV

Wowmc,exp.
A hQ =14 MeV
A hQ =18 MeV
A hQ =22 MeV

8.4 8.6
Bar

8.8 9

T
NN-NLO+3Nj,,

P — BOM1)exy.
. Wowmc,exp.
A hQ =12 MeV
A hQ =14 MeV [
A hQ =16 MeV
A hQ =18 MeV
A hQ =20 MeV
A hQ =22 MeV
!
15 15.5 16 16.5 17
B(M1)(p /)

LJ, Navrétil, Kotila and Kravvaris, arXiv:2403.05776 (accepted to PRC)
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Energy spectra of 12C and 2B

128 spectrum

12 spectrum 6+
0 54 —T —
il _ T
R —
3 < - —_ —_— o —
;0 \E_/ 3 _—
il e -
;0 m 21 ) - - —_—
T T T o 1 e -
0,,
0hY 2hQ 4RQ 6RQ 8K Exp. 0RY 2hQ 4R 6hQ 8RO Exp.

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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Capture Rates to the Ground State of 2B

2C(0%) + = — B(1) + v

@ Significant interaction dependence

Rate(10%/s)

i T
—&— 1b

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)

-4- 1b 4+ 2b
4+ B
2 —— NN-N*LO+3Np, Measday 2001 | |

—#— NN-N*LO+3N},, Abe 2016
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0 | T T T
0 2 4 6 8
Nrnax
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2C(0%) +u~ = PB(1Y) + v

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)

T T T
@ Significant interaction dependence 8 )
» The NN-N*LO+3N; , interaction with
the additional spin-orbit term most Z 6
consistent with experiment >
5
T o4 b
=
*
2+ . B
NN(CD-Bonn)
__: ig s g;fZit aol'nsoz (2003) SE
0 . | | | | 1SS ©
0 2 4 6 8 Q=
32
Nmax o q,
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(o ]
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« U Capture Rates to the Ground State of 2B

20(0%) + = — 2BOL) + v,

T
@ Significant interaction dependence 8
» The NN-N*LO+3N; , interaction with
the additional spin-orbit term most Z 6
consistent with experiment >
@ The results can be compared against < 4t
earlier NCSM calculations with &
phenomenological interactions 9l . ¢
H t al., Phys. Rev. Lett. 91, 012502 (2003 Hayes ot (EPBomm)
ayes ela ve- e e { ) —&—1b PRL 91, 012502 (2003) -\g
0 - ._\ b+ 2 | | | 2“'5
0 2 4 6 [~
N, 82
max o d)
28
(o ]
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2C(0%) +u~ = PB(1Y) + v

@ Significant interaction dependence 8 )
» The NN-N*LO+3N; , interaction with
the additional spin-orbit term most Z 6
consistent with experiment >
@ The results can be compared against g 4l y
~

earlier NCSM calculations with

phenomenological interactions 9l R ¢ |

Hayes et al., Phys. Rev. Lett. 91, 012502 (2003) . 1h Hayes et o O DTBOT) Lo

. e PRL 91, 012502 (2003) Q)

@ 3-body forces essential to reproduce the Y el | | | =
measured rate 0 2 4 6 8 o)
Nmax E

O

0o

©

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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Correlations with Other Observables

511
13.369 ;
151 —
1’B
p-cap. ~v (M1)
= B (GT)
= 0.0
S — 040
6 C

Y

Atomic number
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GT 3 decay:

Correlations with Other Observables

25 T T T
NN-N4LO+3N},
20 |- .
n
o2 15| R _
=
CED " o —10a2 x Bar,exp.
o 10 |- LA Wowma,exp.
E y - A hQ =14 MeV
_ A hQ =16 MeV
5 4% A RQ =18 MeV
A RQ =20 MeV
A RQ =22 MeV
O | | |
0.4 0.6 0.8 1 1.2 14
Bar

LJ, Navratil, Kotila and Kravvaris, arXiv:2403.95776
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Wowmc (103/8)

25

20

15

10

GT 3 decay:

Correlations with Other Observables

T T
NN-N*LO+3Nj,,

A

a4 2
W —— 1.04% X BaT,exp.
A Womac,exp.

i A A Q=14 MeV

A hQ =16 MeV

A A RQ =18 MeV

A hQ =20 MeV

A hQ =22 MeV

| | |

0.4 0.6 0.8 1 1.2 1.4

Bar

WOMc(].OS/S)

M1 ~ decay:

25 T T
NN—N4LO+3NTDI
20 b
15+ a B
“
2 B(M1)exp.
10 - N WoMc,exp.
y A A hQ =14 MeV
A hQ =16 MeV i
5F A hQ =18 MeV ||
A hQ =20 MeV
A hQ =22 MeV
0L |
0.5 1 1.5 2
B(M1)(p% /)

LJ, Navratil, Kotila and Kravvaris, arXiv:2403.95776
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Capture Rates to Low-Lying States in 2B

b) 2
0.47() 1
L
= -
T 2=
<
o
0

Nmax

()28

Measday 2001
Abe 2016

—#— NN-N*LO+3Ny,;
—#— NN-N‘LO+3N;, ||
—8— NN-N°LO+3Npy,;

LJ, Navrétil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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Results

Muon capture on 6O

Outline
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Energy spectra of 1°N

16N spectrum

64 — -
5 |  e—
£ - O_
> 4 _
[«D]
s 3 —2
>< — 3
S 2 ——3
1 1
0! i

0RQ 20O 4RQ 6RO 8AQ Exp.

LJ, Navrétil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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Capture Rates to Low-Lying States in °N

(a) 2.

- 1b
-4- 1b + 2b |

Rate(10%/s)

0.0

Rate(10%/s)

1.0

0.5

0.0

(b) 07

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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@ Rates obtained summing over ~ 50
final states of each parity

> Womce (10%/s)

Total Muon-Capture Rates in 2B and '°N

uo + PC(0L) — v + B(JF)

Exp.
Pos.
Neg.
Both par.

40

E(MeV)

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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@ Rates obtained summing over ~ 50
final states of each parity

@ Summing up the rates up to ~ 20

MeV, we capture ~ 85% of the
total rate in both 2B and 15N

> Womce (10%/s)

Total Muon-Capture Rates in 2B and '°N

uo + PC(0L) — v + B(JF)

Neg.
Both par.

40

E(MeV)

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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@ Rates obtained summing over ~ 50
final states of each parity

@ Summing up the rates up to ~ 20
MeV, we capture ~ 85% of the
total rate in both 2B and '°N

@ Better estimation with the Lanczos
strength function method ongoing

> Womce (10%/s)

Total Muon-Capture Rates in 2B and '°N

uo + PC(0L) — v + B(JF)

Neg.
Both par.

40

E(MeV)

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776 (accepted to PRC)
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Summary
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Summary

@ Ab initio muon-capture studies could shed light on nuclear electroweak currents at
finite momentum exchange regime
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Summary

@ Ab initio muon-capture studies could shed light on nuclear electroweak currents at
finite momentum exchange regime

@ No-core shell-model describes well partial muon-capture rates in light nuclei °He, 2B
and 15N
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Summary

@ Ab initio muon-capture studies could shed light on nuclear electroweak currents at
finite momentum exchange regime

@ No-core shell-model describes well partial muon-capture rates in light nuclei °He, 2B
and 15N

@ Calculation of total capture rates currently in progress in NCSM
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Thank you
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OMC operators

@ Rates written in terms of reduced one-body matrix elements:

A

<\Iff\|20kww<rs,ps>||wi>:fﬁZnuom(rs,ps>||p><wf||[ Lyl 7:)
NME Okwum(r57 ps)

M[Owu] jw(qrs)( l( ) Owu ( )6wu

M1 wu] Juw(grs)G-1(rs)Y lwu (f' ,0s)

M[Ow u] [w(qu)Gfl(rs)?%Jwﬂ(q ) &=G (7s)]y0wu ( s)0wu
MQwux] [julqrs)G1(rs) F ]w¥1(q7ﬂ )di (75)]ylwu (rs,as)
M[O'LUUP] ijw(qTS)Gfl(T'S)y()wi;Mi( s)a's PsOwu

/\/l[lwup] Z.jw(qrs)Gfl(7'.s)yi\fuuiMi(f'saps)

Morita, Fujii, Phys. Rev. 118, 606 (1960)
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Bound-Muon Wave Functions

@ Expand the muon wave function in terms of
spherical spinors

o) — () — _iFH(T)X—Hu
wu(ﬁv /.L, I') ,(JZ)F»:/J, |: GH(T)X.%M )
where k = —j(j +1) +1(1+1) — 1
(k = —1 for the 15, , orbit)

@ Solve the Dirac equations in the Coulomb
potential V' (r):

er 142G =E(mPE—E+V(r)F_,
Ap - =LmE+E-V(r)G_,

— (Tl S i (r5) Os(gs, 75, 05) || 5)

10~3fm /2

pl = pointlike
fs = finite size nucleus

LJ, Navrétil, Kotila, Kravvaris, arXiv:2403.05776
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Translationally invariant wave function

@ We are not interested in the motion of the center of mass (CM) of the HO potential
but only the intrinsic motion
@ Translationally invariant wave functions can be achieved in two ways:
» Working with A — 1 Jacobi coordinates &, = —/A/(A — 1)(rs — Rcm):

Nmax

6 v = Z ZCNz‘I’Nz €1,82,....6a-1)

N=0 =1

» Working with A single-particle coordinates and separating the center-of-mass motion:

max

s vy = Y SRS (i, ra) = T on (Ren)
N=0 ¢
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@ Operators depend on coordinates rs and ps w.r.t.

the center of mass (CM) of the HO potential

@ We remove CM contamination as:
Navratil, Phys. Rev. C 104, 064322 (2021)

A
(sl ZOS(rS — Raow, ps — P)I|W))

- ’||O(Fss V) )

s — —1
X (M), g (Prlladaplul )
where
Ss = — A/(A - 1)(rs_RCM) ; g = — A/(A - 1)(ps_P)

Translationally Invariant Operators

SLi(15) + = — °He(04,) + vy

! ! ! " —m— Transl. inv.
- @ Standard
9l il
N .
2 ~ 4% increase
3 1k T
=
—#— NN-N*LO+3N
I I I I
0 0 2 4 6 8 10 12
Nunax
16O(O;’S) FuT = 161\'(2g’5) + v
20 - —8— Transl. inv.
& Standard
— 151 b
= ; -
o -
= . ”
T~ 2% increase =
=
51 i
—#— NN-N*LO+3Nj
I I I
0 0 2 4 6 8

Ninax
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LJ, Navratil, Kotila and Kravvaris, arXiv:2403.05776
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« TRIUMF Axial-Vector Two-Body Currents (2BCs)

@ One-body (1b) axial-vector currents given by

3
Ti gp
I, = 32 (gAm ~ o4 Ui) ,

where gp = (2mnq/(¢* + m2))ga

@ Additional pion-exchange, pion-pole, and contact two-body (2b) currents
Hoferichter, Klos, Schwenk Phys. Lett. B 746, 410 (2015)

gA 3 q c6 p1+pi] o2 -k
J3, =22 X 1-— . x k — X
12 2F7%[T1 T2] [04( q2+MWQ)(01 2) + 4(0'1 q)+1i ]M?,—i—k%

~ O es (1- 2 .)k 2, M2—2 ]‘”kz
F2 " Cs( @+, Y )T ez g

— dlr? (1 —

Amn

a 3 a
q2+ng') o1+ (1 2) —da(m1 X 72)°(01 X 02) (1—'qq2+M72r)

where k; = p, —p; andq = —k; — ko
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o~ .
Axial-Vector Two-Body Currents (2BCs)
@ Approximate 2BCs by normal-ordering w.r.t. spin-isospin—symmetric reference state
with p = 2k3 /(372):
Hoferichter, Menéndez, Schwenk, Phys. Rev. D 102,074018 (2020)
I8, =) (11— Py)T;
J

3 P2
T da’ (q
— | J5h, = 9A~Y [5a(q2)ai + %(q : Ui)q] ,
where
1 1
5ua?) == L | 2118 (0.~ 17 prla] = 5 (0 = o ) IE (o) — 2L lal) - 4;ADAX} ,

lerated

2 42 2

P msq 1 1 P ce 2 cm
5 (a? :—[—m—zcl ”7+7(C3+C4——)1 (prlal) — (£ = 25" Y 16, Ja)
a (@) F2 ( )(m?‘.—l—qQ)2 3 4mn lal 12 3m2 +q2 “ lal

iscovery,

2 2

q 3o P C4 oo P o (&) q-,
— [ I , —[I? (p, I , —3I5(p, _

(3 17 (p, lal) + 17 (p, lal)] + 3 (17 (p,1al) + 17 (p,1al) 3(p \ql)]) Tgahy mZ i

mz +q?

acce
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@ One-body currents

Axial-Vector Two-Body Currents (2BCs)

2
J?,lb =T, (QA(qz)Ui - Mq . U’i)

2mN

+ two-body currents

I = gat; [5a(q2)0i +

da’’(q?)

" (a- Uz‘)Q]

Hoferichter, Klos, Schwenk Phys. Lett. B 746, 410 (2015)

@ Two-body currents approximated by

{

9a(q?,2b) = ga(q®) + gada(q?),
gp(g%,2b) = gp(q?) — 22925F (g?)

0.4
0.2

—0.2}
—0.4F

| ™Lo NLO [mmm 5,(2)
B 5 (q?)
i --- 6He
S o e 110
0 ‘ ‘260‘ ‘ ‘460 0 ‘ 260 400
q(MeV) q(MeV)

LJ, Navratil, Kotila, Kravvaris, arXiv:2403.05776
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