Muon Capture Helping New Physics Studies

UNIVERSITAT
DARMSTADT

Lotta Jokiniemi

Herzberg Fellow
Institut fir Kernphysik — Theoriezentrum
TU Darmstadt

?7) TRI U M F g‘ f}“[ml;‘s[mﬁ;"iiﬂggﬂ{]ﬁlﬂmm Exzellente Forschung fur
LV Hessens Zukunft

17.04.2025 | ECT™ Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 1



Collaborators i TECHNISCHE

UNIVERSITAT
DARMSTADT

J
’(\L\)’ TRI UMF D. Araujo Najera, M. Gennari, P. Navratil

M Lawrence Livermore
National Laboratory K. Kravvaris

%
-
TYVASKYLAN YLIOPISTO
'UNIVERSITY OF JYVASKYLA J Kotlla
R. Plestid
TECHNISCHE
UNIVERSITAT
DARMSTADT M DI’iSSi

17.04.2025 | ECT* Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 2



TECHNISCHE
UNIVERSITAT
DARMSTADT

Introduction

17.04.2025 | ECT* Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 3



Muon Capture and Beyond Standard Model (BSM) Physics

Neutrinoless double-beta
(0v33) decay
o

@ -2

TECHNISCHE
UNIVERSITAT
DARMSTADT

17.04.2025 | ECT™ Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 4



Muon Capture and Beyond Standard Model (BSM) Physics TECHNISCHE

UNIVERSITAT
DARMSTADT

Neutrinoless double-beta
(0v33) decay
o

@ -2

m Lepton-number violation

17.04.2025 | ECT™ Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 4



Muon Capture and Beyond Standard Model (BSM) Physics TECHNISCHE

Neutrinoless double-beta
(0v33) decay
o

@ @

m Lepton-number violation

UNIVERSITAT
DARMSTADT

Muon-to-Electron Conversion in
Nuclei

17.04.2025 | ECT™ Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 4



Muon Capture and Beyond Standard Model (BSM) Physics TECHNISCHE

Neutrinoless double-beta
(0v33) decay
o

@ @

m Lepton-number violation

UNIVERSITAT
DARMSTADT

Muon-to-Electron Conversion in
Nuclei

m Lepton-flavor violation

17.04.2025 | ECT™ Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 4



Muon Capture and Beyond Standard Model (BSM) Physics ) TECHNISCHE

Neutrinoless double-beta
(0v33) decay
o

@ -2

m Lepton-number violation

Muon Capture on Nuclei

[} L]

) ‘o—e

R S
P+ o n® 4,

© Proton(p)  ® Electron (e)
@ Neutron (1) © Muon (1)
® Neutrino (v,%)

UNIVERSITAT
 DARMSTADT

Muon-to-Electron Conversion in
Nuclei

m Lepton-flavor violation

17.04.2025 | ECT™ Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 4



Muon Capture and Beyond Standard Model (BSM) Physics

Neutrinoless double-beta
(0v33) decay
o

@ @

m Lepton-number violation

Muon Capture on Nuclei

[} L]

) ‘o—e

R S
P+ o n® 4,

© Proton(p)  ® Electron (e)
@ Neutron (1) © Muon (1)
® Neutrino (v,%)

= Probe for O35 decay

4 TECHNISCHE
UNIVERSITAT
 DARMSTADT

Muon-to-Electron Conversion in
Nuclei

m Lepton-flavor violation

17.04.2025 | ECT™ Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 4



Muon Capture and Beyond Standard Model (BSM) Physics

Neutrinoless double-beta
(0v33) decay
o

@ @

m Lepton-number violation

Muon Capture on Nuclei

[} L]

) ‘o—e

R S
P+ o n® 4,

© Proton(p)  ® Electron (e)
@ Neutron (1) © Muon (1)
® Neutrino (v,%)

= Probe for O35 decay

= Background for
muon-to-electron
conversion

4 TECHNISCHE
=\ UNIVERSITAT
 DARMSTADT

Muon-to-Electron Conversion in
Nuclei

m Lepton-flavor violation

17.04.2025 | ECT™ Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 4



Muon Capture on Nuclei [ TECHNISCHE

UNIVERSITAT
DARMSTADT

m Starting point: a muonic atom

17.04.2025 | ECT* Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 5



Muon Capture on Nuclei [ TECHNISCHE

UNIVERSITAT
DARMSTADT

m Starting point: a muonic atom
= The muon quickly transitions to the lowest, 1s; ; orbit

17.04.2025 | ECT* Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 5



Muon Capture on Nuclei [ TECHNISCHE

UNIVERSITAT
DARMSTADT

m Starting point: a muonic atom
= The muon quickly transitions to the lowest, 1s; ; orbit
= From there, the muon can be captured by the nucleus

17.04.2025 | ECT* Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 5



Muon Capture on Nuclei \ TECHNISCHE

UNIVERSITAT
DARMSTADT

m Starting point: a muonic atom
= The muon quickly transitions to the lowest, 1s; ; orbit

= From there, the muon can be captured by the nucleus
o Ordinary muon capture (OMC):

p A+ AXIT) = v+ SY(IT)

17.04.2025 | ECT* Lepton Flavor Change in Nuclei | TU Darmstadt | L. Jokiniemi | 5



Muon Capture on Nuclei TECHNISCHE

UNIVERSITAT
DARMSTADT

m Starting point: a muonic atom
= The muon quickly transitions to the lowest, 1s; ; orbit

= From there, the muon can be captured by the nucleus
o Ordinary muon capture (OMC):

p A+ AXIT) = v+ SY(IT)

o Radiative muon capture (RMC):

P SXIT) = vt ST+
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= No experimental signal so far = Has been measured
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Morita, Fujii, Phys. Rev. 118, 606 (1960)
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= Muon wave function
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m Capture rates written in terms of reduced
matrix elements

(W] 3201 G1(rs)Os(rs, ps) 75 || W)

TECHNISCHE
UNIVERSITAT
DARMSTADT

~_ 12C
a 6f
T
E 4]
o™ —G—l(Pl)
S --- F_i(p))
— 2 - — G_1(fs)
--- F_i(fs)
0 T PR [ [ ———
0 5 10 15 20

r (fm)

LJ, P. Navrétil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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Nuclear Forces from Chiral Effective Field Theory

= We use Nucleon-Nucleon (NN) and 3-Nucleon (3N)
forces based on Chiral Effective Field Theory:
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NLO X }:iﬁii H

(@Q/A?

Ok ) H
M

(Q/A?
N°LO / \+:

@/ -::;”"xi

H. Hergert, Front. Phys. 8 (2020)

o
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NN 3N 4N
LO
@/ ><H
= We use Nucleon-Nucleon (NN) and 3-Nucleon (3N)
forces based on Chiral Effective Field Theory: ( g}\O)Z X);H
/Dy -

a NN(N3LO)+3N(N2LO,Inl)

Entem, Machleidt, Phys. Rev. C 68, 0410017 (2003) (NN)

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

Ok ) H

o XEDL L
(@Q/Ay) H H [\

H. Hergert, Front. Phys. 8 (2020)
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forces based on Chiral Effective Field Theory:

a NN(N3LO)+3N(N2LO,Inl)

Entem, Machleidt, Phys. Rev. C 68, 0410017 (2003) (NN)

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

o NN(N*LO)+3N(N2LO,Inl)

Entem, Machleidt, Nosyk, Phys. Rev. C 96, 024004 (2017) (NN)

Gysbers et al., Nature Phys. 15, 428 (2019) (3N)

UNIVERSITAT
 DARMSTADT

amr XH
NLO X }:iﬁii H

(@Q/A?

(@Q/A)°

Ok ) H

N°LO /
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Nuclear Forces from Chiral Effective Field Theory

= We use Nucleon-Nucleon (NN) and 3-Nucleon (3N)
forces based on Chiral Effective Field Theory:

a NN(N3LO)+3N(N2LO,Inl)

Entem, Machleidt, Phys. Rev. C 68, 0410017 (2003) (NN)

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

o NN(N*LO)+3N(N2LO,Inl)

Entem, Machleidt, Nosyk, Phys. Rev. C 96, 024004 (2017) (NN)
Gysbers et al., Nature Phys. 15, 428 (2019) (3N)
o NN(N*LO)+3N(N2LO,Inl,E7)

Girlanda, Kievsky, Viviani, Phys. Rev. C 84, 014001 (2011) (E7)
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® One-body (1b) axial-vector currents given by

3 r
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Momentum-Dependent Two-Body Currents TECHNISCHE
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® One-body (1b) axial-vector currents given by

3 C T T T T
B, = s (ng'i - gipq . a,.) 0.4 N3LO | N'LO [ 6,(¢?)
o2 2m ozl 1 w57 (4?)
m Approximate 2BCs by normal-ordering w.r.t. 0 ‘4—‘,
spin-isospin—symmetric reference state: i e
Hoferichter, Menéndez, Schwenk, Phys. Rev. D 102,074018 (2020) —0.2 } i:’
ff _o4l +
IeZb - 2(1 PU l] 0.4 L 8 v 1 [ 1T T
0 200 400 0 200 400
saP(q?) q(MeV) q(MeV)

—{ 58, = oa s [6a(q o + (-1
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No-core Shell Model J TECHNISCHE
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m Solve the nuclear many-body problem

H(A)\I}(A)(r'l) r2,..., rA) = E(A)W(A)(r17 r2,..., rA)

AE = Nmath
-
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No-core Shell Model

m Solve the nuclear many-body problem
H(A)\I}(A)(r'l) r27 e rA) = E(A)W(A)(r17 r27 ) rA)

= Two- (NN) and 3-body (3N) forces from yEFT:

A
(A) _ p? NN 3N
H Z am T Z Z + > Vik
i=1 i<j=1 i<j<k=1
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AE = Nmath
-
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No-core Shell Model

m Solve the nuclear many-body problem
H(A)\I}(A)(r'l) r27 e rA) = E(A)W(A)(r17 r27 ) rA)
= Two- (NN) and 3-body (3N) forces from yEFT:

A

HA) — Z P, 4 Z VNN Z V,f,?’

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

m Expansion in Harmonic Oscillator (HO) basis:
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Dependency on Harmonic-Oscillator Frequency TECHNISCHE
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—~10} B Exp.

Nmax . et | < Nmax =0

A HO W o S Ee Niax =2

v — ZZ = CNj(DNj (r1,r2,...,rA) 15l Mo u " - @ Nuax =4

N=0 j TR N =6

J _ LN NN-NILO+3N},, | = Noas =8

% a0l “m. |~ Nuax =10

. = TR g go---E | Nux=12

m The expansion depends on the HO frequency B N =14

. & - —a— Extrap.
(hw) because of the N, truncation —25 |
o Increasing Ni..x leads towards converged

results 30 F

12 14 16 18 20 22
hw (MeV)

LJ, P. Navrétil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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Frequency-Dependence of Muon-Capture Rates

2C(0%) + 1~ — PB(1E) + v SLi(1g,) + p~ — ®He(0g;) + vy
T T 2.5
Measday 2001 Abe 2016 n
- Nmax =0 - M- Numax =2 o
20 (|- - Nax =4  —— Nunax =6 N
—B— Npax = 8 2r .
= i Z s s
= 2
g | | NN-N'LO+3N},, |
~ ~
Deutsch1968 -- -+ Nmax = 0
= -~ M- Npax =2 -~ M- Npax =4
0.5} B Nuax =6 —B— Nupax = 8
8 Niuax = 10— Nuax = 12
NN-N*LO+3N}, - N = 14
0 | | | | | 0 | |
14 16 18 20 22 12 14 16 18 20 22

hQ (MeV)

LJ, P Navrétil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065507 (2024)
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ency-Dependence of Muon-Capture Rates

2C(0%) + 1~ — PB(1E) + v

Measday 2001 Abe 2016
—m— Q= 14 MeV —@— hQ2 = 16 MeV
20 - —m— hQ = 18 MeV —— hQ = 20 MeV

—@— hQ = 22 MeV

Rate(10%/s)
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NN-NLO+3N},,
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Nrmax

|

=
o

LJ, P, Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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Energy Spectrum of SLi TECHNISCHE
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i spectrum
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0hQ 2R 4hQ 6RO 8hQ 10 12R2 Exp.

LJ, P Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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Muon Capture to the Ground State of °He

m NCSM slightly underestimating the
experiment
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= 1.5 =
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% 1 || —#— NN-N*LO+3Njy .l
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~ 0.5 % NN-N*LO+3Nyy |

N *

A  VMC(Ia, Ia*) — 1

A GFMC(Ia, Ia*) -A- 1b + 2b
0 |

0 2 4 6 8 10 12 14

Nmax

LJ, P, Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065507 (2024)
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Muon Capture to the Ground State of °He

m NCSM slightly underestimating the
experiment

m Results consistent with other ab initio
methods: Variational Monte Carlo and
Green’s Function Monte Carlo

G.B. King et al., Phys. Rev. C. 105, L042501 (2022)
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A  VMC(Ia, Ia*) — 1
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O | |
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Muon Capture to the Ground State of °He [ TECHNISCHE
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m NCSM slightly underestimating the 2] | | | =
experiment b

m Results consistent with other ab initio = Lop T4
methods: Variational Monte Carloand & Deutsehl 968 it
Green'’s Function Monte Carlo T LT NN Lo &

P —#— NN-N*LO+3N},,

G.B. King et al., Phys. Rev. C. 105, L042501 (2022) faist 05l —B— NN-N®LO+3Ny, |

m Slow convergence due to clustering not ’ A VMC(Ia, Ia*) a1
captured by the NCSM? A GFMC(la, Ia*) | 4= bt

0 0 2 4 6 8 10 12 14

Nmax

LJ, P, Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065507 (2024)
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Muon Capture to the Ground State of °He TECHNISCHE

m NCSM slightly underestimating the
experiment

m Results consistent with other ab initio
methods: Variational Monte Carlo and
Green’s Function Monte Carlo

G.B. King et al., Phys. Rev. C. 105, L042507 (2022)
m Slow convergence due to clustering not
captured by the NCSM?
o NCSM with continuum (NCSMC) might
give better results?
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2 [ T T T ]
= 1.5 =
N Deutsch1968 i
% 1 || —®— NN-N*LO+3Njy .l
2 —m— NN-N*LO+3N},,
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N *

A  VMC(Ia, Ia*) — 1
A GFMC(Ia, Ia*) -A- 1b + 2b
O |
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Nmax
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Energy Spectra of °C and '’B TECHNISCHE
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12 spectrum
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LJ, P, Navrétil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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= Significant interaction dependence
8 |- H
q
w6
=
by
2
T
S 4 .
[t
2+ ®  NN(CD-Bonn) B
—&—1b ??&fi};t Lgi2502 (2003)
-#- 1b + 2b ) ) ) ) )
0
0 2 4 6 8 10 12 0
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Muon Capture to the Ground State of '’B G, TECHNISCHE
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= Significant interaction dependence
o The NN — N“LO -+ 3N, interaction with 8r I
the additional spin-orbit term most
consistent with experiment = 6
=
T
Z4p —
m ﬁ
2+ ®  NN(CD-Bonn) B
—&—1b ??{f”sit Lgi2502 (2003)
-#- 1b + 2b ) ) ) ) )
v 0 2 4 6 8 10 12 oo
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Muon Capture to the Ground State of '°B

= Significant interaction dependence
o The NN — N*LO + 3N;, interaction with
the additional spin-orbit term most
consistent with experiment

m The results are comparable with earlier
NCSM calculations with phenomenological
interactions

Hayes et al., Phys. Rev. Lett. 91, 012507 (2003)

Rate(103/s)
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q
r ¢ NN(CD-Bonm) N
Hayes et al.
—&—1b rra{yLssl, 012502 (2003)
- - 1b + 2b
1 ! ! ! !
0 2 4 6 8 10 12 o
Nimax

109-065507-{2024)
616966556126
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Muon Capture to the Ground State of '°B

= Significant interaction dependence
o The NN — N*LO + 3N;, interaction with
the additional spin-orbit term most
consistent with experiment

m The results are comparable with earlier
NCSM calculations with phenomenological
interactions
Hayes et al., Phys. Rev. Lett. 91, 012507 (2003)

= 3-body forces essential to reproduce the
measured rate

Rate(103/s)
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Muon Capture on '°N
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Total Muon-Capture Rates TECHNISCHE
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T
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m Rates obtained by summing over ~ 50 final N
states of each parity 3] —3.
= Summing up the rates up to ~ 20 MeV, we 5 o 7
capture ~ 85% of the total rate in both '?B S 2 — o
and '°N E Both par.
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Total Muon-Capture Rates

m Rates obtained by 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 '?B
and '°N

m Better estimation with the Lanczos strength
function method ongoing

D. Araujo Najera, M. Gennari, LJ, M. Drissi, P. Navratil, work in progress
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= Measured branching ratios of RMC ~ 10~° b
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RMC Spectra and Closure Approximation

m RMC data has large uncertainties near the endpoint
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RMC Spectra and Closure Approximation

m RMC data has large uncertainties near the endpoint

m RMC photon spectrum commonly parametrized in the
“closure approximation" H. Primakoff, Rev. Mod. Phys. 31, 802 (1959)

d WRMC
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m RMC data has large uncertainties near the endpoint

m RMC photon spectrum commonly parametrized in the
“closure approximation" H. Primakoff, Rev. Mod. Phys. 31, 802 (1959)
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m RMC data has large uncertainties near the endpoint

m RMC photon spectrum commonly parametrized in the
“closure approximation" H. Primakoff, Rev. Mod. Phys. 31, 802 (1959)
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RMC Estimates from Chiral Perturbation Theory
+ Nuclear Shell Model

pT o GXIT) = vt 24 4y

m Differential decay rate:

drB1/1d gn( 0 )<|M |2>

dw ~ oM |, cos cosf,w By

with 1 K
M(cosb,w) = ko | w
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= Aim: Differential decay rate with 10% uncertainty near the
endpoint
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Nuclear Wave Functions from Nuclear Shell Model
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Summary

= Ordinary muon capture on nuclei can probe 0v 35 decay

m Ab initio predictions for partial OMC rates in good agreement
with data

m Ab initio total OMC rates look promising
m Radiative muon capture important background for i — e

m Work in progress to estimate differential RMC rate with xyPT and
nuclear shell model
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