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@ Current knowledge on particles and interactions
between them is based on the Standard Model oy
(SM) of particle physics g qe

@ According to the SM, neutrinos are extremely '
weakly interacting, massless fermions

@ Yet we know from solar neutrino experiments
that neutrinos must have a non-zero mass
o But what is the absolute mass scale?
o What else is there beyond the SM?
e Observing neutrinoless double-beta decay
would provide answers!
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Two-Neutrino Double-Beta (2v3/) Decay

XN =205 Y o + 26 + 27, J
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Two-Neutrino Double-Beta (2v3/) Decay

XN =25 Yn_2 +2e™ + 27

o May happen, when S-decay is not energetically allowed
@ Allowed by the Standard Model
@ Measured in ~ 10 isotopes

o Half-lives of the order 10%° years or longer
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Neutrinoless Double-Beta (0v/53) Decay

XN =205 Yy o + 26~ J
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Neutrinoless Double-Beta (0v/53) Decay

ndd 4
g
dv o’

AXn =70 Yy o + 26~ J

@ Requires that the neutrino is a Majorana particle
@ Violates the lepton-number conservation law by two

g ﬁ X ‘(m,,>|2
1/2
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Half-life of 0v35 Decay
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!Agostini et al., arXiv:2202.01787 (2022)
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Half-life of 0v35 Decay
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Half-life of 0v35 Decay
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@ Phase-space factor N e & T : '; D
° Nume.rically solved from Dirac o P L ox N I ]
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@ Nuclear matrix element (NME) ey '
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Matrix elements of Ov3f decays !

o Hard to estimate the errors!

! Agostini et al., arXiv:2202.01787 (2022)
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Nuclear Many-Body Methods

@ Ab initio methods (CC, IMSRG, ...)

L. Jokiniemi (UB) Improved OMC Calculations 26/04/2022



Nuclear Many-Body Methods

@ Ab initio methods (CC, IMSRG, ...)

+ Aim to solve Schrddinger equation (SE)
for all nucleons and forces

L. Jokiniemi (UB) Improved OMC Calculations 26/04/2022



Nuclear Many-Body Methods

@ Ab initio methods (CC, IMSRG, ...)

+ Aim to solve Schrddinger equation (SE)
for all nucleons and forces

— VERY complex problem — limited
(usually) to light nuclei

L. Jokiniemi (UB) Improved OMC Calculations 26/04/2022



Nuclear Many-Body Methods
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Nuclear Many-Body Methods

@ Ab initio methods (CC, IMSRG, ...)

+ Aim to solve Schrddinger equation (SE)
for all nucleons and forces

Liysia

— VERY complex problem — limited T H
(usually) to light nuclei P
@ Nuclear Shell Model (NSM) e e—
T
o Solves the SE in valence space Excluded |2z, ————s
+ Less complex — wider reach s
— Effective Hamiltonian relies on 2w

experimental data

Valence- | 15— 1
- 1d. I

space — =N

2
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Nuclear Many-Body Methods

@ Ab initio methods (CC, IMSRG, ...)
+ Aim to solve Schrddinger equation (SE)
for all nucleons and forces
— VERY complex problem — limited

(usually) to light nuclei P
o Nuclear Shell Model (NSM) ®9
e Solves the SE in valence space w I'M "
+ Less complex — wider reach )
— Effective Hamiltonian relies on = P
experimental data (@) @)

@ Quasiparticle Random-Phase IDMQRPA
Approximation (QRPA)

w)

‘ =
Son (a0 (P2 D)
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Advantages of OMC as a Probe of 0v53 Decay

@ OMC leads to transitions to all J™
states up to high energies
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Advantages of OMC as a Probe of 0v53 Decay

@ OMC leads to transitions to all J™
states up to high energies

o Accesses the intermediate states of

Ov3S decay!
@ Left-hand-side leg probed by
: B~ JU omMC Bt
charge-exchange reactions .

2a+7 X =, b‘*‘zfr\l Y,

[=}
T
N
>
g
3 5
Sy
A

where (a, b) can be (p, n), (3He, t), ...
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Advantages of OMC as a Probe of 0v53 Decay

@ OMC leads to transitions to all J™
states up to high energies

o Accesses the intermediate states of
Ov3S decay!
@ Left-hand-side leg probed by
charge-exchange reactions

2a+7 X =, b‘*‘zfr\l Y,

o
N
s
g
3 5
=
PR

where (a, b) can be (p, n), (3He, t), ...
@ Ordinary muon capture (OMC)

p X s v+ Y

can probe the right-hand side
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Advantages of OMC as a Probe of 0v53 Decay

@ Both OMC and Ovf33 decay involve couplings ga and g;:

W(OMO) o |ga M + gy My + gp Mp |

v 14 gv 2 14 v
Mo = M (e gn) — (57) M (av) + MY (an. 2. am)

2
v v mgs
1851 = e Go 2 (72

e

@ ..soif
o we know the involved nuclear structure precisely enough, and
o OMC rates to individual nuclear states can be measured
...we can probe ga and g, on the relevant momentum-exchange
regime for Qv decay
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gar Quenching at High Momentum Exchange?

a3

¢ This work

[ Shell model
24 q=1
& == q=0.96(6)
£
£ —— =080(2
g | q (2) Iy
3
£

@ Recently, first ab initio solution
to ga quenching puzzle was

o - T T
proposed for S-decay 2 S P
@ How about ga quenching at B e
high momentum transfer i

g ~ 100 MeV/c? o

H —— q=092(4)
e OMC could provide a hint! : a=0750)
2
g
0

|Mgr] theory (unquenched)

2P, Gysbers et al., Nature Phys. 15, 428 (2019)
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Ingredients 1: Particle Physics

Muon-Capture Theory

@ Interaction Hamiltonian — capture rate:

2Jf'+1 q 2 2

W(Ji — Jr) = 1— E My + gaMas + gp M

( f) 27, 1( y AM)q 2 lgv My + gaMa + gp Mbp|
PHYSICAL REVIEW VOLUME 118, NUMBER 12 APRIL 15, 1960

Theory of Allowed and Forbidden Transitions in Muon Capture Reactions*
Masato MoriTa
Columbia University, New York, New York
AND :

Axmiko Foyaf
Brookhaven National Laboratory, Upton, Long Island, New York

(Received November 9, 1959)
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Ingredients 1: Particle Physics

@ Correct the couplings by effective one-body currents 3

2 2
+ my
ga — (14 5,(?))gs and go — (1— N 55(«:2)) o

o5 (a®)

Tl {-0.5

—0.5}

400 500

1 | | | | | |
0 100 200 300 400 0 100 200 300
Q(MeV) Q(MeV)

*Hoferichter et al., Phys. Rev. C 102, 074018 (2020)
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Ingredients 2: Nuclear Physics

Valence-Space In-Medium Similarity Renormalization Group (VS-IMSRG)

Liysp 2d 16 }gg
1312
o . e 8 |ie
@ Hamiltonian based on the chiral e — Y I
EFT with EM 1.8/2.0 NG
wi .8/2.
lipgp—="1 141126
interaction E::in 18
I Excluded |2me———s5 |i%
@ Valence-space Hamiltonian and N
OMC operators decoupled from e ¥ p2fe
. . Ve
complimentary space with a T L
. . (r
unitary transformation (o) t
learay Pl
o Operators can be made e — ®
- /]
consistent with the % 28
Hamiltonian! Valence- -%zs”g——g ®
L5 |14
space —.
Core |ty —*|°
M ©)] 1,
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Ingredients 3: Atomic Physics

Bound-Muon Wave Function

@ Solve the Dirac equations for the muon:

hc
1

%G_l +16=L(m? - E+ V(r))F1
%F_l — %F_l = —(mcz + E — V(r))G_1
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hc
1

%G_l +16=L(m? - E+ V(r))F1
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@ For a point-like
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Ingredients 3: Atomic Physics

Bound-Muon Wave Function

@ Solve the Dirac equations for the muon:

4G 1+216=7~(mP—E+V(r ))F_
4, —iF =L(m?+E- V()G

@ For a point-like or finite-size nucleus
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Ingredients 3: Atomic Physics

Bound-Muon Wave Function

@ Solve the Dirac equations for the muon:

4G 1 +216,=2~(m?—E+ V(r)F1
Ar,—LiF=L(m?+E-V(r)G,4

@ For a point-like or finite-size nucleus

3 1

(a) 12C
0.8

N
=

10-2fm 32
S
ES

0.2

50 ‘ G1(B-S, pl)
2nte | 1{B-5, p

(b) *'Mg — G (Dirac,pl)

2 -- F_y(Dirac,pl

)
— G_(Dirac,fs)
--- F_y(Dirac,fs)
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Test case: Capture Rates on Low-Lying States in 1°C

Nuclear Shell Model + Two-Body Currents + Realistic Muon Wave Function

@ Nuclear shell-model calculation in p-shell with chiral two-body
currents and realistic bound-muon wave functions

@ Quite good agreement with experiment

JT Eexp (MeV) Rate (103 1/s)
Exp. NSM
Measday?  Double Chooz®  1bc 1bc+2bc
15 0 6.04 +0.35 5.687023% 6.48  4.56-4.86
27 0.953 0.21+0.1 0.3173:92 0.42  0.32-0.34
25 3.759 - 0.026+9:91  0.011 0.009-0.009

*Measday, Phys. Rep. 354,243 (2001)
Abe et al., Phys. Rev. C 93,054608 (2016)
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Results: Capture Rates on Low-Lying States in >**Na

Jr Ecexp (MeV) Rate (103 1/s)
Exp.® NSM IMSRG
lbc 1bc+2bc 1lbc 1bc+2bc

ik 0.472 (21.0+6.6) 4.0 3.0 223 152

1 1.347 175+23 327 213 7.7 4.9
Sum(1T) 385+89 367 245 300 20.0

2f 0.563 175+21 1.0 0.7 0.5 0.3

25 1.341 34+05 31 2.5 1.0 0.9
Sum(2T) 20.94+2.6 4.1 3.2 15 1.2

[LJ, T. Miyagi, S.R. Stroberg, J.D. Holt, J. Kotila and J. Suhonen, arXiv:2111.12992]

®P. Gorringe et al., Phys. Rev. C 60, 055501 (1999)
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Results: Capture Rates on Low-Lying States in >**Na

Jr Ecexp (MeV) Rate (103 1/s)
Exp.® NSM IMSRG
lbc 1bc+2bc 1bc 1bc+2bc
1;“ 0.472 (21.0+6.6) 4.0 3.0 22.3 15.2

15 1.347 175+23 327 7.7 40

Sum(1%) 385+89 367 30.0

2f 0.563 175+21 1.0 0. 0.5 0.
25 1.341 34+05 31 1.0

Sum(2*) 209+26 41 (32 ) 15 C12)

[LJ, T. Miyagi, S.R. Stroberg, J.D. Holt, J. Kotila and J. Suhonen, arXiv:2111.12992]

@ Generally, IMSRG gives smaller capture rates

®P. Gorringe et al., Phys. Rev. C 60, 055501 (1999)
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Results: Capture Rates on Low-Lying States in >**Na

Jr Ecexp (MeV) Rate (103 1/s)
Exp.® NSM IMSRG
lbc  1bcf2bc 1bc 1bgit2bc

17 0472  (21.0+6.6) 40 30 \ 223 /152
1 1.347 175423 327 \213 ) 77 4.9
Sum(17) 385+89 36.7 : 30.0 :

2f 0.563 175+21 1.0 0.7 0.5 0.3
25 1.341 34+05 31 2.5 1.0 0.9
Sum(2T) 209+26 4.1 3.2 1.5 1.2

[LJ, T. Miyagi, S.R. Stroberg, J.D. Holt, J. Kotila and J. Suhonen, arXiv:2111.12992]

@ Generally, IMSRG gives smaller capture rates
@ 1T states mixed

®P. Gorringe et al., Phys. Rev. C 60, 055501 (1999)
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Results: Capture Rates on Low-Lying States in >**Na

Jr Ecexp (MeV) Rate (103 1/s)
Exp.® NSM IMSRG
lbc 1bc+2bc 1lbc 1bc+2bc

ik 0.472 (21.0+6.6) 4.0 3.0 223 152

1 1.347 175+23 327 213 7.7 4.9
Sum(1T) 385+89 367 245 300 20.0

2f 0.563 175+21 1.0 0.7 0.5 0.3

25 1.341 34+05 31 2.5 1.0 0.9
Sum(2T) 20.94+2.6 4.1 3.2 15 1.2

[LJ, T. Miyagi, S.R. Stroberg, J.D. Holt, J. Kotila and J. Suhonen, arXiv:2111.12992]

@ Generally, IMSRG gives smaller capture rates
@ 1T states mixed
@ Agreement with experiment could be better

®P. Gorringe et al., Phys. Rev. C 60, 055501 (1999)
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Formalism

@ Morita-Fujii’ (MF) and Walecka® formalisms for OMC combined with
pnQRPA tend to give different capture rates

g (Jok.)® ~ 0.6 || g5 (Sim.)10 ~ 1.27 || g (Cic. ) ~ 1.0

@ Not straigthforward to compare the two formalisms
@ Something has to be done (ongoing work w/ E. Ydrefors and J.
Suhonen)
1 Check the assumptions made in the MF formalism
2 Introduce 'Walecka-like' multipole operators into MF formalism —
compare (first test case: °°Mo)

"Morita and Fujii, Phys. Rev. 118, 606 (1960)

8Walecka, Muon Physics Il p.113 (Academic Press, New York) (1975)
°LJ, Suhonen, Phys. Rev. C 100, 014619 (2019)

08imkovic et al., Phys. Rev. C 102, 034301 (2020)

" Ciccarelli et al., Phys. Rev. C 102, 034306 (2020)
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@ By studying OMC we can shed light on the unknown effective value
of 8A

@ In order to probe the effective value of gp we would need to have
data on capture rates to individual states

@ First ab initio muon-capture studies performed

@ Next: improved muon-capture theory
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Improv.ed OMC Calculation
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