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LECTURE 3

= Introduction
Selection rules for beta decays. Theory for allowed decays. Beta decay of a neutron.

= Wigner-Eckart theorem
Wigner-Eckart theorem and its consequences.

= Ab initio theory for weak decays

Electroweak interaction in the Standard Model. Chiral effective field theory for weak currents.
Axial-vector quenching puzzle.

» Examples of other weak interactions in nuclei
Muon capture on light nuclei.
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SELECTION RULES

i 2XUT) -4 X’(Jf”f) +e +7,

Spin change Parity change

Allowed
(Fermi or 0, 1 No
Gamow-Teller

First forbidden 0,1,2 Yes

Second
forbidden

2,3 No

Third forbidden 3,4 Yes
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SELECTION RULES

XU = XU +e 47,

Spin change
|J; — Jfl

Parity change
m; # 7!

Allowed
(Fermi or 0, 1 No
Gamow-Teller
First forbidden 0,1,2 Yes
Second 23 No

forbidden

Third forbidden 3,4 Yes
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) Weak current

fo = T[gv(qz)]

J = T[gA(qz)O' ~ &p(p?) o

— = —_— = =
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SELECTION RULES

GXUP =, 4 XU+ e +D,

Spin change Parity change

Allowed
(Fermi or 0, 1 No
Gamow-Teller

First forbidden 0,1,2 Yes

Second
forbidden

2,3 No

Third forbidden 3,4 Yes
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SELECTION RULES

AXUT) =, A XU + e+, |

Spin change Parity change

Allowed
(Fermi or 0, 1 No
Gamow-Teller

First forbidden 0,1,2 Yes

Second
forbidden

2,3 No

Third forbidden 3,4 Yes
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SELECTION RULES

fo = T[gv(qz)]

Spin change Parity change

Allowed
(Fermi or 0, 1 No
Gamow-Teller
First forbidden 0,1,2 Yes
Second
forbidden % ¢ Ne
Third forbidden 3,4 Yes

Can be applied also to other transitions (electron/muon capture on nuclei, ...)
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ALLOWED $ DECAYS

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= Half-life of an allowed f decay can be written as

K

log(ft) = lo tn) =10 , Kk = 6144(6) s
g(f1n) g(fot1) g Ber + B, (0)
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= Half-life of an allowed f decay can be written as

K

log(ft) = lo tn) =10 , Kk = 6144(6) s
g(f1n) g(fot1) g Ber + B, (0)

= With Gamow-Teller strength

2
gA T _ .
B = JI o7 ||J"
GT 2Ji+1 <f”§ aa”l>




ALLOWED $ DECAYS

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= Half-life of an allowed f decay can be written as

K

log(ft) = lo t,n) =10 , Kk =6144(6) s
g(Jf1) g(fot12) g Ber + B, (6)
= With Gamow-Teller strength
ga 2
B = J ot ||J"
GT 2Ji+1 <f”§ aTa”l>

= And Fermi strength

2
gV T _ .
B = J. || J%
by <f||§a||l>




ALLOWED $ DECAYS

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= Half-life of an allowed f decay can be written as

K

log(ft) = lo tn) =10 , Kk = 6144(6) s
g(f1n) g(fot1) g Ber + B, (0)

Axial-vector coupling constant,

= With Gamow-Teller ’ “*~ from the decay of a free neutron
gx
B — JN Y 617|105
2+ 1 Vi 2 a7

= And Fermi strength

2
gV T _ .
B. = J! | J%
T <f||§a||l>
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ALLOWED $ DECAYS

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= Half-life of an allowed f decay can be written as

K
log(f1) = log(fytn) = log , Kk =6144(6) s
: ~ Axial-vector coupling constant,
= With Gamow-Teller 4 s from the decay of a free neutron
gx
Bqr = JNY 6.7 ||J5)
GT 2Ji+1 <f Zaa i g
a v =
«s=— (conserved vector-current
hypothesis)

= And Fermi strength & P e

— Ty —1l 7%
By = R DA VD
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 DECAY OF A NEUTRON
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 DECAY OF A NEUTRON

» Free neutron decays into proton via the
weak force in ~15 min:
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 DECAY OF A NEUTRON

» Free neutron decays into proton via the
weak force in ~15 min:

= Mass is energy: E = mc?
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 DECAY OF A NEUTRON

» Free neutron decays into proton via the
weak force in ~15 min:

= Mass is energy: E = mc?

» Conservation of energy
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 DECAY OF A NEUTRON

» Free neutron decays into proton via the
weak force in ~15 min:

= Mass is energy: E = mc?

» Conservation of energy

AE = (m; — mf)c2

2
= (m, —m, —m, —m,)c

~ (939.565 — 938.272 — 1 x 1078 — 0.511) MeV
= 0.782 MeV
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f DECAY OF A NEUTRON

Annu. Rev. Part. Sci. 71, 139 (2021)

= Life-time of a neutron

I Gim,c? g\ ,
T—n = 22 h(he)d Vud<1 + 3 <g> f(l+ 5R)(1 + AR)
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f DECAY OF A NEUTRON

Annu. Rev. Part. Sci. 71, 139 (2021)

= Life-time of a neutron
1 G2(m.c?)
1 _ Setme) V2 [ 1+3
t, 2n’h(hc)d

L 2)f(l +op)(1 + Ag)
8V
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Annu. Rev. Part. Sci. 71, 139 (2021)

= Life-time of a neutron

1 G2 2\5 f
L _Sime) <1+3

r 2n2h(he)® M

n

L 2)f(l +op)(1 + Ag)
8V

» From recent experimental data
7, = 879.4(0.6) s
— g, = 1.2754(11)
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Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
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WIGNER-ECKART’S THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
= Spherical tensor:
An operator Ty with 2L + 1 components (z-projections) T; _;,1; _;. 1> ---» L7 ;1> T77 Which

transforms under a unitary rotation U(R) as
L

URTU'R) = ) TpyyDhy (R)

M'=—L
is called a spherical tensor of rank L. Here DAL4M, are Wigner D matrices.
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WIGNER-ECKART’S THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
= Spherical tensor:
An operator Ty with 2L + 1 components (z-projections) T; _;,1; _;. 1> ---» L7 ;1> T77 Which

transforms under a unitary rotation U(R) as
L

URTU'R) = ) TpyyDhy (R)

M'=—L
is called a spherical tensor of rank L. Here DAL4M, are Wigner D matrices.

= Examples of spherical tensors: r,6,J, Y;, ...
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WIGNER-ECKART’S THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
= Spherical tensor:
An operator Ty with 2L + 1 components (z-projections) T; _;,1; _;. 1> ---» L7 ;1> T77 Which

transforms under a unitary rotation U(R) as
L

URTU'R) = ) TpyyDhy (R)

M'=—L
is called a spherical tensor of rank L. Here DAL4M, are Wigner D matrices.

. Examples of spherical tensors: r, o, J Y, ...

‘ . quner Eckart’s theorem:
' Let T;,, be a spherical tensor of rank L and | & jm) quantum states with good angular

1 momentum j and its z projection m. Then

1
&7 m | Tyl jm) = Ve (GmLM|j m)& JITLE /)

N e
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WIGNER-ECKART’S THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
= Spherical tensor:
An operator Ty with 2L + 1 components (z-projections) T; _;,1; _;. 1> ---» L7 ;1> T77 Which

transforms under a unitary rotation U(R) as
L

URTU'R) = ) TpyyDhy (R)
M'=—L
is called a spherical tensor of rank L. Here DAL4M, are Wigner D matrices.

. Examples of spherical tensors: r, o, J Y, ...

‘ . quner Eckart’s theorem:
' Let T;,, be a spherical tensor of rank L and | & jm) quantum states with good angular

1 momentum j and its z projection m. Then

1
&7 m | Tyl jm) = Ve (Gm LM\ m)(& TS T g

Reduced matrix
element

- e
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WIGNER-ECKART’S THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
= Spherical tensor:
An operator Ty with 2L + 1 components (z-projections) T; _;,1; _;. 1> ---» L7 ;1> T77 Which

transforms under a unitary rotation U(R) as
L

URTU'R) = ) TpyyDhy (R)

M'=—L
is called a spherical tensor of rank L. Here DAL4M, are Wigner D matrices.

. Examples of spherical tensors: r, o, J Y, ...

- quner Eckart’s theorem:
' Let T;,, be a spherical tensor of rank L and | & jm) quantum states with good angular

1 momentum j and its z projection m. Then
r/ / ; 1 . o) ) Y .
(& m | Ty & jm) = ———=(jm L M| m) S TITLIS g _
\/ 2]+ Reduced matrix
Clebsch-Gordan ﬂ element
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COUPLED TENSOR OPERATORS

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
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WIGNER-ECKART’S THEOREM FOR
COUPLED TENSOR OPERATORS

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= Let J; and J, be commuting angular momentum operators and { | j; j, jm)} the corresponding

coupled basis. Let TL1 and TL2 be commuting spherical tensors operating in the Hilbert spaces

spanned by the basis states { | j; m;)} and {|j, m,)}, respectively. Let

Ty =TT = ), LMLy My|LM)T; T,
M, M,
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WIGNER-ECKART’S THEOREM FOR
COUPLED TENSOR OPERATORS

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= Let J; and J, be commuting angular momentum operators and { | j; j, jm)} the corresponding
coupled basis. Let TL1 and TL2 be commuting spherical tensors operating in the Hilbert spaces
spanned by the basis states { | j; m;)} and {|j, m,)}, respectively. Let

Ty =TT = ), LMLy My|LM)T; T,
M, M,

Then, the reduced matrix elementis

hoJaJ

i<j1j2j”TL“jijéj,>=\/2j+1\/2L+1\/2j,+1 i = J

Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi



WIGNER-ECKART’S THEOREM FOR
COUPLED TENSOR OPERATORS

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= Let J; and J, be commuting angular momentum operators and { | j; j, jm)} the corresponding
coupled basis. Let TL1 and TL2 be commuting spherical tensors operating in the Hilbert spaces
spanned by the basis states { | j; m;)} and {|j, m,)}, respectively. Let

Ty =TT = ), LMLy My|LM)T; T,
M, M,

Wigner 9j symbol

Then, the reduced matrix element is

i — - = ~. —— «’, .,,,,
J J1 2 ]
b WTG 30 =T+ IVL+ T TG s T

L, L, L
\{ 7 , ) ]
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Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
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EXAMPLE

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= The reduced matrix element for the spin operator 6 can be derived rewriting it as 6 = [16]; and
using the Wigner-Eckart theorem for coupled tensor operators

1 .
(na as 9.]a||0-”nblb2 a]b) = (na a7 a]a||[10']1||nblb§§Jb>

la 3 Ja
G+ T3+ Ty, L (i) Gllelis)
0 1 1]

. : la+jb+i ja jb la
=/64/2, + /2, + 15,8, (- D247

7 7 |1
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EXAMPLE

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= The reduced matrix element for the spin operator 6 can be derived rewriting it as 6 = [16]; and
using the Wigner-Eckart theorem for coupled tensor operators

1 .
(na as a.]a”o-”nblbz a]b) = (na a7 a]a||[10']1||nblb§§Jb>

fl l j\
; - ©o2 e Wigner 6j symbol
ZoF W32+ T4y, L ety

0 1 1]

. : la_|_jb_|_i jd jb la
=/64/2, + 1/2, + 15,8, (- D24

5 5 &
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WIGNER-ECKART THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

» For a one-body spherical tensor, one can derive
T ! ~
T, = Y (al|T,,|paja; = Y (allT,lIb)lajayl,,
aff V24+1 7,
where d, = (—1)«"eq_

a_, —d

a’ —a a,—m,
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WIGNER-ECKART THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

» For a one-body spherical tensor, one can derive
1 3
Ty, = ) (@l Ty pajay = ——= D LalTlIb)laia,;,
aﬂ . 2&« + 1 Clb g -
where d, = (—1)«"eq_

a4 =q ~ Reduced single-particle

a’ —a a,—my,, matrix element
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WIGNER-ECKART THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

» For a one-body spherical tensor one can derive

= Y (a|T,,|pajay = m > <a||Tﬂ||b
p L — ab . Reduced single-particle

—a a,—m, matrix element

where d, = (—1)at"aq__,

= Evaluating electroweak processes (such as f decay) in nuclei, we need to compute nuclear
matrix elements of the type

<§ijMf| T,m | &TiM;) = Z <a|T,1/,l |ﬂ><§fJ]Mf| a;aﬂ|5iJiMi>
af
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WIGNER-ECKART THEOREM

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

» For a one-body spherical tensor one can derive

= 2 (a| T, |:B>a;aﬁ = m Z (allTlllb[aT&b]M :
~ j4m . ab T e Reduced single-particle
where a, = (— 1)/ g, A og=04g_m, matrix element

= Evaluating electroweak processes (such as f decay) in nuclei, we need to compute nuclear
matrix elements of the type

<§ijMf| T,m | ETM;) = 2 <05|T,1,,, |ﬂ><§fJ]Mf| a;aﬁMiJiM)

= Applying Wigner-Eckal_'t theorem to:th)is gjy*e )

(ETATES = T, ||b){& T | [ala,]
H{EJAITNIES) \m_“;b‘xan NBYE TN ala,), 1 E.0;)

Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi
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Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)
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GAMOW-TELLER MATRIX ELEMENT

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= We can apply the Wigner-Eckart theorem to derive a useful form for the reduced Gamow-
Teller matrix element

1
EIN Y ozl = NG Y (allollb)( & Il [aia,), | Tt ol 7 |1y t) |
a ab



) TECHNISCHE
&/~ UNIVERSITAT
»j S DARMSTADT

GAMOW-TELLER MATRIX ELEMENT

Suhonen, “From Nucleons to Nucleus: concepts of microscopic nuclear theory” (2007)

= We can apply the Wigner-Eckart theorem to derive a useful form for the reduced Gamow-
Teller matrix element

1
N e, 180y = —=Y (allallb) & Jpll [yl 1| & Tt t gl 71 1,24) |
a \/g ab
= Where

3da Jo L

: : [

(allollby = \/61/2], + 13/Zj, + 16, ,6,, (= 1) {1 | 1}
2 2
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DO IT YOURSELF: f DECAY OF HE

~ Protowns | Neutrowns

pGT)

N, Logft=2.9059

EMeY)

|| eHe; 0+> = —[

1/0 1/0
\/5 P3;n VUP3p

0P3/2 V0P3/2

lo+ | @)

prrerawrsaa—
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AXIAL-VECTOR QUENCHING PUZZLE
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R(GT)

1(— R R B T T .
. FREE-NUCLEON EFFECTIVE /

0.8 : |
0.6 | :
.'_ :
0.4 | 1
0.2 :
0.0 L,_.._L.., . NI PR RPN i
0 02 04 06 08 0 02 04 06 08 I

THEORY

Brown, Wildenthal, Ann. Rev. Nucl. Part. Sci. 38, 29 (1988)
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Ricciardi, “Introduction to Neutrino and Particle Physics: From Quantum Field Theory to the Standard Model and Beyond” (2024)
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. . <Y
electron muon tau positron | antimuon | antitau || Z boson O W
—
<0.8eV < 0.17 MeV <18.2MeV <0.8eV < 0.17 MeV. < 18.2MeV (~804Gev  |[~80.4Gev
0 0 0 L 0 0 8 0 i —il +1
‘@ ['® 'Y '@ @D O
electron muon tau electron muon tau W boson || W boson
neutrino neutrino neutrino | antineutrino |antineutrino, lantineutrino | )

Neutelings, Standard Model — TikZ.net

Institut fir Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi

18



TECHNISCHE
STANDARD-MODEL INTERACTIONS © -y
DARMSTADT
Weinberg, Phys. Rev. Lett. 19, 1264 (1967);
Ricciardi, “Introduction to Neutrino and Particle Physics: From Quantum Field Theory to the Standard Model and Beyond” (2024)
= The Standard Model describes
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Ricciardi, “Introduction to Neutrino and Particle Physics: From Quantum Field Theory to the Standard Model and Beyond” (2024)
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STANDARD-MODEL INTERACTIONS

Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

Ricciardi, “Introduction to Neutrino and Particle Physics: From Quantum Field Theory to the Standard Model and Beyond” (2024)

» The Standard Model describes

= Strong interaction between
particles via the exchange of 8
massless gluons,

= Weak interaction via the
exchange of 3 massive bosons,
and

= Electromagnetic interactions
via the exchange of 1 massless
photon
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Weinberg, Phys. Rev. Lett. 19, 1264 (1967);

Ricciardi, “Introduction to Neutrino and Particle Physics: From Quantum Field Theory to the Standard Model and Beyond” (2024)

» The Standard Model describes

= Strong interaction between
particles via the exchange of 8
massless gluons,

= Weak interaction via the
exchange of 3 massive bosons,
and

= Electromagnetic interactions
via the exchange of 1 massless
photon

= Electromagnetic and weak
interactions are unified above the

electroweak scale ~ 246 GeV
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Krebs, Epelbaum, Meil3ner, Annals of Physics 378, 317-395 (2017), Park, Marcucci, Schiavilla et al., Phys. Rev. C 67, 065206 (2003)

« Same YEFT machinery can be applied to weak currents and nuclear forces
(Lecture 1)

» Consider two flavours (u and d)
» Take pions and nucleons as the degrees of freedom

» Use the effective Lagrangian describing interactions between pions and nucleons in the
presence of external sources

=L+ LY+ LN+ L0+ L0+ + 20+ 20

where the superscripts refer to the #derivatives and/or insertions of the pion mass

= Use power counting to organize the resulting diagrams into order of importance
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depend on dgg,18,21,22 parameter -free depend on Ct parameter-free depend on dzs6

WH-H#H- H - H -

parameter-free parameter-free
A K KK K
depend on C2457 depend on Cr depend on Cr depend on
and L1z (known) (known) Z1234

Systematic expansion of charge (time-like) and current operators
Epelbaum, arXiv:1908.09349
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Li, Miyagi, Schwenk, Phys. Rev. Lett. 136, 182501 (2026),; Gysbers et al., Nature Physics 15, 428 (2019)

= At the zero-momentum transfer limit, the relevant axial currents up to N?LO are
ﬁCounterparts in the 3N force

— — — ;(7 - 7 )
K K K "
—> —> s —>
N\NNNY ¢ - - - I AN
: - V¢, €1y Cq)
LO, ot Heavy meson Pion exchange 3NV E3 ¢4
exchange c3, C4 '
CD

. The axial current can be written as J = J ;5 + J55 + Jo% with

8
JlB,i TAGLTI )
%3,12 = —di(017) + 6,7) — dy(6, X 6,)(7 X 1)),
= __ 8 06k L)
Jog 12 = T - 2c31k, + <c4 + . T X 5(0; XKy) | +(1 & 2)
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Li, Miyagi, Schwenk, Phys. Rev. Lett. 136, 182501 (2026),; Gysbers et al., Nature Physics 15, 428 (2019)

= At the zero-momentum transfer limit, the relevant axial currents up to N?LO are
ﬁCounterparts in the 3N force
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. The axial current can be written as J = J ;5 + J55 + Jo% with
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QUENCHING PUZZLE RESOLVED

FROM FIRST PRINCIPLES

Gysbers et al., Nature Physics 15, 428 (2019)

|MaT| Experiment

|Mgr| Experiment

¢

this work
shell model

¢

this work
shell model

1 2
|Mar| Theory (unquenched)

TECHNISCHE
UNIVERSITAT
DARMSTADT

19N61/2 %19 F1/2
57Ky /5 —3T Arg)s
25A15/2 —)25 1\/1g5/2
57K 35 —37 Arg)s
26Nag —26 Mg,
30Mg, —30 Al
28A13 —)28 812
24Ne0 —>24 Na;
34P1 _>34 S()
33D, 1 33 S5
2Nay —24 Mg,
34131 _>34 SO
42SC7 —>42 Ca(;
42Ti0 —42 Scy
V79 =% Tigjg
45Ti7/2 —45 SC7/2
438C7/2 —)43 Ca5/2
V75 =% Tis o
YTV 3/9 =47 Tis o
47SC7/2 —>47 Ti7/2
45Ti7/2 —45 SC7/2

46SC4 —16 Tiy



QUENCHING PUZZLE RESOLVED

FROM FIRST PRINCIPLES

Gysbers et al., Nature Physics 15, 428 (2019)

= Culprit:

|MaT| Experiment

|Mgr| Experiment

¢

this work
shell model

¢

this work
shell model

1 2
|Mar| Theory (unquenched)

TECHNISCHE
UNIVERSITAT
DARMSTADT

19N61/2 %19 F1/2
57Ky /5 —3T Arg)s
25A15/2 —)25 1\/1g5/2
57K 35 —37 Arg)s
26Nag —26 Mg,
30Mg, —30 Al
28A13 —)28 812
24Ne0 —>24 Na;
34P1 _>34 S()
33D, 1 33 S5
2Nay —24 Mg,
34131 _>34 SO
42SC7 —>42 Ca(;
42Ti0 —42 Scy
V79 =% Tigjg
45Ti7/2 —45 SC7/2
438C7/2 —)43 Ca5/2
V75 =% Tis o
YTV 3/9 =47 Tis o
47SC7/2 —>47 Ti7/2
45Ti7/2 —45 SC7/2

46SC4 —16 Tiy



QUENCHING PUZZLE RESOLVED

FROM FIRST PRINCIPLES

Gysbers et al., Nature Physics 15, 428 (2019)

= Culprit:

= Coupling of the weak force to two nucleons
(two-body currents)
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QUENCHING PUZZLE RESOLVED

FROM FIRST PRINCIPLES

Gysbers et al., Nature Physics 15, 428 (2019)

= Culprit:

= Coupling of the weak force to two nucleons
(two-body currents)

= Strong correlations in the nucleus (that are
not well described by mean-field approaches)
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|Mgr| Experiment
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QUENCHING PUZZLE RESOLVED
FROM FIRST PRINCIPLES

Gysbers et al., Nature Physics 15, 428 (2019)
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QUENCHING PUZZLE RESOLVED @ TECHNISCHE
/@‘/’e UNIVERSITAT
FROM FIRST PRINCIPLES [ DARMSTADT
Gysbers et al., Nature Physics 15, 428 (2019)
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EXAMPLE: MUON CAPTURE ON SLI
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ORDINARY MUON CAPTURE

» Starting point: a muonic atom
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ORDINARY MUON CAPTURE

DARMSTADT
» Starting point: a muonic atom
= The muon quickly transitions to the lowest, "\“
s/, orbit v ’5/"“\\,;‘;’
= From there, the muon can be captured by / —~ / / \
the nucleus A»
» Ordinary muon capture (OMC)' /
u- + AX(J =, +4 YU ::
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ORDINARY MUON CAPTURE

» Starting point: a muonic atom

= The muon quickly transitions to the lowest,

1S1/2 orbit

« From there, the muon can be captured by

the nucleus

= Ordinary muon capture (OMC)'

W +AX(Jf) - v, +4

Y(J”)

» Radiative muon capture (RMC):

— A T
u- + ZX(Jff) - v, +
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ORDINARY MUON CAPTURE

» Starting point: a muonic atom

= The muon quickly transitions to the lowest,
1S1/2 orbit

« From there, the muon can be captured by
the nucleus

= Ordinary muon capture (OMC)'
uo o+ AXUD) = oy, + 4 YU

» Radiative muon capture (RMC):
— A & A 7;
poo + OXUT) =y + G YU oy

= Momentum transfer ggyc ~ 100 MeV
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ORDINARY MUON CAPTURE

DARMSTADT
» Starting point: a muonic atom o
. ‘g = == ;
= The muon quickly transitions to the lowest,
4 é"’,‘k \\\
1S 1/2 orbit / V% ) f///?\\\,i \\\
= From there, the muon can be captured by /[ ~7
the_nucleus vy '
."L ;,/
'\\ “’\\
A T — T
poo+ ZX(Jf ) v, + Z_lY(Jl. ) + 7

= Momentum transfer ggyc ~ 100 MeV
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MUON CAPTURE THEORY S
Partial muon capture rates expressed as:
1
W(; = Jp) = m 1 - m, —:]AM QZK,ZM | gy My (i, ) + guMa(k, 1) + gyMyy(k, 1) + gpMp(ic, u) |
PHYSICAL REVIEW VOLUME 118, NUMBER 2 APRIL 15, 1960

Theory of Allowed and Forbidden Transitions in Muon Capture Reactions*

MasaTo MoriTA
Columbia University, New York, New York

AND

Axmko Foyaf
Brookhaven National Laboratory, U pton, Long Island, New York

(Received November 9, 1959)
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MUON CAPTURE THEORY

Partial muon capture rates expressed as:

W(J; = Jp) =

q
(1 — > q° Z | gy My (K, u) + gaMx(k, 1) + gyMyi(K, u) + gpMp(k, u) |2
K,Uu

PHYSICAL REVIEW VOLUME 118, NUMBER 2 APRIL 15, 1960

Theory of Allowed and Forbidden Transitions in Muon Capture Reactions*

MasaTo MoriTA
Columbia University, New York, New York

| + Realistic bound-muon wave functions
:+ Nuclear wave functions from no-core shell model:
i + Approximate two-body currents
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2 |
3 1.5 .
COO Deutsch1968 :‘
Z 1 ||—®— NN-N*LO+3Nyy -
D) &
= NN-N*LO+3N7
o 05| ™ NN-N°LO+3Nyy |
: *
A VMC(Ia, Ia*) = b
A  GFMC(Ia, Ia*) - A- 1b + 2b
O ‘ ‘ ‘ ‘ \ \ ‘ ‘
0 2 4 6 8 10 12 14

Nmax

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C
109, 065501 (2024)
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» Practically no interaction dependence o[ ]
) 1.5} .
MO Deutsch1968 :‘
Z 1 ||—®— NN-N*LO+3Nyy -
<) '
= NN-N*LO+3N7
as 05| ™ NN-N®LO+3Nyy |
' A VMC(Ia, Ia*) - 10
A  GFMC(Ia, Ia*) -4A- 1b + 2b
O ‘ ‘ ‘ ‘ \ \ ‘ ‘
0 2 4 6 8 10 12 14

Nmax

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C
109, 065501 (2024)
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MUON CAPTURE TO GROUND STATE OF ‘HE ' " uioi

DARMSTADT

» Practically no interaction dependence o[ ]
» Calculations slightly underestimate the
experiment = Lop 8
MO Deutsch1968 :‘
Z 1 ||—®— NN-N*LO+3Nyy -
D) &
= NN-N*LO+3N7
as 05| ™ NN-N®LO+3Nyy |
' A VMC(Ia, Ia*) - 10
A GFMC(Ia, Ia*) - A- 1b + 2b
O ‘ ‘ ‘ ‘ \ \ ‘ ‘
0 2 4 6 8 10 12 14

Nmax

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C
109, 065501 (2024)
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= Practically no interaction dependence o[ ]
» Calculations slightly underestimate the
experiment = Lop |
. . COO Deutsch1968 :‘
. No-_co_r_e shell model consistent with other = 1| - NNt Lo AN, N
ab initio methods: S NN-NALO43NE,
Variational Monte Carlo (VMC) and o 0.5 || %= NN-N°LO+3Ny i
Green’s Function Monte Carlo (GFMC) ' A VMC(Ia, Ia*) —m— 1b
G. B. King et al., Phys. Rev. C 105, L042501 (2022) A GFMC(Ia, Ta*) ~a- 1b + 2b
O ‘ ‘ ‘ ‘ \ \ ‘ ‘
o 2 4 6 8 10 12 14

Nmax

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C
109, 065501 (2024)
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= Practically no interaction dependence

» Calculations slightly underestimate the
experiment

= No-core shell model consistent with other
ab initio methods:
Variational Monte Carlo (VMC) and

Green’s Function Monte Carlo (GFMC)
G. B. King et al., Phys. Rev. C 105, L042501 (2022)

= Slow convergence due to clustering not
captured by the NCSM?

Rate(10%/s)

X
EL
©

<
G/
7S

%2 TECHNISCHE
i.\(\

UNIVERSITAT
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Deutsch1968

| —— NN-N*LO+3Nyy,
NN-N*LO+3N7
| —— NN-N?LO+3Njy,

A VMC(Ia, Ia*) = 1b

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

‘ ‘ ‘ ‘ \ \ ‘ ‘

0 2 4 6 8 10 12 14
Nmax

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C

109, 065501 (2024)
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= Practically no interaction dependence

» Calculations slightly underestimate the
experiment

= No-core shell model consistent with other
ab initio methods:
Variational Monte Carlo (VMC) and

Green’s Function Monte Carlo (GFMC)
G. B. King et al., Phys. Rev. C 105, L042501 (2022)

= Slow convergence due to clustering not
captured by the NCSM?

= NCSM with continuum (NCSMC) might
give better results?

Rate(10%/s)
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©
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Deutsch1968

| —— NN-N*LO+3Nyy,
NN-N*LO+3N7
| —— NN-N?LO+3Njy,

A VMC(Ia, Ia*) = 1b

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

‘ ‘ ‘ ‘ \ \ ‘ ‘

0 2 4 6 8 10 12 14
Nmax

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C

109, 065501 (2024)
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CORRELATIONS WITH OTHER OBSERVABLES

Gamow-Teller f# decay

3 | | |
NN- N4LO+3N1n1
— 2 | |
2 A
= ‘A‘A — A
@) A—A
=
=
1 | |
1.02% X BGT,exp. Womc,exp.
A hQ =12 MeV A  hQ) =14 MeV
hQ = 16 MeV hQ = 18 MeV
A R = 20 MeV A hHQ =22 MeV
0 | : :
8 8.2 8.4 8.6 8 8 9
Bgr

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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CORRELATIONS WITH OTHER OBSERVABLES

Gamow-Teller f# decay

NN- N4Lo+3Nlnl

W A
ata 4 ”
NMQK
1022 X BGT,exp. WOMC,exp.
A hQ =12 MeV A hQ) =14 MeV
A2 = 16 MeV A2 = 18 MeV
A hQ = 20 MeV A KR =22 MeV
\ : :
8.2 8.4 8.6 8 8 9
Bar

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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CORRELATIONS WITH OTHER OBSERVABLES A

Gamow-Teller fj decay Magnetic dipole y decay
\ \ \ \ \ 3 I I I \ \
NN-N*LO+3Nj,, NN-NLO+3N},,
] /;)\ 2 - ]
A g N
‘f‘A A = A \j .AA:A “ 4 B(M1>eXp.
ot % “ WOMC,eXp.
N o hQ = 12 MeV
max - = 1| A RQ =14 MeV |
1.02% X BGT,exp. WoMC, exp. hQ = 16 MeV
A KAQ=12MeV 4o KO =14 MeV hQ = 18 MeV
hQ = 16 MeV hQ = 18 MeV A hQ =20 MeV
A hQ = 20 MeV A hQ =22 MeV 0 | | | A  hQ =22 MeV
\ ‘ : : : : :
8.2 8.4 8.6 8.8 9 15 15.5 16 16.5 17

Bar B(M1)(ug/c?)

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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CORRELATIONS WITH OTHER OBSERVABLES A

Gamow-Teller f§ decay Magnetic dipole y decay
| | | | | 3 | | | | |
NN-N*LO+3Nj,, NN-NLO+3N},,
| /J)\ 2 - |
~—
% %
T &) B(M1)exp,
‘ % WOMC,eXp.
N O hQ = 12 MeV
Mo | = 10 A HBQ =14 MeV ||
1.02% X BGT,exp. WoMC, exp. & . P hQ = 16 MeV
A AQ=12MeV 4 AQ =14 MeV RBLs hQ = 18 MeV
hQ = 16 MeV hQ = 18 MeV A K =20 MeV
A hQ=20MeV A hQ =22 MeV 0 | | | A hQ =22 MeV
| : ‘ : : ‘ :
8.2 8.4 8.6 8.8 9 15 15.5 16 16.5 17

Bar B(M1)(ug/c?)

LJ, P. Navratil, J. Kotila, K. Kravvaris, Phys. Rev. C 109, 065501 (2024)
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TAKE-HOME MESSAGES

= Most nuclei in the nuclear chart are radioactive

» Chiral effective field theory allows for consistent derivation of nuclear interactions and
electroweak currents

= Ab initio calculations suggest a solution to the decades-old axial-vector quenching puzzle:
= Two-body currents

» [nclusion of relevant nuclear many-body correlations

= Ab initio no-core shell model describes well muon capture on 6Li (and other light nuclei)

UP NEXT

Lecture 4 Nuclear probes of physics beyond the standard model
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Lecture 1 . icuonoabiniio nucear theory
Lecture 2 . uiarforces o nuciear properties
Lecture 3 .. .ckinteractons to nudear observables
Lecture 4 ..... probes of physics beyond the standard model
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LECTURE 4

= Introduction
Physics in the Standard model and beyond. How atomic nuclei can be used in BSM searches?

* Double-beta decay
What is double-beta decay? What can we learn from it? How is it searched for?

= Nuclear matrix elements of double-beta decays
How are they computed? How can they be improved?

= Global neutrino-mass limits from double-beta decays
How can we obtain global neutrino-mass limits from neutrinoless double-beta-decay searches?

» Precision beta-decay searches
and how we can look for deviations from the standard model.
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THE STANDARD MODEL OF PARTICLE

PHYSICS

LEPTONS
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three generations of matter

three generations of antimatter
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interactions / forces

(fermions) (antifermions) (bosons)
I I " | I [l
~216MeV  |[~127Gev  |[~173Gev  |[~216Mev  |[~127Gev  |[~173Gev | ~125Gev
+2/ +2/3 . +2/3 ~ —2/3 ~2/3 -2/ 0 N
\ 1/ \ \ 1/ ﬁ ~ 1/ E ~ 1/ E 0 | H \
charm top antiup | anticharm  antitop gluon Higgs
\ \ J \\ J L A" A 7 7
(~47Mev  |[~0aMev  |[~418Gev  |(~47Mev  |[~94Mev  |[~418Gev |0 n
~143 \ —1/3 \ -1/ \ +1/3 +1/3 \ +1/3 - 0
1 1/ ‘ 1/ § 1/ 1 Z
down strange bottom antldown antistrange  antibottom/| photon OO
J . VAN J v
\ 2 Ya 2 Y4 aYa N m
~05 (~106MeV  |[~1.78Gev ~0511MeV | [~ 106 MeV ~ 1.78 GeV ~012GeV | 8
—1 1 1 41 +1 +1 0 Ll o
6 1/ 1/ 1/ 1/ 1/ 1 &) o
-
. . . I
electron muon tau positron antimuon antitau | Z boson w
" J L J \L J \L J \. J \L v J U >
< 0.8eV < 017MeV  |[<182Mev  |[<08ev N<o017Mev  |[<182Mev  |[~804Gev  |[~80.4Gev
0 0 0 0 -1 +1
1/2 1/2 1/ 1/ 1 l 1 1
electron muon tau electron muon tau W boson W boson
_ neutrino || neutrino || neutrino | antineutrino lantineutrino |antineutrino )

Neutelings, Standard Model — TikZ.net
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THE STANDARD MODEL OF PARTICLE
PHYSICS

three generations of matter three generations of antimatter interactions / forces

[ ] P a rtl CI e S h ave a n tl p a rtl c I es (fermions) (antifermions) (bosons)
I I Il I I Il
mass [~216MeV  |[~1.27 GeV V(~173Gev  |[~216Mev  |[~127Gev  |[~173Gev [0 ) ~125Gev
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» Particles have antiparticles
« E.g. e =e"t

= Matter and antimatter are
created in pairs
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PHYSICS BEYOND THE STANDARD MODEL

Dark matter and dark energy

@® Ordinary matter @ Dark matter ® Dark energy

Energy decomposition of the
Universe
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PHYSICS BEYOND THE STANDARD MODEL

Dark matter and dark energy

@® Ordinary matter @ Dark matter ® Dark energy

= Mostly atomic
nuclel

Energy decomposition of the
Universe
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Matter-antimatter asymmetry
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Mysterious neutrinos
= Neutrino: electrically neutral and
massless lepton (SM)
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PHYSICS BEYOND THE STANDARD

Mysterious neutrinos

= Neutrino: electrically neutral and
massless lepton (SM)

= Created in radioactive decays
(e.g. in the Sun)
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Mysterious neutrinos

= Neutrino: electrically neutral and
massless lepton (SM)

= Created in radioactive decays
(e.g. in the Sun)

= Most abundant particles

= Very hard to detect
“I have done a terrible thing. | have
postulated a particle that cannot be
detected” — W. Pauli, ca. 1930
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PHYSICS BEYOND THE STANDARD MODEL

Mysterious neutrinos

= Neutrino: electrically neutral and
massless lepton (SM)

= Created in radioactive decays
(e.g. in the Sun)

= Most abundant particles

= Very hard to detect
“I have done a terrible thing. | have
postulated a particle that cannot be
detected” — W. Pauli, ca. 1930

» Later, neutrinos are detected and found to
oscillate between different flavour states
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Flavour fraction

1 10 100
Distance (km)

Vogel, Wen, Zhang, Nature Comm. 6, 6935 (2015) 37
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Mysterious neutrinos

= Neutrino: electrically neutral and
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Neutrino mixing matrix

A _Uel UeZ U3 _Vl_

e

U,ul U,u2 U,u3 )
1% 1%
t i Url UT2 UT3 3




NEUTRINOS ARE MASSIVE - BUT
WHAT ARE THE MASSES?

Neutrino mixing matrix

A _Uel Ue2 U3 _Vl_

e

U,ul U,u2 U,u3 s
Uy Uy Ug| L3

T T

Flavor eigenstates



NEUTRINOS ARE MASSIVE - BUT
WHAT ARE THE MASSES?

Neutrino mixing matrix
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NEUTRINOS ARE MASSIVE - BUT

WHAT ARE THE MASSES?

Neutrino mixing matrix

U e Ue 1
= (U,

i Url

Flavor eigenstates
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UT2 UT3 — 3

Mass eienstates
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NUCLEI AS TEST LABORATORIES

Look for...

= Deviations from the Standard Model
predictions
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Look for...

= Deviations from the Standard Model
predictions

= Forbidden f decays
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Look for...

= Deviations from the Standard Model
predictions

= Forbidden f decays

= Superallowed f decay
(07 — O0*Fermi decay), ...
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NUCLEI AS TEST LABORATORIES

Look for...
» Deviations from the Standard Model = Phenomena not predicted by the Standard
predictions Model

= Forbidden f decays

= Superallowed f decay
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NUCLEI AS TEST LABORATORIES

Look for...
» Deviations from the Standard Model = Phenomena not predicted by the Standard
predictions Model

= Forbidden f decays

= Neutrinoless double-f decay
= Superallowed f decay

(0t — O*Fermi decay), ... = Dark matter scattering from nuclei, ....
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» Deviations from the Standard Model = Phenomena not predicted by the Standard
predictions Model

= Forbidden f decays

= Superallowed f decay
(07 — O0*Fermi decay), ...
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DOUBLE-BETA DECAY

Beta (/) decay

One of the most common
decays

Institut fur Kernphysik, Theoriezentrum | TU Darmstadt | L. Jokiniemi 41



%2 TECHNISCHE
DOUBLE-BETA DECAY

A

)’ DARMSTADT

Beta () decay Two-neutrino double-f

Rarest measured decay

One of the most common
decays
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DOUBLE-BETA DECAY

Beta (,B ) decay Two-neutrino double-f Neutrinoless double-f}

(2Vﬂﬁ) decay (0xp) decay

Rarest measured decay Not yet observed

One of the most common
decays
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WHEN CAN NUCLEI DOUBLE-BETA DECAY?

Energy
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Energies of isobars with an even A

Z—2 Z-1 A Z+1 Z+2
# Protons
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= An atom can lower its energy if its Energies of isobars with an even A
nucleus ff decays i

Energy
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WHEN CAN NUCLEI DOUBLE-BETA DECAY?

= An atom can lower its energy if its

nucleus ff decays

=« A nucleus ZXN can p decay if the
final nucleus Z+1YN | is lower in

energy
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Energies of isobars with an even A

Energy
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# Protons
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= An atom can lower its energy It its Energies of isobars with an even A
nucleus ff decays i
« A nucleus 49X, can f§ decay if the |

: A : .
final nucleus %, ;Y _q is lower in
energy

Energy

= Some nuclei can fiff decay to

‘§+2X’ _pif fdecaytos, Yy_,is

forbidden:

Z—2 Z-1 A Z+1 Z+2
# Protons
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Energy

= Some nuclei can fiff decay to

‘§+2X’ _pif fdecaytos, Yy_,is

forbidden:
IAEzEf—El> OOI‘

Z—2 Z-1 A Z+1 Z+2
# Protons
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9’ DARMSTADT

= An atom can lower its energy It its Energies of isobars with an even A
nucleus ff decays i
« A nucleus 49X, can f§ decay if the |

: A : .
final nucleus %, ;Y _q is lower in
energy

P
= Some nuclei can fiff decay to E
‘§+2X’ _pif fdecaytos, Yy_,is
forbidden:
IAEzEf—El> OOI‘
= AJ >0 Z-2 Z-1 7  Z+1 Z+2

# Protons
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Proton (Z) #
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[ \ I \ |
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Neutron (N) #
Modified from nndc.bnl.gov/nudat3/
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» Violates lepton-number conservation
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NEUTRINOLESS DOUBLE-BETA (0vff) DECAY '

» Violates lepton-number conservation

» Requires that neutrinos are Majorana
particles
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NEUTRINOLESS DOUBLE-BETA (03) DECAY'

» Violates lepton-number conservation

» Requires that neutrinos are Majorana
particles

= If observed, t{’/’”z > 10% years
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NEUTRINOLESS DOUBLE-BETA (0vff) DECAY

» Violates lepton-number conservation
» Requires that neutrinos are Majorana

particles
= If observed, t1/2 > 10% years

(t1 N ~ 10% years, Age of the Universe

~ 10'° years)
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NEUTRINOLESS DOUBLE-BETA (01) DECAY'
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» Violates lepton-number conservation

» Requires that neutrinos are Majorana

particles
= If observed, t1/2 > 10% years

(tlz/”2 ~ 10%° years, Age of the Universe ~

Majorana partic ovBp

10'° years)

- 1035 - 1937 - 1939 -
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HOW TO MEASURE /3 DECAY?

HEvenks
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A.7) — (A, Z+ 2)+2e +20,

HEvenks

Eleckron energy Qes
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HEvenks

Eleckron energy Qes
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(A,Z) > (A, Z+2)+2e +20,

= Lot Eyy = Qg

A, Z) > (A, Z+2)+2e"

%9) DARMSTADT

HEvenks
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HOW TO MEASURE /3 DECAY?

7+ 2)+2e +20,
— E26+E25 = Ugg

» Ovpp decay:
A.7) = (A Z+2)+2e"

— £y, = Opg

HEvenks
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(A.7) = (A Z+ 2)+2e+20
— E2e+E217 = Ugg

» Ovpp decay:
A.7) = (A Z+2)+2e"

— £y, = Opg

» Good candidate isotope has:

¢ A

HEvenks

Eleckron energy Qes
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A.2) > (A.Z +2)+2e- +20,
— E2e+E217 = Ugg
= Oupp decay:

A.Z) = (A, Z+ 2)+2¢"
— Ly, = Opg

» Good candidate isotope has:

HEvenks

= High natural abundance

Eleckron energy Qes
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A.2) > (A.Z +2)+2e- +20,
— E2e+E217 = Ugg
= Oupp decay:

A.Z) = (A, Z+ 2)+2¢"
— Ly, = Opg

» Good candidate isotope has:

HEvenks

= High natural abundance

= Large Oy,

Eleckron energy Qes
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' Kamioka (Japan):
. | KamLAND-Zen ("3¢Xe) {

SNOLAB (Canada) ?‘
[SNO+ (1%Te) |

|

]\

| CNJL(China):
PandaX-111-200 (136Xe)

 SURF (USA): |
MAJORANA (76Ge) *;
LZnat (Xe) |

| LNGS (ltaly):
GERDA (76Ge)
| CUORE (130Te)
'CUPID-0 (82Se) |
'LEGEND- 200 (76Ge) |

WIPP (USA): |
'EX0-200 (3Xe) |

SSam
NEXT-100 (*Xe) §
'CROSS (1%Mo)

‘f T — LSM (France)
Current record: | CUPID-Mo (10°Mo)
“ T?/”z(l%Xe) > 3.8 X 10%° years || NEMO-3 (10oMo) ;
| KamLAND-Zen: arXiv:2406.11438 [hep-ex] | .+* | SuperNEMO-D (%2Se) |
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,‘MKioa (Japan): |
{ KamLAND2-Zen (136Xe) {

| SNOLAB (Canada):
SNO+II (130Te) |

| Yemilab (Korea): |
PandaX-ill-200 (12xe) |

LNGS (ltaly):

¢| CUPID (100Mo)

~{ LSM (France):
| 'SuperNEMO (e2Se) |

. 'ﬁ +L LEGEND 1000 (76Ge) XLZD (136Xe NEXT—HD136Xe) |

= — ===
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0 DECAY MEDIATED BY LIGHT-NEUTRINO
EXCHANGE
GOI/lMOl/l <n’;ﬁﬂ>

Half-life to be measured
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0 DECAY MEDIATED BY LIGHT-NEUTRINO
EXCHANGE

Majorana mass

gy = Y, Uy
k

Half-life to be measured
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0 DECAY MEDIATED BY LIGHT-NEUTRINO
EXCHANGE

Majorana mass

gy = Y, Uy
k

Half-life to be measured

1 T ]
r% uniform prior
I mggp/log (mgg) uniform prior 100y, 1 1
T l '// 136 1
130T
107+ ¢ 3 Comeye T - N E
; 76Ge Comb.
(0] I 130T | 1
— Inverted L 76Ge 1 1
Q .
& Hierarchy I Comb. |
S
1072} - - —
Normal il .
Hierarchy Phen. + Ab Initio
10—3 PR | |
104 1073 1072

Miightest [€V]  Shickele, Jokiniemi, Belley, Holt,
Phys. Rev. D 114, 013007 (2026) 48
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Majorana mass
2
My = Z (Ug)"my
1r T
r% uniform prior
I mgg/log (mgg) uniform prior 1004 il
T l ; 136Xe
10 1 B BV B
S o . @ 1 76Ge Comb. ]
2 Inverted | 76Ge e | Il
& Hierarchy I Comb. |
g
1072 3 T
:ml < m2 < WL3 7 T
Normal
Hierarchy Phen.
107 0-4 10-3 l

Ab Initio

1072

Miightest [€V]
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0 DECAY MEDIATED BY LIGHT-NEUTRINO
EXCHANGE

Majorana mass

gy = Y, Uy
k

Half-life to be measured

1 T ]
r% uniform prior
I mggp/log (mgg) uniform prior 100y, 1 1
‘ T l ;'7;: 136Xe 7
— “ 130-|'e
1L L : 1 _
0 rmy <myp <my [ I 2N |
S o T 76Ge Comb. ]
()} [ 130T | 1
— Inverted L 76Ge 1 1
& Hierarchy I Comb. |
S
10_2 - < < - - -
My < My < S
Normal il .
Hierarchy Phen. + Ab Initio
-3 e SR | T |
10 104 1073 1072

Miightest [€V]  Shickele, Jokiniemi, Belley, Holt,
Phys. Rev. D 114, 013007 (2026) 48
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0 DECAY MEDIATED BY LIGHT-NEUTRINO
EXCHANGE

Majorana mass

gy = Y, Uy
k

Half-life to be measured

Nuclear matrix element

C ] 1r =
- EDF & 4 2 E T % uniform prior
7 1M T j i mpggllog (Mgg) uniform prior 100y I
B QRPA + o * 'S ] t F T — 1
6 - Nsv [T 1 x ~|' ° j — g | T t// 1360 1
FIMSRG . . 5 i 130
- s . -1 L i A Te ]
5+~ cc T 1— 4 ] 10 [ WL3 < ml < m2 - .136Xe T Q B ]
o - A o[® A ® ¢ ] < : . 3 ’ 1 76 Comb. |
>5 - x i > s L ! | 1 7%Ge ombp. |
el 4 T 7 (O] L | 130Te 1
s - ° i — . Inverted L 76Ge i
i I - 1 S Hierarchy I Comb. |
L *
3 I T T — E
- % ¥ ° + A 10-2
- X ] - - -+ _
2 |- 4 ) . * ] 1y < My < _Iig
: I+ A : [
+
1 ES N I T
e . Normal .
7 y I : " Hierarchy Phen. + Ab Initio
O | | | | | | | | _
Agostini et al., Rev. Mod. Phys. 95, 025002 (2023) Mightest €Y1 Shickele, Jokiniemi, Belley, Hol,
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0 DECAY MEDIATED BY LIGHT-NEUTRINO
EXCHANGE

Majorana mass

gy = Y, Uy
k

Half-life to be measured

Nuclear matrix element

1 =

L i ES
. EDF & a ] i o0 yni ; .
s T E ; M uniformprior Next-generation
7 - IBM ] [ magg/log (mgg) uniform prior 100\
[ QRPA T +e \{ . 1 f : exper/ments_
6 Nsv LT 1% { . - ’ "B ‘ l |y By,
FIMSRG . ¥ . _ % - Fore
5 cc T ° s - 101?m3<m1<m2 o - 13%%e T " Q B
o L A o[® A ® ¢ i S : X - 76 i Comb. ]
= - x l %) I | ‘ 1307 ‘ Ge L omo.
s 40 ° T N — . Inverted L 76Ge i
i I - - 1 S Hierarchy I Comb. |
3 I I T :)E — E
B X () + ] _
i $ * x ] 107+ - € |
o[ K ~ * [ ml < m2 < WL3
o T A [
L n 3+ i
1 ES N I T
£ R Normal .
7 y I : " Hierarchy Phen. + Ab Initio
O | | | | | | | |
Agostini et al., Rev. Mod. Phys. 95, 025002 (2023) Mightest €Y1 Shickele, Jokiniemi, Belley, Hol,
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THE NUCLEAR MATRIX ELEMENT

Ov _ (A) | A0v )
M = (¥ 0% | )



THE NUCLEAR MATRIX ELEMENT

Operator (nA — F’F*’Z@f}

Ov _ A) | /00 1\ (A)
MO = (¥ 6% ¥
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THE NUCLEAR MATRIX ELEMENT

Operator (nA — FFWE@')

7 <\P}A) | @01/ | TEA)>

Initial state wave function
(a o skake)
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THE NUCLEAR MATRIX ELEMENT g
Operator (Mnm—»w%e')
— (p@A | 70 (A)
=IO
Final stake wave function Initial state wave function

(usually a o skake) (a or state)
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THE NUCLEAR MATRIX ELEMENT

Operator (nA — Fap*-ze')

Ov _ (A) | /00 |\ p(A)
M = (0] 0% i)

X

Final stake wave function Initial state wave function

(usually a o state) R\ (a or state)
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LIGHT-NEUTRINO EXCHANGE

o, 1.2A'° fm
M =

(07| D (et He(P1 + e (D6, 6,)+ B (08,1 107)

g‘%‘ m,n K

"N = PP Formi, Gamow-Teller and
tensor operators
= Neutrino potentials

Hy(r) = %Jdppzjx(pr) 1x(p) 5 where X € {F, GT, T}

p(p +(E

= Where the & functions contain contributions from vector (V), axial-vector (A), pseudoscalar (P)
and magnetic (M) currents

thhVV
hgr = h&e + hir + i + b
hp=ht + by + th“M
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LIGHT-NEUTRINO EXCHANGE

Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)

1.2A'3 fm
M = ——(0F | D[t | Hx(D1 + Hey (D)6, 6,)+ Hy (1), 1 07)

RN = PP Formi, Gamow-Teller and
tensor operators

= Neutrino potentials

2 h
Hy(r) = — Jdppzjx(pr) x(P) , where X € {F, GT, T}

p(p +(E))

= Where the & functions contain contributions from vector (V), axial-vector (A), pseudoscalar (P)
and magnetic (M) currents

__JAA , 1.AP , 1.PP , 1.MM
har = hgy + hgr + hgr + hgy

hr = hp" + hi® + ™
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2
MOV — MBI/ M()p — M()u . <g_V> MOD —I—MOU

<%>° z _%Z =

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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CHIRAL EFFECTIVE THEORY OPERATORS
FOR 033 DECAY

2
M» = M +M M = M% — <g—V> MY + MY
0 —_ T 4
<g> o i E 15% — 90 %
A)(
—_ L
2 = i
(£) o :
A, .
) :

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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CHIRAL EFFECTIVE THEORY OPERATORS
FOR 033 DECAY

0 —_ < T T S
0 15% — 90 % (]
(&) w i B X
0\ ‘ R '
<r){> N-LO E

/////////////////////////////
/////////////////////////////

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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CHIRAL EFFECTIVE THEORY OPERATORS
FOR 033 DECAY

2
MOU — MBU _I_Mé)l/ _l_MOI/ _I_MOI/ M]E)y _ ngT _ <g_V> MO 4 ppov

usoft loo
P 8A
O ; : 1 1 /
0 15% — 90 % (]
~) »
4 R
2 = 1
Q 2 1 |
2\ o I\ : |
' |
A)( 100000000000000000000000000400 E _|_ o i
A Y 1 |
() :

5% — 10 % 5% — 10 % -

V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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CHIRAL EFFECTIVE THEORY OPERATORS
FOR 033 DECAY

2
M% = M M MY Mg, ML = Mg - <§_Z> M
0 T - 1 - 1
(g) o 1 E {: 15% — 90 %
A)(
P _

/////////////////////////////
/////////////////////////////
/////////////////////////////

5% — 10 %

2 ~ 1 1

Q ) . I 1

— N2LO Z"’“‘S = : '
1 1 | |

A)( E _|_ 1 1
///////////////////////////// 1 | 1

& ! -

|

5% — 10 % R

N°LO 3-nucleon potentials Chambers-Wall et al. arxiv:2510.21564
V. Cirigliano et al., Phys. Rev. Lett. 120, 202001 (2018), Phys. Rev. C 100, 055504 (2019)
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AB INITIO NUCLEAR MATRIX ELEMENTS

m VS-IMSRG |
5 6He — OBe ® IM-GCM
' <4 CCSDTI
A . P A IT-NCSM
4 % A 0 v NCSM
° ¢
> 10 10
OE 3t Be — C 0.6
- 04— lc - Mo _
) S 04t 1§
: 0.2+ : <
1 20 2N M2 2
O : \ | | | | | | I | | |
0 12 16 20 24 28

Mass number A
Yao, Belley, Wirth, Miyagi, Payne, Stroberg, Hergert, Holt, Phys. Rev. C 103, 014315 (2021)
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Belley, Payne, Stroberg, Miyagi, Holt, Phys. Rev. Lett. 126,
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UNCERTAINTY QUANTIFICATION

ADb initio calculations based on consistent Hamiltonians and operators based

on YEFT allow for uncertainty quantification

MOI)

S = N W B~ W

LO

N2LO

a

Standard mechanism of exchange light Majorana neutrinos

Long-range (LR)

(1) ()

3)

correction to current one-loop diagrams

Short-range (SR)

e

Max

- X B
— B B e .
@ 5) )
[ T T ]
1 b 76Ge — 7650 LO, LR(123)+N2LO@) ]
: LO,SR(6) |
- N2LO(5) E
| |
6 8 10 extrap

MOv
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68% confidence interval including &gm
68% confidence interval including eem and &yert

68% confidence interval including €em, Exerr and €op

68% confidence interval including €em, Exert, €op and Emar ]|

— Mean NME

76Ge - 6Se o . 2y
4, % ke
< ‘0 o
4 Lol SR G 5 SN > v % 2 N
ST F S5 & FOSNCANCAC C

Belley, Yao, Bally, Pitcher, Engel, et al., Phys. Rev. Lett. 132, 182502 (2024)
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SENSITIVITY ANALYSIS
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80
B Energy main sensitivity S; 1 Total sensitivities St
. — MEVBB main sensitivity S; |  95% Confidence Interval
° 00 mm M2%PP main sensitivity S;
o SR ]
— 50 1
=
> 40
=
n .
- 30
Q
N 20-
10 1 i
O J —c i —

O O VIR T A N o I <
ELEL T E ¢ <;’3 S F @O OO

Belley, Pitcher, Miyagi, Stroberg, Holt, Phys. Rev. C 113, 014319 (2026)
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CURRENT STATUS OF THE NUCLEAR
MATRIX ELEMENTS

T T
8 QRPA

‘Pkahomematogj NSM
7 Y NSM+GCF
Ab tnikic J vsimsra

[

6 IM-GCM
_ 5F
= OF
> D -
o= R
S 4 [

3F I | ‘

I
1| II | I
0 [ | l | | | | I ]
4808 76Ge 8ZSe 100M0 130-|-e 136)(e

Gomez-Cadenas et al., La Rivista del Nuovo Cimento 46, 619 (2023)
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CURRENT STATUS OF THE NUCLEAR
MATRIX ELEMENTS

T T T | T
8 QRPA

‘Pkahomematogj NSM
7 Y NSM+GCF

R | Ranges cover: ’,
Ab inikic [ vsimsra :

- Different parameters }

6 4 - N
M-eoM 1§+ Different nuclear %

. 5F 1% interactions
>-S) : : /‘ [} 3
o= | 18 RO W
E 4 | | ‘ [l [ . 7SR ——— T

2 — _
1E Il -
0 [ | l | | |

4808 76Ge 8ZSe 100M0 130-|-e 136)(e

Gomez-Cadenas et al., La Rivista del Nuovo Cimento 46, 619 (2023)
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CURRENT STATUS OF THE NUCLEAR
MATRIX ELEMENTS
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» Experiments probe Majorana mass with different isotopes
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» Experiments probe Majorana mass with different isotopes
= How to combine these into global Majorana-mass limits?

Figure idea stolen from T. Shickele
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Likelihood functions from
current experiments:
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COMBINED CONSTRAINTS FOR
MAJORANA MASSES

Biller, Phys. Rev. D 104, 012002 (2021)

Likelihood functions from
current experiments:
Nuclear matrix elements
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COMBINED CONSTRAINTS FOR
MAJORANA MASSES

Biller, Phys. Rev. D 104, 012002 (2021)

Prior:
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Next-generation experiments
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PRECISION BETA-DECAY SEARCHES
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Gllck-Magld Gazn‘ Phys Rev. D 107, 075031 (2023) 7

N16(2-) unique 1lst forbidden decay to 160(0+ gs) angular correlation
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TAKE-HOME MESSAGES

= Our current knowledge on particles in the Universe and interactions between them is based on
the Standard Model of Particle Physics

» There are some phenomena that the standard model cannot explain: matter-antimatter
asymmetry of the Universe, neutrino masses, dark matter, ...

Atomic nuclei, forming most of the known Universe, can be used as test laboratories to look for
physics beyond the standard model

= One can look for deviations from Standard model predictions in processes involving nuclei

= One can look for processes not predicted by the standard model

Neutrinoless double-beta decay is a hypothetical beyond-standard-model process subject to
active research worldwide

One can also look for deviations from the Standard Model in precision beta decay searches

Beyond-standard-model searches call for reliable ab initio nuclear-theory predictions with
quantified uncertainties



Questions?

lotta.jokiniemi@tu-darmstadt.de




