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Introduction



[ decay context: Colliders

Drought at LHC leaves limited number of viable theories standing

FCC is still rather far away, if it comes
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Standard Model internal consistency test through CKM unitarity

e Superallowed 0™ — 0" decays
e T =1/2 mirror decays

e Neutron decay (see later)



[ decay context: (B)SM

Standard Model internal consistency test through CKM unitarity

e Superallowed 0™ — 0" decays
e T =1/2 mirror decays

e Neutron decay (see later)

BSM: Since EFT entered scene directly compare high and low
energy:

e Competitive for scalar & tensor currents

e Complementary for right-handed currents

Cirigliano et al., PPNP 71 (2013) 93
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Significant experimental progress, new & improved techniques

e Atomic traps: Jerusalem, TRIUMF, CERN, ANL, TAM,
CENPA
e CRES: Project 8, Heb

e High-precision spectrum shapes: NCSL, LANL, CENPA, ...

Great for theory!

Push both in 3 decay fundamentals and nuclear structure
calculations
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e Neutrino physics: oscillations, reactor anomaly
e Astrophysics: 3 decay lifetimes, r-process

e Big Bang Nucleosynthesis: mass abundances
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[ decay context: Outside the box

Landscape has changed significantly past 10-20 years

e Neutrino physics: oscillations, reactor anomaly
e Astrophysics: 3 decay lifetimes, r-process

e Big Bang Nucleosynthesis: mass abundances

Knowledge of Standard Model 3 decay spectra plays a significant
role in all of them

Different regimes, overlapping challenges
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Introduction

General Hamiltonian

H= > (F10;i) (el O}[G + Gl ) + hc.
j=V,AS,P,T

Questions:
In Standard Model only V-A — where are the others?

QCD influences — induced currents, influenced through nuclear
structure?



BSM Observables in 5 decay

Typical BSM searches through correlations

dr p_;-.'p_z: me ﬁe It
dE.dQ.dQ, E.E, " TE E.

Measure effective correlations

X

o 8
1—|—b/:<%:>

Sensitivity to full spectrum!




BSM Observables in 5 decay

Typical BSM searches through correlations

dr Pe * Py
__d
dE.dQ.dq, * T

Me Pe
br—2 + AZE(I) 4 ...
EE, TFE T Ee<)+

Sensitivity comes from br

brp=+— - |Re "5 Re (T °T
F 1+p2{e< Cy )—I—p ¢ Ca

because it's linear in coupling constants
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BSM Observables in 5 decay

Typical BSM searches through correlations

dr Pe * Py
__d
dE.dQ.dq, * T

Me Pe
br—2 + AZE(I) 4 ...
EE, TFE T Ee<)+

Sensitivity comes from br

brp=+— - |Re "5 Re (T °T
F 1+p2{e< Cy )—I—p ¢ Ca

because it's linear in coupling constants
— measure [ spectrum directly & fit for 1/E,

10



Beta Spectrum Shape

Exploring the Standard Model and Beyond via the allowed 3
spectrum shape:

dN Me
1 — + bywmE
dE. x 1+ E. + Dwm Ee

: Proportional to scalar (Fermi) and tensor (Gamow-Teller)
couplings

bw: Weak Magnetism (main induced current), poorly known for
A > 60, forbidden decays

11



Beta Spectrum Shape

Exploring the Standard Model and Beyond via the allowed 3
spectrum shape:

dN Me
1 — + bywmE
dE. x 1+ E. + Dwm Ee

: Proportional to scalar (Fermi) and tensor (Gamow-Teller)
couplings

bw: Weak Magnetism (main induced current), poorly known for
A > 60, forbidden decays

This requires knowledge of the theoretical spectrum shape to
< 1073 level!

11
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Beta Spectrum Shape

Active participation of QED, QCD & WI — Complicated system

Weak Hamiltonian is modified

1. Emitted 3 particle immersed in Coulomb field: (electroweak)
radiative corrections

12



Beta Spectrum Shape

Active participation of QED, QCD & WI — Complicated system

Weak Hamiltonian is modified

1. Emitted 3 particle immersed in Coulomb field: (electroweak)
radiative corrections

2. QCD adds extra terms in weak vertex: induced currents

12



Beta Spectrum Shape

Active participation of QED, QCD & WI — Complicated system

Weak Hamiltonian is modified

1. Emitted 3 particle immersed in Coulomb field: (electroweak)
radiative corrections

2. QCD adds extra terms in weak vertex: induced currents

Large scale gap to cross

Quark — Nucleon — Nucleus — Atom — Molecule

12



Beta Spectrum Shape

Active participation of QED, QCD & WI — Complicated system

Weak Hamiltonian is modified

1. Emitted 3 particle immersed in Coulomb field: (electroweak)
radiative corrections

2. QCD adds extra terms in weak vertex: induced currents

Large scale gap to cross

Quark — Nucleon — Nucleus — Atom — Molecule

Whole slew of introduced

12



Standard Model Calculation: Quark

Starting from the Standard Model SU(2), x U(1)y EW sector

g2
M = ? udﬁ’}/u(l -7

v v M2
5 quqv/ W g1

5
&1 (1 =)
qz—/\/fﬁv

13



Standard Model Calculation: Quark

Starting from the Standard Model SU(2), x U(1)y EW sector

2

2
_ g = 5y 8w — quiuv/ My _ 5
M =5Vt (1 = 7°)d 72, &y (1 =)
Since , identify Fermi coupling constant
Gr g2
V2 8ME,

13



Standard Model Calculation: Nucleon

Moving to the nucleon system, we face

(play*(1 —~°)d|n)
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Standard Model Calculation: Nucleon

Moving to the nucleon system, we face

(play*(1 —~°)d|n)

Symmetries to the rescue! CVC & PCAC define new nucleon
currents
VI A = gy (g (1 = X°)

where and A from the lattice

Great progress from lattice QCD, including scalar & tensor charges

14



Standard Model Calculation: Nucleon

Strong interaction introduces extra terms into the vertex —
Construct all Lorentz invariants

_ gm — 8v . &s
V'LL = 1% nv by 1L
(p|V¥|n) p[gvv + =M +in A ] n
_ 8T 5 .8P 4 5
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Standard Model Calculation: Nucleon

Strong interaction introduces extra terms into the vertex —
Construct all Lorentz invariants

_ gm — 8v . &s
V'LL = 1% nv by 1L
(p|V¥|n) p[gvv + =M +in A ] n
_ 8T 5 .8P 4 5
AH _ { HAD e, M }
{(p|A¥|n) P l&aY' Y + ot ey sty n

Introduction of recoil (~ q/M) terms

CVC requires gs = 0 & gy = pp" — pun = 4.7

ii5)



Standard Model Calculation: Nucleus

Nucleus is spherical system — multipole decomposition,
elementary particle
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Standard Model Calculation: Nucleus

Nucleus is spherical system — multipole decomposition,
elementary particle

Relativistic generalization in

SIC

1

J L
va AO' _\Jr— M f
(VO Rl o S

) (V") Fu(a?)

Conservation of angular momentum limits # terms

16



Standard Model Calculation: Nucleus

Require transformation from form factors to matrix elements

17



Standard Model Calculation: Nucleus

Require transformation from form factors to matrix elements

Immediately faced with several issues:

e Weak current in strongly bound system?

17



Standard Model Calculation: Nucleus

Require transformation from form factors to matrix elements

Immediately faced with several issues:

e Weak current in strongly bound system?

e Relativistic nuclear wave functions

17



Standard Model Calculation: Nucleus

Require transformation from form factors to matrix elements

Immediately faced with several issues:

e Weak current in strongly bound system?
e Relativistic nuclear wave functions

e Final state interactions

17



Standard Model Calculation: Nucleus

Require transformation from form factors to matrix elements

Immediately faced with several issues:

e Weak current in strongly bound system?
e Relativistic nuclear wave functions

e Final state interactions

Here the going gets rough —

17



Standard Model Calculation: Nucleus
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— , non-interacting nucleons
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Standard Model Calculation: Nucleus

Weak current in strongly bound system?

— , non-interacting nucleons

e Neglects meson exchange

e Nucleon-nucleon interaction present in many-body methods

Relativistic nuclear wave functions

— nucleons

e expand operator to O(v/c)

e Incomplete wave function basis, core polarization

18



Standard Model Calculation: Nucleus

Final state interactions

1. Coulomb interaction

19



Standard Model Calculation: Nucleus

Final state interactions

1. Coulomb interaction

— Fermi function, induced Coulomb terms

19



Standard Model Calculation: Nucleus

Final state interactions

2. EW Radiative corrections

N
3
N

20



Standard Model Calculation: Nucleus

Final state interactions

2. EW Radiative corrections

+ higher orders, YW boxes: talks by M. Gorshteyn, C. Y. Seng,

M. Ramsey-Musolf
20



Standard Model Calculation: Atom

Must consider total nuclear + atomic Hamiltonian
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Standard Model Calculation: Atom

Must consider total nuclear + atomic Hamiltonian

Changes

e Available phase space
e Final state interactions

e Opens new decay modes (bound & exchange)
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Standard Model Calculation: Atom

Must consider total nuclear + atomic Hamiltonian

Changes

e Available phase space
e Final state interactions

e Opens new decay modes (bound & exchange)

Require atomic wave functions

21



Standard Model Calculation: Molecule

Similar as atomic system, but changes

e Available phase space
e Molecular excitation, ionization

e Recoil correction & distribution

22



Standard Model Calculation: Molecule

Similar as atomic system, but changes

e Available phase space
e Molecular excitation, ionization

e Recoil correction & distribution
Enter quantum chemistry

22



Current status




Beta Spectrum Shape

Significant effort to rediscover & renew formalisms

Beta spectrum of unique first-forbidden decays as a novel test
for fundamental symmetries

Ayala Glick-Magid ?, Yonatan Mishnayot *"¢, [sh Mukul®, Michael Hass",
Sergey Vaintraub ¢, Guy Ron?, Doron Gazit®*
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Beta spectrum of unique first-forbidden decays as a novel test
for fundamental symmetries

Ayala Glick-Magid ?, Yonatan Mishnayot *"¢, [sh Mukul®, Michael Hass",
Sergey Vaintraub ¢, Guy Ron?, Doron Gazit®*

PHYSICAL REVIEW C 95, 024327 (2017)

Spectrum-shape method and the next-to-leading-order terms of the g-decay shape factor
M. Haaranen, J. Kotila, and J. Suhonen

Department of Physics, University of Jyviiskyld, P.O. Box 35 (YFL), FI-40014 Jyviskyld, Finland
(Received 10 November 2016; published 28 February 2017)
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Significant effort to rediscover & renew formalisms

Beta spectrum of unique first-forbidden decays as a novel test
for fundamental symmetries

Ayala Glick-Magid ?, Yonatan Mishnayot *"¢, [sh Mukul®, Michael Hass",
Sergey Vaintraub ¢, Guy Ron?, Doron Gazit®*

PHYSICAL REVIEW C 95, 024327 (2017)

Spectrum-shape method and the next-to-leading-order terms of the g-decay shape factor
M. Haaranen, J. Kotila, and J. Suhonen
Department of Physics, University of Jyviiskyld, P.O. Box 35 (YFL), FI-40014 Jyviskyld, Finland
(Received 10 November 2016; published 28 February 2017)
Relativistic Theory and Ab Initio Simulations of Electroweak
Decay Spectra in Medium-Heavy Nuclei and of Atomic and
Molecular Electronic Structure

Tommaso Morresi, Simone Taioli &, Stefano Simonucci 23



Beta Spectrum Shape

Active participation of QED, QCD & WI — Complicated system
Large scale gap to cross:

Quark — Nucleon — Nucleus — Atom — Molecule
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Beta Spectrum Shape

Active participation of QED, QCD & WI — Complicated system
Large scale gap to cross:

Quark — Nucleon — Nucleus — Atom — Molecule

Gy Vi
273
X Q(Z7 W, M) R(W7 WO) 5(27 W) X(Za W) f(Z, W)
x C(Z,W) Dc(Z,W, B2) Des(Z, W, 2)

x pW(Wo — W)? dW

N(W)dW =

Fo(Z,W) Lo(Z, W) U(Z, W) Ry(W, Wo, M)

LH et al., Rev. Mod. Phys. 90 (2018) 015008

LH, Severijns, Comp. Phys. Comm. 10.1016/j.cpc.2019.02.012
24






Order of magnitude estimates

Nuclear structure sensitivity in shape factor

AW b 42 1
ZW)~ld 22 LV ZWRA —
Gz, ) 3My Ac -~ 21 & 3WMc

(+2b + d)

26



Order of magnitude estimates

Nuclear structure sensitivity in shape factor

4W b | 42 1
CZW)~14+-——+ —aZWRA — +2b+d
(2.W) 3MyAc— 21 3w T2+ d)
Fill in typical numbers to obtain
Matrix element Name Slope (% MeV~1)
b Weak Magnetism 0.5
d Induced Tensor 0.1
A Induced Pseudoscalar 0.1

Weak magnetism is generally more stable than others

— essential to get this right -



Nuclear matrix elements

Overview

b= A(guMeTt + gv M)
d = A(gaMqsL + g7 MaT)
/\ X M]_y

27



Nuclear matrix elements

Overview
b= A(guMeTt + gv M)
d = A(gaMqsL + g7 MaT)
/\ X M]_y

where

ML:<5HZTI'/7|’0¢>
Mo = ﬁHZTiiﬁiXﬁHOé)
Muy o< (B> mir* Csi o n V3" (£)]] )

27



Weak magnetism

Mirror nuclei have CVC-determined WM

b/Ac, form factor evolution

10 4 ®
o)
@
81 o o ® "’¢
[0)
6 1 © o dg@ )
o "o
5 Q
< 440
< <
2 ¢ *
0 M| hd
S
(Z
iy 2 4
0 20 40 60

Mass number

open: [ +1/2, closed: [ —1/2 28



Weak magnetism

How does shell model perform right now?

)
E 1.0 o
'_
. o5 ¢  Megr ¢ M
g. [ ]
o 0]
' 0040 009°%00g08c0 o ©
5 ® %3 °
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o ) ) ) +
@—0.5' [} *
& : : : :
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o
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o (0]
2140 00 000 PR se 8
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10 20 30 40

Mass number

‘Easy’ matrix elements only accurate to 10-20% 29



Weak magnetism

How does shell model perform right now?

4
2- *
0]

® ®,060000 ,° 400 o
O 98480 8 " eg8y0 gof R

-2 4>®

10 20 30 40 50 60 70

Difference in b/Acy
o

® Shell Model @
® Single Particle

11 @ Se%esee?ee 02833300@@%@0
(o]

Ratio Exp/Theo

()

0 10 20 30 40 50 60 70
Mass number

Ab/Ac =1 — 0.1% MeV~!
30



Induced tensor

Still large discrepancies for d/Ac

PHYSICAL REVIEW C 95, 035501 (2017)
2} to 3} y width in *Na and second class currents

S. Triambak,'*" L. Phuthu," A. Garcfa,® G. C. Harper,’ J. N. Orce,' D. A. Short,® S. P. R. Steininger,® A. Diaz Varela,*
R. Dunlop,4 D. S. Jamieson,* W. A. Richter,' G. C. Ball,’ P. E. Garrett,* C. E. Svensson,* and C. Wrede*®

21(6) > d/Ac > 3(6)

Factor 7 differences depending on shell model results — killer!

31



Induced tensor

Immediate response last workshop (Alex Brown)

3+to 2+ USDB USDA USD

M(s-tau) (c,) 0.042 0.012 0.027
M(l-tau) (partofb) -1.07 -1.00  -1.00
M(d-tau) 0.062 0.081 0.066

Relative phases look robust but s-tau is not very uncertain

so we should look at b/d (not b/c and d/c)

Alex Brown, ND2013, NYC, March 4, 2013
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Induced tensor

Immediate response last workshop (Alex Brown)

3+to 2+ USDB USDA USD

M(s-tau) (c,) 0.042 0.012 0.027
M(l-tau) (partofb) -1.07 -1.00  -1.00
M(d-tau) 0.062 0.081 0.066

Relative phases look robust but s-tau is not very uncertain

so we should look at b/d (not b/c and d/c)

Alex Brown, ND2013, NYC, March 4, 2013

General lesson: when looking at allowed transitions, make sure

M is large and stable 32
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Neutron V,, calculation

Neutron is extremely well-studied system, ideal system for V4

273 1
GEm2gt 1+ RC

Va2 (fy + 3Fa)?) =
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Neutron V,, calculation

Neutron is extremely well-studied system, ideal system for V4

273 1
GEm2gt 1+ RC

Va2 (fy + 3Fa)?) =

From g decay perspective, need 3 things

e Neutron lifetime
o )\

e Theory calculations for fy 4 and RC
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Neutron V,, calculation

Neutron is extremely well-studied system, ideal system for V4

273 1
GEm2gt 1+ RC

Va2 (fy + 3Fa)?) =

From g decay perspective, need 3 things

e Neutron lifetime
o )\

e Theory calculations for fy 4 and RC

Clearly, all trivial things

33



Neutron V,, calculation

Major decades-long community efforts

2020
%

2010

2000

X 200z-1sod

d

=1 [ PDG 0"'—0"
> 0974 1990

0.972F

©
[¢5)
o
Year of Publication

0.97 Liaud et al.

Yerozolims|

0.968

P I
1.255 1.26

UCNA, Phys Rev C 97 (2018) 035505 34



Neutron V,, calculation

Major decades-long community efforts

NEUTRON LIFETIME (Seconds) @ Results using beam method @ Bottle method
900
¢
895
Average beam result
88812.1 seconds —.
890 \
\ I
885
Average bottle result )
879.31:0.75 seconds—~ ; I i
880k Y
aC ac
New UNCtau result
875 L 1 1 | 1
1990 1995 2000 2005 2010 2015 2020

YEAR OF EXPERIMENT

85



Neutron V,, calculation

Well, at least fy 4 are well-known, right? RIGHT?
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Neutron V,, calculation

Well, at least fy 4 are well-known, right? RIGHT?

Seminal work by Wilkinson in 1982, exhaustively listed all
corrections: found Afy 4 >~ 107°, f, = 1.6887(2)
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Neutron V,, calculation

Well, at least fy 4 are well-known, right? RIGHT?

Seminal work by Wilkinson in 1982, exhaustively listed all
corrections: found Afy 4 >~ 107°, f, = 1.6887(2)

One particular case appears forgotten, however...

36



Neutron V,, calculation

Recap:

EM 8V . . BS

VE ) = b I
(p|V¥|n) P[gv7+ o o }n

37



Neutron V,, calculation

Recap:

EM — 8V v 85
om0 Wiy } "

gives rise to spectrum shape contribution

— = p W (W — W,
<dWe> o 3MgAMGTp ( 0 )

WO m2
W _ Y €
X( 2= 2We>

represents vector-axial vector spacelike cross term

(pIVHIn) = p {ng ;

37



Neutron V,, calculation

Recap:

8M — 8V -l
oM qﬁ'zm"}”

gives rise to spectrum shape contribution

< W ) S b We(Wo— W)’

(pIVHIn) = p {ng ;

dWe x 3M gAMGTpe
WO m2
We — —= — =<
. ( 2 2We>

represents vector-axial vector spacelike cross term

However cross terms do not contribute to decay rate!

37



Neutron V,, calculation

Recap:

EM — 8V v 85
om0 Wiy } "

gives rise to spectrum shape contribution

— = p W (W — W,
<dWe> o 3MgAMGTp ( 0 )

WO m2
W _ Y €
X( 2= 2We>

represents vector-axial vector spacelike cross term

(pIVHIn) = p [gvv“ ;

However cross terms do not contribute to decay rate!

Except...

Weinberg, Phys Rev 115 (1959) 481
37



Neutron V,, calculation

V-A cross terms contribute due to Coulomb interaction, i.e.
O(aZ)

38



Neutron V,, calculation

V-A cross terms contribute due to Coulomb interaction, i.e.
O(aZ)

Leads to Wilkinson's result, Afyym ~ 107° for neutron
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Neutron V,, calculation

V-A cross terms contribute due to Coulomb interaction, i.e.
O(aZ)

Leads to Wilkinson's result, Afyym ~ 107° for neutron

There is one more thing: Coulomb corrections on weak magnetism
gives non-negligible terms O(aZ/MR) besides expected
O(aZ(q/M)qR)

fA 4 o/ M

— =14 -—-2==1.0040(2

f\/ i 5 MR 8A ( )
Plot twist!

Wilkinson Nucl Phys A 377 (1982) 474; Bottino et al. Phys Rev C 9 (1974) 2052;
Holstein Phys Rev C 10 (1974) 1215 38



Neutron V,, calculation

Using Ag = 0.02467(22), A = 1.27510(66)

f‘
| Vua|*7n <1 + 3f;‘A2> = 4903.5(1.1) s
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Neutron V,, calculation

Using Ag = 0.02467(22), A = 1.27510(66)

f'
| Vua|*7n <1 + 3f;‘A2> = 4903.5(1.1) s

@ Superallowed B decay
|_*,| |Vud|Lowest
|'.'| IvudIBottle
[ |Vigl®eom
0.968 0.970 0.972 0.974 0.976

|Vud|
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Neutron V,, calculation

Using Ag = 0.02467(22), A = 1.27510(66)

f'
| Vua|*7n <1 + 3f;‘A2> = 4903.5(1.1) s

@ Superallowed B decay
|_*,| |Vud|Lowest
|'.'| |Vud|BottIe
[ |Vigl®eom
0.968 0.970 0.972 0.974 0.976
|Vud|
Yikes!

39
Seng et al., PRL 121 (2019) 241804; PPNP 104 (2019) 165



Neutron V,, calculation

Using the new fa/fy

1.278 4

Gonzalez-Alonso et al. [20]
1.276

1.274 A _—
1.272 4

1.270 A
1.268 Superallowed B decay

1.266 A
TBottle

1.264 1 Tlowest

-l-Beam

1.262 A

0.9725 0.9730 0.9735 0.9740 0.9745 0.9750
|Vud|
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Neutron V,, calculation

Using the new f4/fy, including latest PERKEO3

1.278 A

PERKEO3 [6]

1.276

1.274 A _ Gonzalez-Alonso et al. [27]
< 1.2721

1.270 A

1.268 - T;""t":st Superallowed B decay

Bottle
1.266 - TBeam

0.9725 0.9730 0.9735 0.9740 0.9745 0.9750
|Vud|

41



Neutron V,, calculation

Assume superallowed V4, predict 'Standard Model’ 7,

A = 1.27510(66) — 7°M = 877.0(8) s
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Neutron V,, calculation

Assume superallowed V4, predict 'Standard Model’ 7,

A = 1.27510(66) — 7°M = 877.0(8) s

Also impacts Big Bang Nucleosynthesis, helium mass abundance

AY, n
P~ 0.73AT .
Yo Tn

Shift in neutron lifetime leads to
AY,=-51-10"*

3 o shift!

42
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Challenges

At O(1073), nuclear structure is main culprit

e Nuclear matrix elements only precise to 10-20%

Generally: large meson exchange corrections on induced
currents

Isospin multiplet decays are way to go: WM from CVC,
induced tensor = 0

Major ab initio efforts underway

43



Challenges

At < O(10~%), everything breaks
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Challenges

At < O(107%), everything breaks , but not in the same place!

e Low energy: Atomic & Molecular effects (exchange)

Endpoint: Final state interactions, excitations

Radiative corrections: higher order, model dependence

e Low Z: recoil corrections to matrix elements

High Z: everything electromagnetic

44



Conclusions

Spectrum shape measurements are valuable tests for S, T currents
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Conclusions

Spectrum shape measurements are valuable tests for S, T currents
Developments in BSM 3 searches have large outside influence
Nuclear structure generally is main current generation bottleneck

Further, radiative & recoil corrections become bottleneck even for
nuclear-structure-favorable transitions

Exciting (unnerving?) developments happening in 8 decay
fundamentals
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