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Three out of four
fundamental forces (no gravity):

Standard Model

18 free parameters

Great (annoyingly so), consistent
with constraints at ~ 10°~2 TeV

Open questions: dark matter,

gravity, neutrino masses, ...
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Introduction: Weak interaction & CKM matrix

Cabibbo-Kobayashi-Maskawa matrix relates weak and mass
eigenstates

d Vud Vus Vub d
) = Veo Vs Ve S
b w th Vts th m

Unitarity requires
|Vud|2 + |VUS|2 + |\/ub‘2 =1

(nuclear) 3 decay, meson decay (7, K), |Vyp|?> ~ 1073

Violations are sensitive to TeV scale new physics!



CKM unitarity: Current status

Signs of non-unitarity at few o level...

Disagreement between K/2 and KI3 |V,s| ‘Cabibbo angle anomaly’
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What would new physics look like?

SM has V-A structure, but more generally
GFVia | - _ _
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What would new physics look like?

SM has V-A structure, but more generally
GFVia | - _ _
Lefr = —U{G’W/L - iyH[ey — (ca— )75]d +eséy, - ad
V2
—ep @y - iy’d + e1 8oy - ot (1 — vs)d} + h.c,,
at the quark level

All ¢; are proportional to (M, /Agswm)?, change kinematics

TS 10~% — Agsum —~ 15 TeV assuming natural couplings
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CKM unitarity: V4

Let's break it down: How to obtain V47

Semi-leptonic up-down decay rate

I o GE\VudF(l + )](Ohad,Hz x phase space

Things you need to know

o Gr (p lifetime)

[ ]

e Hadronic theory

e For each f3 transition: t; 5, Qg, BR, (GT/F mixing)

Master formula

(1 + 0)(1 + AL+ ons — 0¢) = ——

21\/2 2
GF Vud Mtree 8
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Nuclear sandbox — make hadronic theory easy

e Pion e Superallowed 07 — 07

e Neutron e T =1/2 mirrors
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CKM unitarity: V,, precision

Nuclear sandbox — make hadronic theory easy
e Pion e Superallowed 0™ — 0™
e Neutron e T =1/2 mirrors

0t ->0"* Neutron Mirror Pion

Frac. Unc (%)
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0.00 N hi Best

Il Experiment I Radiative Nuclear

Status of 07 — 01 ISOL community triumph for 50+ years!

10
LH, ARNPS 74 (2024) 497
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Theory changes overview

Recall master equation:
K

ft(1+0k)(1+ AR)(1 + —5c)=W

Every element has received updates/overhauls.
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changes overview

Recall master equation:
K

ft(1+ 0g)(1+ Ag)(1 4 0ns —0c) = 555
GEV2,M?

tree
Every element has received updates/overhauls.
Separate into tree level & loop level
e (c: Isospin symmetry breaking of Mg
e f: phase space factor
e 0: ‘outer’ radiative corrections

° A%: single-nucleon ‘inner’ radiative corrections

e Oys: Changes in A% due to nuclear structure
All except for A% are open questions to this day!

Based on L.H. ARNPS 74 (2024) 497 and Gorchtein, Seng ARNPS 74 (2024) 23
12



Recent changes: A}

Rescaling of coupling constant g2 — g2(1+ AY)

14 e
s -
n p

Specifically, axial-vector contribution — symmetries don’t save you
& QCD at intermediate effects
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Recent changes: A}

Rescaling of coupling constant g2 — g2(1+ AY)

14 e
s -
n p

Specifically, axial-vector contribution — symmetries don’t save you
& QCD at intermediate effects

+50 years of research to improve it

13



A) updates

After 2018 jump different calculations performed: convergence

S a0 r0.9740
r0.9742
7.75 E
§ r0.9744
S 3
8. 7.70 LS >
2 )
AVis | Lo.9746
7.65
r0.9748
7.60 Holographic QCD Dispersion relations LQCD (assisted) EFT 109750

MS06 CcMs19 Hay2l  SGRM19  SKM21  SFGJ20  Ma+23  CDMT23

Small differences remain, neutron experimental uncertainty too

large to distinguish
LH, ARNPS 74 (2024) 497
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Current status on s

V,q currently limited by nuclear structure in radiative corrections

Elastic peak sk
(Born) O-(}/ + p— X)
* DIS scaling
AN pQCD

production threshold

T
2
Q*12M,

Elastic %
peak Quasielastic 0-(7 +A - X)
peak

Discrete Nuclear shadowing, EMC effect
Nuclear /\/\’\/\
i )

T T
Q*2M  Q°/2M,

More sophisticated picture, first ab initio calculations emerging

Gorchtein & Seng ARNPS 74 (2024) 1
ii5)



Progress in nuclear ab initio theory

Field is charging full steam ahead on nuclear ab initio

88
w 2022 - D)
72| ! Fef | :
N=126
64 . i B.S.Huetal.,
: Nature Phys. (2022),
8 ’ I arXiv: 2112.01125

N=82

o 2010
o 2012
@ 2014
s 2016
= 2018
= 2020
= 2022

8 16 24 32 40 48 56 64 72 80 88 96 104 112 120 128 136 144

N

H. Hergert, Frontiers in Physics (2020) 16
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Role of charge radii made simple

Schematic description of 5 decay matrix element
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Role of charge radii made simple

Schematic description of 5 decay matrix element
My ~ / d3xpip it O,

depends on charge radius: solution in central potential — Fermi

function
F(Z> Ee) ~ W)e(r = R)|2

and weak charge radius

pwe(r) ~ bz (r)Os(r)di(r)

where pyc(r) = pen(r) + dp(r), usually nuclear (shell) model

18



Weak charge from charge radii

Isospin symmetry: p,. from 2 out 3 charge radii in T =1 triplet

puelr) = pens(r) + 25 pen1(r) = pena(7)]

500,000 [
400,000

300,000

p(r) (a.u.)

200,000 [

100,000

0.000 0.005 0.010 0.015

Seng, Gorchtein PRC 109 (2024) 045501

19



Nuclear charge radi

Current data set

Experimentalists: pay attention to last column (NA means go)!

Table 1 Determinations of (1{“) based on available data of nuclear charge radii for
isotriplets in measured superallowed decays
A | @k ) @Em) [Ref] | (73 o)/ (fm) [Ref] (2, )" (fm) [Ref] | (@gy)'/? (fm)
0 | Pc OB (ex) 1OBe: 2.3550(170) [59] | NA
14 | {*O N (ex) 13C: 2.5025(87) [59] NA
18 | I3Ne:2.9714(76) [59] | I°F (ex) 50: 2.7726(56) [59] 3.661(72)
22 | BMg:3.0691(89) [61] | 77Na (ex) Ne: 2.9525(40) [59] | 3.596(99)
26 | Si 2om AL 3.130(15) [65] 26Mg: 3.0337(18) [59] | 4.11(15)
30 | 3% 0P (ex) 10Si: 3.1336(40) [59] NA
34 | 31Ar:3.3654(40) [59] 31Cl 145:3.2847(21) [59] 3.954(68)
38 | 33Ca:3.467(1) [62] K. 3.437(4) [63) J8Ar: 3.4028(19) [59] 3.99935)
42 | £Ti $28¢:3.5702(238) [59) $2Ca: 3.5081(21) [59] 4.64(39)
46 | 3Cr ‘_z'gv ;_‘gTi; 3.607022) [59] | NA
50 | 30Fe »ngMn: 3.7120(196) [59] ggch 3.6588(65) [59] 4.82(39)
54 | 33Ni:3.738(4) [64] 3iCo SeFe: 3.6933(19) [59] 4.28(11)
62 | %Ge $Ga %7n:3.9031(69) [61] | NA
66 ?SS& Q?As ?gGe NA
70 ggKr ;gBr ;25e NA
74 | T3sr TIRb: 4.1935(172) [61] | ]¥Kr: 4.1870(41) [59] 4.42(62)

Gorchtein, Seng ARNPS 74 (2024) 23-47

20



Phase space updates

Integrating over (3 spectrum for [
Eo
= me_5/ dE pE(Ey — E)2F(Z, EYC(Z,E)K(Z,E)
Me

contains charge radius and weak charge effects.

21



Phase space updates

Integrating over (3 spectrum for [

Eo
f=m> dE pE(EO—E)2F(Z,E)C(Z.E)K(Z,E)

@
Me

contains charge radius and weak charge effects.

PHYSICAL REVIEW LETTERS 131, 222502 (2023)
[Festured n Physics ]

Nuclear Charge Radius of 2”Al and Its Implication for V,, in the Quark Mixing Matrix

P. Plattner®,"**" E. Wood,* L. Al Ayoubi,’ O. Beliuskina,” M. L. Bissell,*' K. Blaum 2 )3 Campbell,6 B. Cheal®,"

R.P. de Groote,i“ C.S. Devlin ,4 T. El'onen,q L4 Filippin,7 R. E Garcia RUIZ, Z. Ge S. Geldhof W. Gms,5

M. Godefroid®,” H. Heylen."3 M. Hukkanen,’ P. Imgram JO A Jaries,” A. Jokmen A. Kanellakopoulos 0
A. Kankainen,5 S. Kaufmann,"* K. Komg ,'"A Koszords,* 'S KuJanpaa, S Lechner®, S Malbrunot-} Enenauer,"”j

P. Miiller®," R. Malhleson 1. Moore: ,5 Ww. SR. Neugan
G. Neyens ,"’A Ortiz- Cortes, H Penmla L Pohjalamen, A Ragglo, M. Reponen, S. Rmta Annla,
L.V. Rodnguez”' J. Romero, R. Sénchez,'* F. Sommer,'® M. Stryjezyk @, Sv. Vmanen, L. Xle,('
Z.Y. Xu,” X.F. Yang,”"® and D.T. Yordanov"

See also 2502.17070

21



Charge radii for V4

Absolute charge radii are put into question

The lack of new absolute radii

35603

Both methods faded out in the 30603
early '90s
25603
 Data not available & 2003
S
+ Not all stables done Leeos

10603

* Reliable treatment of
errors???

50604

0.0£400

Many absolute radii should have > 2x uncertainty

Ongoing efforts with muonic atoms

Slide by Michael Heines; see also Ohayon 2409.08193
22



Isospin breaking updates

Isospin breaking (~Coulomb interaction) means
ME = (Mp)*(1 - dc)

with d¢c ~ 0.1 — 1% for nuclei.
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Isospin breaking updates

Isospin breaking (~Coulomb interaction) means
ME = (Mp)*(1 - dc)

with d¢ ~ 0.1 — 1% for nuclei. Traditional approaches separate
into

e Jci: isospin-mixing meaning (m|ap o|¢i)* # <¢f|aj77a|7r>
e {¢o: radial mismatch, i.e. proton and neutron orbits are not
the same

but conceptual issues already noted 15 years ago (Miller &
Schwenk)

Same problem: strong theory dependence

23



On the radar: ¢

Proton # neutron inside nucleus — M2 = 2(1 — dc¢)

A THOSWS (2008)
2.5 Howo THO2WS (2002) —
-0 THO9HF (2009)
[|o-< OBYSHF (1995) o R
20 H <==1 LVMO9PK (2009) Ga a
—_ LVMO09DD (2009)]
S | | »—= CGS09PR (2009)
<
< s -
E : A
< 34, 2¢
'_a' cl N Sc a6y e
= 1.0 - 2 \l/ RS -
o \L \L‘OM i
l s Oénﬂuﬁ_ & !
05 R 4 -
0.0 T T
0 30 35 40

Z of Daughter
It's ¢ that brings V4 from different transitions in line

Grinyer et al., NIMA 622 (2010) 236 »



Isospin breaking updates

Rewrite d¢ using standard perturbation theory for H = Hy + Visp

se Y (a; T|| Visn|lg; 1)?
r5ote (Bam —Egn)?

over all states a and ground state g, assuming Vigp is isovector.
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Isospin breaking updates

Rewrite d¢ using standard perturbation theory for H = Hy + Visp

se Y (a; T|| Visn|lg; 1)?
‘- (SRR

T=0,1,2

over all states a and ground state g, assuming Visg is isovector.
(Important: unlike IMME, no sensitivity to gs-gs matrix element)

Unless sum becomes very simple,

need robust (but currently non-existent) ab initio
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Isospin breaking updates

Rewrite d¢ using standard perturbation theory for H = Hy + Visp

se Y (a; T|| Visn|lg; 1)?
r5ote (Bam —Egn)?

over all states a and ground state g, assuming Visg is isovector.
(Important: unlike IMME, no sensitivity to gs-gs matrix element)

Unless sum becomes very simple,

need robust (but currently non-existent) ab initio

Can charge radii do anything?
PLB 838 (2023) 137654; PLB 846 (2023) 138259

25



Charge radii for ISB

Previously used isospin symmetry for py.c if 2 pcy are known

— if all 3 p., are measured can test ISB..?7
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Charge radii for ISB

Previously used isospin symmetry for py.c if 2 pcy are known

— if all 3 p., are measured can test ISB..?7

Can construct object
aM® = Lz - 22 ) - 202
B — 2( 1<rch,1> —1<rch,71>) 0<rch,0>

which is 0 for perfect isospin symmetry
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Charge radii for ISB

Previously used isospin symmetry for py.c if 2 pcy are known

— if all 3 p., are measured can test ISB..?

Can construct object

1 1
AM(B) = E(Zl<r3h’1> - Z—1<r3h,fl>) - Zo<r3h70>

which is 0 for perfect isospin symmetry

if only 1 intermediate state (isovector monopole dominance)
contributes, ¢ ~ AI\/II(;), but generically a theory discriminator

26



Charge radii for ISB

What we want to know What we can measure

Transitions ¢ (%) Transitions AM?’ (fm?)

ws DT HF  RPA  Micro WS DFT  HF RPA  Micro
%mpl 26Mg 0310 0329 030 0139 008 %mpl ,26Mg 012 -012 011 005  -0.03
el 0613 075 057 0234 013 el -3 017 -021 -016 -006 -0.04
/g BA 0628 17 059 0278 015 dmg »BAr 015 042 015 007 -0.04
“25c 5%2ca 0690 077 042 0333 018 25c%2Ca 015 -017  -009 007 -004
4By, 467; 0620 0563 038 | 021 46y 467 012 -011  -008 | -0.04
OMn—0Cr 0660 0476 035 | 024 OMn-¥cr 012 009 006 | -0.04
3o e 0770 0586 044 0319 028 400 —Fe 013 -010 -007 005 -005

a0 =Y (zr2 2R ) - o2
B = \F10pa T -1Rp 1) = £08p0

Slide by Ben Ohayon

27



Charge radii for ISB

What we want to know What we can measure

Transitions 8¢ (%) Transitions AM;;' (fm?)

ws DFT  HF  RPA  Micio WS DFT  HF RPA  Micro
%mal 526Mg 0310 0329 030 0139 008 2%mpl 26Mg  -012 012 011  -005 -003
el 3 0613 075 057 0234 013 el -3 017  -021 -016 -006 -0.04

[38mg 38 ar 0628 17 059 0278 015] [38mg 38 Ar -015 -042 -015 007 -004 |
25c%2(a 0690 077 042 0333 018 45c>42¢a 015 -017  -009 -007 -0.04
4By, 467j 0620 0563 038 | 021 46y 467 012 -011 008 | -0.04
OMn—-%0Cr 0660 0476 035 | 024 OMn-¥cr 012 009 006 | -0.04
o —>Fe 0770 0586 044 0319 028 %4Co —%Fe 013 -010 007 -005 -005
m_1 2 2 2 )
AMB :E Z1Rp,1 +Z_1pr_1 _ZORp.O' 0.1+1.0fm
The only example: 3BAr 38Cq 38mK

Very high accuracy needed to distinguish models !

Slide by Ben Ohayon

28



70% summary

Takeaways

e Significant reevaluation following CKM non-unitarity, major

opportunities/challenges for nuclear ab initio
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70% summary

Takeaways

e Significant reevaluation following CKM non-unitarity, major

opportunities/challenges for nuclear ab initio

e Precision charge radii needed for data-driven uncertainties

Now, let's talk experiment

29
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V,s and mirror extraction

If mixing ratio p is known, get V4

ng(l + PZ) = K X (14 dcorr)

31



V,s and mirror extraction

If mixing ratio p is known, get V4

2 2
Via(1+p%) = K X (1 + deorr) 0200
0.175 19N\e
0.150 nc
Typically, need to measure angular <0125
correlations. £ 0100
B
. 0.075
Either Ag°
. . 0.050
e Polarized nuclei (Ag) 0025
] % ;"
e measure 2 final states (ag,) 0.000
"70.00 0.05 0.10 0.15 0.20 0.25
but significant experimental OoulBu L%]
difficulties (backscattering, cuts,
) LH, ARNPS 74 (2024) 497

31



Continuous recoil spectroscopy

Can instead recover p from recoil spectrum alone!

Beta-neutrino angular correlation:

N
1-"/
aﬁvz—?’ az-
1+ P
o=l aEq
{ VRS \\
‘ / \
/ 8
< / '
a<0 p, a>0 b, l// . k“
P, e p e g P =
G} . 0 =
€ e E
v N L
P,
P
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Continuous recoil spectroscopy

Can instead recover p from recoil spectrum alone!

Beta-neutrino angular correlation:

1=
v ETF

>0 kS
p e e bt ‘\_‘
<’-‘ 8e 4—’)" 8e =7
v tn
v pv

..but recoil energies are <keV, and so far only indirect methods
(ToF) at percent-level
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Continuous recoil spectroscopy

Can instead recover p from recoil spectrum alone!

Beta-neutrino angular correlation:

1=
v ETF

>0 kS
p e e bt ‘\_‘
<’-‘ 8e 4—’)" 8e =7
v tn
v pv

..but recoil energies are <keV, and so far only indirect methods
(ToF) at percent-level

and interesting isotopes are short-lived

32



Novel detection challenges

'Conventional’ detection technologies become insufficient, need

e Low detection threshold (< 1 keV)
e High (~ eV) resolution

e High acceptance

Want to detect athermal phonons
— cryogenic systems

33



Introducing Superconducting Tunnel Junctions

Biased Josephson junction

Number of key advantages

Ta Al Al Ta
°

AlOx e Low threshold energy

(~1.5eV)

e High energy resolution

X-ray

e High count rate (up to

i kHz)
:!, M Q’Q.’ i‘/—EF

Combination is unique

Allows for the first time energy spectroscopy of recoiling nuclei
from [ decay!

34



BeESTOTRIUMF

"Be electron capture

e Responsible
for "Li creation in stars

e Essential contribution
to solar neutrino spectrum

Measurement campaign

1. Implantation at ISAC (TRIUMF)
2. Ship to LLNL

3. Cool down and measure

Al Alignment Sl)iél&i
Al Mask

Si Collimator

§TJs 284wm 208 um 138 68 25 pm

Si Substrate

Cu Holder

85



BeESTOTRIUMF

Most precise 'Be L/K capture measurement

10°

KGS

Phys. Rev. C 97, 054310 (2018)
1. Low Temp. Phys. 200, 200 (2020)
1. Low Temp. Phys. 209, 1063 (2022)

E,~862kev/ /
2 g,
S

T TTTTIT

10*

]

103

Counts / [0.2 eV]

T

T T

L

Laser
Anti-coincident

KGS: 56.826(9) + Ey
KES: 11.296(4) + 17 + E
LGS: 56.826(9) eV

LES: 11.296(4) + 17

Phys. Rev. Lett. 125, 032701 (2020)
Phys. Rev. Lett. 126, 021803 (2021)

L l L 1 l L
200 300
Energy [eV]

PRL 126 (2021) 021803; PRL 125 (2020), 032701

36



BeEST neutrino wave packet size limits

Probe v size from AxAp > h/2 in "Li spectrum

nature

Article | Open access | Published: 12 February 2025

Direct experimental constraints on the spatial extent . e

of aneutrino wavepacket )

Joseph Smolsk E, Kyle G. Leach E, Ryan Abells, Pedro Amaro, Adrien Andoche, Keith Borbridge,

Connor Bray, Robin Cantor, David Diercks, Spencer Fretwell, Stephan Friedrich, Abigail Gillespie, Mauro =20
Guerra, Ad Hall, Cameron N. Harris, Jackson T. Harris, Leendert M. Hayen, Paul-Antoine Hervieux,

Calvin Hinkle, Geon-Bo Kim, Inwook Kim, Amii Lamm, Annika Lennarz, Vincenzo Lordi, ... William K. 1 s It

Warburton ~ + Show authors L-ES

Nature 638, 640-644 (2025) | Cite this article 0o Enefgy V] 0 w0

First direct constraint on neutrino wave packet size!

cool i Li
Open question: o = of or o

5 Gl unresolved!

37



BeEST neutrino wave packet size limits

Probe v size from AxAp > h/2 in “Li spectrum

(@)
BeEST
Nucleon Heavy nucleus Interatomic
10°15 10-14 1013 1012 10-11 10-10
O, x (m)
(b) BeEST Oy, E=0L,E
BeEST 0,,x = Olj, x
Combined oscillation
Daya Bay
eV Vs Electron (1s) Atomic
10-13 1012 10~ 10710 10-° 108 1077 106 105

Oy, x (m)

At least 2 orders of magnitude more stringent than global limits!

Smolsky et al., Nature 638 (2025) 640 38



SALER prototype: First STJ online measurements

Use same detector and fridge as BeEST, but online at RIB!

) B ] 7@ SALER
Entrance Chamber h |_ 8mm _|' 2mm + 03mm -I

or Bum
Beamline

200 nm |[60 nm

lon Beam (1 MeV/u)

lon Beam (~70 keV/u)

Si Substrate

Si Mask for Beam Collimation

Before Alignment  After Alignment Mounted 36-Pixel STJ Array

* Not to scale (obviously....)

first demonstration, but thermal windows mean difficult and
imprecise implantation ultimately limiting precision

39



SALERG@FRIB: First STJ online measurements

Commissioning and first light in April 2024

Hot off the press: FRIB PAC proposal accepted for Fall 25 0



Anticipated systematic effects

Detector measures all deposited energy

No electron Electron penetrates Radiative photon
interaction into substrate is absorbed

I S | T_Jﬁ .
== e -
Phonons propagate / causing additional
to neighbours { * m\ triggers

10!
< — A
S 10° i
01072 i
o ;
> {

Event Type

Deposited
Energy

B0
& 10-5| Plasmor} L
1075 : 0 200 400 600 800 1000
100 100 107 _10° g
Energy [eV] Energy [eV] Photon energy [eV]

Low energy threshold (~ eV) means strong overlap with condensed
matter physics

41



SALER limitations

SALER is necessary first step, but can't reach high precision

after implantation, substantial

200 um

systematic effects anticipated

-—>
wu og

Beta decay energy deposited in STJ:
Full recoil energy deposition
|
— Distortion in the obtained recoil

spectrum (influence on extracted a_ )
— Induced background beyond the recoil

spectrum endpoint

. Even

) Recoil only
With e * scattering

16000 e
14000 11C spectra p 8
~ 12000
E]
£ 10000
k)

4 8000

Count:

6000

In SALER
4000

v
2000
0

20 40 60 80 100 120 140
Total deposited energy [eV]

Scattering anticipated to enter at percent-level

42
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Introducing ASGARD

Open STJs up to all ISOL beams, precision spectroscopy

Radioactive lon } Injection Beamline Open Dilution Refrigerator
Beam Facility :
H Steerers 300K
Bunchedionbeam =  Pulsed electrodes Lenses 77K %
H Diagnostics &« it
H | %D
* H h L 3
H Cold REGION
»? o° : > » 20, . Finger NORMANDIE
>, ° >> : > %y 0,° <01k
(A : ~
25keV = 1-5 keV'
- I

: ’y S Ultra-thin

H m Aluminium- based

@ Superconducting Tunnel
Junction Detectors

Aluminium Superconducting Grid Assembly for Radiation Detection

Installation at DESIR facility in GANIL anticipated 2028
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ASGARD overview

Ji
+ n EC
B+ N\, Uy
S /@
2
Q
f=4
I
2
= —— — BSM
/e
2L shells — (‘
Shape — NS
BSM
Energy [eV]

NS: Nuclear Structure
BSM: Beyond Standard Model

Proposed Type-l isotopes
. Proposed Type-Il isotopes

j Isotopes of interest

Available with this technique

Both V4 (Type-Il) and exotic currents (Type-1)! 45



ASGARD: Key aspects

# 1:  Windowless dilution fridge allows direct implantation

Open Dilution Refrigerator

[ Available with this technique

Now all ISOL isotopes become available at 100% efficiency
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ASGARD: Key aspects

# 2: Novel, ultra-thin Al-based STJ detectors

30-nm geometry reduces
scattering effects by two
orders of magnitude

Increased resolution,
mitigated material-dependent

effects

47



ASGARD: Key aspects

# 3:  Precision injection beam line

Injection Beamline

Custom implantation of all
ISOL isotopes

Steerers
Ler

Pulsed electrodes

Shallow implantation further
reduces scattering by
another order of magnitude

48



ASGARD: Scattering systematic uncertainty

Event Type-Il effects on *1C

5 11(:
10 m EC Recoil
104
hy SALER
&
@ 103 Prototype
Q
£ 102
101]B " Recoi
Anticoin .
100 fCOfnCI denc

0 50 100 150 200 250 300 350 400
Total energy [eV]

Uncertainties due to scattering on V4 < 0.01%!
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Summary & Outlook

Theory very active, all inputs are being reevaluated. Significant
opportunities/challenges for nuclear ab initio

Nuclear charge radii can provide data-driven uncertainties,
important theory discriminator

Mirror isotopes continue to be promising due to large
enhancements

New spectroscopy techniques incoming, recoil spectroscopy with
quantum sensors is highly promising!

Bl
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“One should be prepared for further surprises with beta decay”

Niels Bohr, 1933

53



Phonon detection

Phonons are lattice vibration quanta

Acoustical Mode

Optical Mode

Typical energy scale of (tens of) meV — > 100 lower than e-h in
Si, Ge 54



ASGARD Timeline

ERC submitted in 2024

Anticipated installation
at DESIR@GANIL
facility

Currently ongoing
systematic effect
simulations, theory
support & design

Year Year Year Year Year

1 2 3 4 5
wes
we2

WP3 FULL STACK COMMISSIONING

3.1
3.2
3.3
wea
4.1
4.2
4.3
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Aside: recent progress on AR

First O(a) calculation of AR, follow-up with dispersion relations
and lattice QCD

AR — A% =0.13(13) x 1073
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Aside: recent progress on AR

First O(a) calculation of AR, follow-up with dispersion relations
and lattice QCD

AR — A% =0.13(13) x 1073

but only first half of the story. .. also here large ISB effects

A0 N FLAG21
[ CalLat19

(M S PNDME18
PDG20
PERKEO3

\ UCNA

Aexp

1.271(30)
o | 1.289(12)

I S 1.242(40)
1.20 1.25 1.30 1.35

£ 3

/\OCD(l + Orc)

. . A _
First time: 51(3@) € {1.4, 2.6} - 1072 LH, PRD 103 113001; Seng, Particles
2021, 397; Gorchtein & Seng, JHEP 10 53; PRL 129 121801
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Open questions for mirror dys

Situation is analogues but more complicated than 0" — 0.
Significant questions on:

e How do energy-dependent terms enter for axial transitions?
e What about nuclear shadowing for spin-dependent transitions?

Mirror decays extract p = gaMgT /gy Mg from angular correlations
Ft

COTIT

(agy, Ag), but both effects may mean p“* # p
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Open questions for mirror dys

Situation is analogues but more complicated than 0" — 0.

Significant questions on:

e How do energy-dependent terms enter for axial transitions?
e What about nuclear shadowing for spin-dependent transitions?

Mirror decays extract p = gaMgT /gy Mg from angular correlations
Ft

COTIY

ag,, Ag), but both effects may mean p®™ #£ p
Bvs A

Happened before: s o000 e o
double counting was re- Ml
0.9775 Vol 2INa ﬂl’
mirror 19y 354, 37K
solved and V NOW 46750 ;T Al
. +_50+ B *
agrees with V0, =0 y—_ [ J 0 JI
0.9700 3
LH, PRD 103, 113001; LH, ..
0 10 20 30 40
ARNPS 74 (2024) 497 A of initial state
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Superconducting tunnel junctions (Slide by Kyle Leach)

2>
|Si

Pulsed 355 nm (3.49965(15) eV) laser at
5 kHz fed through optical fiber to 0.1 K
stage

210
Adiabatic Demagnetization Refrigerator 1 hour of data

(ADR) - Base Temp ~70 mK
= 110 | }
I
v
0 L

—

Counts / Thour

o
© &

1)
Residuals [¢V] Non-Linearity [eV] FWHM [¢V]
[ ~ =3
5 / \

lllumination of STJ provides a comb of
peaks at integer multiples of 3.5 eV

Intrinsic resolution of our Ta-based

o
2

devices is between ~1.5 and ~2.5 eV oM T £16meV ms
FWHM at ~10 - 200 eV 0 P e g 1
0.04
bl d small quadrati . % 50 100 150 m
Stable response and small quadratic non- Compressor I

linearity (10 per eV)

S. Friedrich et al., J. Low Temp. Phys. 200, 200 (2020)
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The BeEST experiment (Slide by Kyle Leach)
% TRIUMF

Rare-isotope implantation at TRIUMF-ISAC Bﬂ.. EST Ta, Al, and Nb-based ST) Sensors

A. Samanta et al., Phys. Rev. Mat. (in press) (2022)

S. Friedrich et al., J. Low Temp. Phys. (in press) (2022)

C. Bray et al,, J. Low Temp. Phys. (in press) (2022)

K.G. Leach and S. Friedrich, J. Low Temp. Phys. (in press) (2022)
S. Friedrich et al., Phys. Rev. Lett. 126, 021803 (2021)

S. Fretwell et al., Phys. Rev. Lett. 125, 032701 (2020)

S. Friedrich et al., J. Low Temp. Phys. 200, 200 (2020)

CRYOELECTRONICS

Be

| ST)
Pulsed
Laser I

GORDON AND BETTY EﬁmﬁNGWY gg::g

MOORE EMPIR M =

FOUNDATION

M Lawrence Livermore
National Laboratorv
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Introduction: Weak interaction & CKM matrix

Cabibbo-Kobayashi-Maskawa matrix relates weak and mass
eigenstates

d Vud Vus Vub d
- Veo Vs Ve
b ) Via Vis Vi .
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Introduction: Weak interaction & CKM matrix

Cabibbo-Kobayashi-Maskawa matrix relates weak and mass
eigenstates

d Vud Vus Vub d
- Veo Vs Ve
b ) Via Vis Vi .

Unitarity requires

|Vid)? + |Vus|® + | Vip|* = 1

60



Introduction: Weak interaction & CKM matrix

Cabibbo-Kobayashi-Maskawa matrix relates weak and mass
eigenstates

d Vud Vus Vub d
) = Veo Vs Ve S
b w th Vts th m

Unitarity requires
|Vud|2 + |VUS|2 + |\/ub‘2 =1
(nuclear) 3 decay, meson decay (7, K), |Vyp|?> ~ 1073

Violations are sensitive to TeV scale new physics!
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CKM unitarity: Current status

Signs of non-unitarity at few o level...

Disagreement between K/2 and KI3 |V,s| ‘Cabibbo angle anomaly’

0.228
SA \

n

/

0.2261 ki3
K2 1 /
/./

0.224

0.222 1 \
0.220 \

0.968 0.970 0.972 0.974 0.976 0.978
|Vud| 62

[Vis|
"




CKM unitarity: Cabibbo Angle Anomaly

Signs of non-unitarity at several o (Falkowski CKM2021)

Global (S=2.2) —e—i
1S inclusive  ——
->Kv/T>mv - s

K-rv - —e—

K- uvim-pv- —eo—
K->puv- e

BB Neutron —_—
B Superallowed ——

0.218 0.220 0.222 0.224 0.226 0.228 us
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CKM unitarity: Cabibbo Angle Anomaly

Signs of non-unitarity at several o (Falkowski CKM2021)

Global (S=2.2) —e—i
1S inclusive  ——
->Kv/T>mv - ——

K-rmv- —e—

K- uvim-pv- e
K->puv- e ]

BB Neutron —_—
B Superallowed ——

0.218 0.220 0.222 0.224 0.226 0.228 us

Takeaways assuming Standard Model physics:

e Most precise V4 & Vs not consistent with unitarity
e Significant internal inconsistencies within Vs
e Taken at face value ~ 30 for new physics 63



Exotic contributions

A more modern way of interpreting BSM physics

64



Exotic contributions

A more modern way of interpreting BSM physics

Effective field theory: new physics at scale Agsy > LHC

Ogyi
Lefr = Lsm + Z i el
i=1 BSM

effective operators O(i). Expansion in parameter c;/AfSSM <1
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Exotic contributions

A more modern way of interpreting BSM physics

Effective field theory: new physics at scale Agsy > LHC

Ogyi
Lefr = Lsm + Z i el
i=1 BSM

effective operators O(i). Expansion in parameter c;/AfSSM <1

Phenomenological theories will give different {¢;},

but agnostic experimental analysis

64



Effective 5 decay

SM has V-A structure, but more generally
GFVia | - _ _
o= =7 e - ey — (ea = 26k)1°ld + cs -
—ep @y - iy’d + e1 8oy - ot (1 — vs)d} + h.c,,

at the quark level
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Effective 5 decay

SM has V-A structure, but more generally
GFVia | - _ _
o= =7 e - ey — (ea = 26k)1°ld + cs -
—ep @y - iy’d + e1 8oy - ot (1 — vs)d} + h.c,,

at the quark level

All ¢; are proportional to (M, /Agswm)?, change kinematics

TS 10~% — Agsum —~ 15 TeV assuming natural couplings
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Effective field theory tower siide by V. Cirigliano

NHad
(~GeV)

Nuclear
scale kr

BSM dynamics involving
new particles with Masm ~ A

>
[LSM +3 ? O + ]
csle, Non- Chiral EFT,
l perturbative Lattice QCD

<> [ Con + Z 505 }
Je

l N°:' ) Nuclear many-
perturbative
body methods

Nuclear matrix
elements
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Effective field theory recipe siide by V. Cirigliano

® |n order to build Let, one needs to specify:

* Relevant low-E degrees of freedom: assume SM field content

* One Higgs doublet, no light Vk and no other light fields

* Symmetries: Leg must reflect syymmmetries of underlying theory

* Assume underlying theory respects SM gauge group

SU(3). x SU@)w x U(l)y

But not necessarily SM symmetries that result from keeping
only terms of dimension < 4

* Power counting in E/A\, vew/A\ <<I (recall vew = Gf"2): organize
analysis in terms of operators of increasing dimension (5,6,...)
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Recent changes: A}

Number of new calculations performed

0.025004 SGR-M19 SBM21

0.024751 7 +

0.02450
SFGJ20

H21
0.02425 1
5 MS06

0.024001

-
Q\ ,_;f/}:q 0.023751

0.02350 ‘

CMS19

0.023251

Now good convergence: uncertainty halved but about 3o shift
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Superallowed uncertainties

Experimentally, T, = —1 limited by BR (new 1°C welcome)
0.20 %
0.15
0.06---------------- —

\»? 0.10
%o.os J ;;
§ DLJJJ‘J%J\JJ\ . -
§ “mAlL *Cl *"K “Sc “V “Mn 5'C‘o:Ga "Rb £0.04
2 0.20 T,=-1
w 015 Q-value

010 | Half-ife o 0.02

Branching ratio ©
0.05 §s w
0 L [ 18 L L JA J_\ 0 8c- B
C "0 Mg *Si “Ar “Ca

Parent nucleus

Moving towards mature ab initio theory evaluation

Talk by Bertram Blank

69
Hardy & Towner PRC 102 (2020) 045501



Recent changes: dys

Nuclear medium changes nuclear response, but also spectrum

. o
O Elastic  Hadronic Elastic

Resonances
Regge/ Quasi-
Deep Inelastic

Hadronic
Resonances

Elastic
Regge/
Deep Inelastic

2 Pion Production
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Recent changes: dys

Nuclear medium changes nuclear response, but also spectrum

. o
O Elastic  Hadronic Elastic

Resonances
Regge/ Quasi-
Deep Inelastic

Hadronic
Resonances

Elastic
Regge/
Deep Inelastic

2 Pion Production

@ [0
Paradigm shift in analysis, two major effects
Quasi-elastic contributions Nuclear polarization
5As = £[—0.47 £ 0.14]9F ons(E) ~ (1.6+1.6)x10~* £
T MeV

Estimated using free Fermi gas Current 0™ — 0" bottleneck

Seng et al., PRD 100 013001
70



On the radar: ¢

Proton # neutron inside nucleus — M2 = 2(1 — d¢)

1. Configuration interaction difference initial > final
2. Different radial wave function (Coulomb)

dc =0c1+0c2
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On the radar: ¢

Proton # neutron inside nucleus — M2 = 2(1 — d¢)

1. Configuration interaction difference initial > final
2. Different radial wave function (Coulomb)

a2 THOSWS (2008)
2.5 |00 THO2WS (2002) -
o--0 THO9HF (2009)
[|o-< OB9SHF (1995) "Rb
2.0 Lfe= LMook 2009) . i
A LVM09DD (2009)f
S || = CGS09PR (2009)
O / ad
s A [ a8 a. E
3 \ | o0y
= O
= a4
3 S~
= 10 |- D% 4
3
0.5 —
0.0 T
0 35 40

Z of Daughter

71
Grinyer et al., NIMA 622 (2010) 236



Progress in nuclear ab initio theory

LT ]
T
]
u
-

k] R EE R

N=82

02010
02012
m2014
m2016
m2018
m2020

5 6 10 14 18 22 26 30 34 38 42 46 50 54 53 62 66 70 74 78 82 86 90 94
N

H. Hergert, Frontiers in Physics (2020)
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Monte Carlo methods (Slide by Saori Pastore)

Ab initio is providing bottleneck input for spectral measurements

Standard Model spectrum for ®He

Beta Decay Spectrum

1.01
0.000 — —
< B SN 100
NV2+3-1a o olw
) & . ‘?\‘“
= sk
Q (b) 0.99
— GFMC
0 01 02 — VMC
g (fm™1) 0.98
£ 0.04
2
G0.02~ T~ T
° —_— T —
E,
@ e=—¢ 000564 06 08 10
w €

T 0T 7O Torme = 808 +/- 24 ms

g (fm™%) Teyp, = 807.25 +/-0.16 +/- 0.11 ms
Dominant terms L1©and E1© have model ) -
dependence of ~1% to ~2% Garrett King et al. arXiv:2207.11179

Looking at implementing dns for 10C -



No Core Shell Model (Slide by Michael Gennari)

Compton amplitude in the NCSM

= Nuclear matrix elements for yW-box I}
1) Express currents in momentum space A A
2) Multipole expansion of current operators
3) Connect currents to effective one—body operators

Lanczos continued fractions
method to compute Green’s
functions!

T3(q0, Q%) = —4m‘2—“\/J\1iMf S @ +1)
J=1

< (rs [ T3 @GOy + oy 1]
+ T3 (q) G(M; — qo + i€) [[56(q) + T (¢ G(M; — qo + i€) ,,"gag(q)] | AN, J; M)

el g) + PAGOM; + a0 + 105 (q)
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Going heavier: IM-SRG type methods (Slide by Heiko Hergert)

¢ |[MSRG for closed and open-shell nuclei: IM-HF and
IM-PHFB

e HH, Phys. Scripta, Phys. Scripta 92, 023002 (2017)

¢ HH, S. K. Bogner, T. D. Morris, A. Schwenk, and K. Tuskiyama, Phys.
Rept. 621, 165 (2016)

¢ Valence-Space IMSRG (VS-IMSRG)

¢ S.R. Stroberg, HH, S. K. Bogner, J. D. Holt, Ann. Rev. Nucl. Part. Sci.
69, 165

¢ In-Medium No Core Shell Model (IM-NCSM)
e E. Gebrerufael, K. Vobig, HH, R. Roth, PRL 118, 152503

¢ In-Medium Generator Coordinate Method (IM-GCM)
e J. M. Yao, J. Engel, L. J. Wang, C. F. Jiao, HH PRC 98, 054311 (2018)
* J. M. Yao et al., PRL 124, 232501 (2020)

+ Coupled Cluster, ...
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Nuclear theory impact

Major advances in last decade, EFT come into its own

Quantifiable theory uncertainties are game-changer for precision
FS: paradigm shifts are strong driver of progress in the field

Benefit from ‘rigorous’ theory overlap at low masses (NCSM,
GFMC, QMC)

e 07 — 07 :10C & %0

e Promising isotopes: ®He, 11C, ...
to confidently go higher (CC, IM-SRG, IM-GCM, ...)
Path forward for 07 — 0T V4
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BeEST implantation

[ ‘ ‘
Al Alignment Shield L
Element- and mass- '

|
B
& TRIUMF selective delivery of "Be: Al Mask { l

Isotope Separation On-Line  » Pyrity > 80%
(ISOL) Method

Si Collimator

* Rate >1e8 pps

Repeller electrode

Potential barrier to suppress ions from target
(shifting of target an repeler voltages)

UCx or graphite

RFQ ion guide for radial
confinement of laser ions

Counts (a.0.)

Heat shield
(water cooled)

Element selective laser
icnization in cold
environment 2
< >

10mm

281 208 138 68 25m STJs

Si Substrate
Cu Holder

. 4

b 4

\ Tantalum | Aluminum

L (165 nm) (50 nm)
\\

Wl 4

Al

1
100 128

150

175 200

7



SALER implantation

11.1 MeV 1€ Beam
11 MeV *C Beam w/ 8um Al foil

For a given energy, initial

ION RANGES
beam from ReA can be

Ion Range = 8.91 um Skewness =-10.4273 . =
w | seagete - wo24a Kurtosis = 2840415 +/-afew %inspread :
g -
- %1% spread gives ~50 nm
= B "
z 30000 width in the depth (
B » profile

2 2 10.9 MeV 11C Beam
~| & 3| ¢
— -g 'g c 20000 T | 11+ h ION RANGES
'E s £ = otal 1'C*to achieve
B = < x wow  goal:~107(<2daysof © 1 | R |-
™~ [} < @ :J Lo R e
w ™~ < < g 10000 beam @ 100 pDS) e
s o o > -
= = b=t 5000 NI U
2 e |Ze Purity: 1 partin 106 . @ : B
o ¢ e -
um - Target Depth - 9.13 um ’ = il e
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