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Introduction: Standard Model

‘Simple’ gauge groups:
SU(3)C X SU(2)L X U(].)y

18 free parameters

Great (annoyingly so), consistent
with constraints at ~ 10972 TeV

Open questions: dark matter,
gravity, neutrino masses, ...
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CKM unitarity

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’

Ackm = |Vud|?2 + [Vus|2 = |

0.228
37 SEO)Vas
Vus O 0.22223(64)(40)

ool | FE(0)/£5(0) =0.970(2)

arciano,

hep-ph/0402299, PRL

_ DK = w(y)
T(m — pv(v))

Ra

D(Ky = m*eFr(y))

0224 Ry =
T(n+ — metu(q))

Czarnecki, Marciano, Sirlin
1911.04685, PRD

0222

(0.015%)

[
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Figure by Vincenzo Cirigliano, DND 2020




CKM unitarity: Cabibbo Angle Anomaly

Signs of non-unitarity at several o (Falkowski CKM2021)
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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 "
Takeaways assuming Standard Model physics:
e Most precise V, 4 & Vs not consistent with unitarity
e Significant internal inconsistencies within V¢

e Taken at face value ~ 30 for new physics



CKM breadth

Interesting channel for LFU & SMEFT BSM searches

—-CH? [Grx1074]

B GL&GEKM
| m GEV &GEKM
= GEV &G
[ 0 GEV & GL&GEKM

Cg)ZZ
o

— Gpx105GeV?

o -5 A ‘

5 - o i 5 -30 i -20 ! -10 0
CHM=—CP" [Gpx1074]

Crivellin et al., PRL 125 (2020) 111801; PRL 127 (2021) 071801
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CKM unitarity: V4

Let's break it down: How to obtain V47

Semi-leptonic up-down decay rate

[ ¢ G|VyaP(1 + RC)|(Ohaar) 2 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)
Everything to < 0.01%! Recent changes

10
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CKM unitarity: V,, precision

Nuclear sandbox — make hadronic theory easy

e Pion e Superallowed 07 — 0T
e Neutron e T =1/2 mirrors
nuclear neutron nuclear pion
ot 0t mirrors
.003 F = — = - = = =
=1 0 1 Al
£.002 | _ _ . - . = J
©
£
8 ______
5 .001 [ 1 ke 4 H 41 -
2020
|~ — e[| - [ p— —

l:l Experiment - Radiative correction - Nuclear correction

7t — 70T v, very hard (BR ~ 1078), SA new nuclear corrections!

11
Modified from J. Hardy, UMass Amherst May 2019



CKM unitarity: V,, precision

Nuclear sandbox — make hadronic theory easy

e Pion e Superallowed 07 — 0T
e Neutron e T =1/2 mirrors
nuclear neutron nuclear pion
0t 0t mirrors
003 F = — = - = = =
2
£.002 | . _ . - . = A
©
£
L (N NN S ————
Q
5 001 1 ke 4 H 41 -
2020
|~ — e[| - [ p— —

l:l Experiment - Radiative correction - Nuclear correction

Mirror systems offer enhancement & complementary theory check

12
Modified from J. Hardy, UMass Amherst May 2019
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Nucleus: Superallowed 0" — 0*

For pure vector transitions, can construct

K
2|Vuw2GR(1+ AY)

Ft= ft(l + (5;?)(1 + Ons — (5c)
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Nucleus: Superallowed 0" — 0*

For pure vector transitions, can construct

K

Ft=ft(1+05)(1+dns —6c) =
(1 Or)L+ Ons = 060) = 31y G2+ AY)

Historically very stable 7

SESRIRE

Ft = 3072.24(57)stat (36)5, (173)sys 5 =

0.975

I(‘]‘1.974 E i
Uncertainty limited by theory, likely % % t

0.973

to continue

1990 2000 2010 2020
Date of analysis

“TH20": Hardy & Towner PRC 102 (2020) 045501
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Nucleus: Superallowed 0" — 0*

Pure Fermi transitions, Mg = V2

K . KA
fut(14+0r)(1—dc+dns) = = oA
v =) 2GEV2(1+AR) .=l e
Several small O(0.1% — 2.5%) corrections o al
Vst Vg ~ 0.03% :
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Nucleus: Superallowed 0" — 0*

Pure Fermi transitions, Mg = V2 =

K . iap
fyt(1+6 1-6 ) = 2 %
vt(14+0Rr)(1—dc+dns) 2GIVEATAY) .- s

15 =5 W

Several small O(0.1% — 2.5%) corrections Nick sl

10 145050 Bpm

5Viyg/ Vg ~ 0.03% :

0 5 10 15 20 25 30 35
N

A 3160
—+2.0 3140
g . 3
@ n < 3120 5
£ +1.5 's
© 3K

FJ_, < 3100 o%o cogd
c +1.0 = 3080 30 %o
) T s Lo -P R R
© = 3060
g 08 I 3040
S 3 é¢ is what aligns them!!
O 100 %

- 3020 -

05 HE SR 3000

’ 5 1015 20 25 30 35 ° © 7 of parent nucleus “

Z of daughter P

All corrections recently changed or under scrutiny 15



Recent changes: A}

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

The culprit for A¥

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

16



Recent changes: A}

Recent breakthrough using dispersion relations

2006: Marciano

& Sirlin A% = 0.02361(38), N;‘“’S‘:mswork

but heuristic uncertainty NEODG_

from ‘intermediate’ energy scale é

2018: Seng, o0l

Gorchtein, Patel, Ramsey-Musolf SN
e

AY =0.02467(22) 4 o shift o (Gev?)

o Seng, Gorchtein, Ramsey-Musolf
Beginning of our CKM debacle! PRD 100 (2019) 013001

17



Recent changes: A} & role of LQCD

Lattice QCD starts being used for YW, but QCD + QED very
hard for baryons

0.07 —
0.06 2
<~ 0.05 '

0.
g 0.04
& o (0) 2
5= 0.03 = M (1,Q%)
E 002 0.02]
0) 2
0.01 000 ““lll\_’-;(;]Q) ___________
000 0 05 10 15 2
0.0 0.5 1.0 15 2.0 25 3.0
Q@ (GeV?)

Seng et al., PRD 101 (2020) 111301

Use pions & relate to nucleon — AY = 0.02477(24) (See Feng)
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Recent changes: A} & role of LQCD

Lattice QCD starts being used for YW, but QCD + QED very
hard for baryons

0.07 —
0.06 2
<~ 0.05 '

0.

g 0.04
= 0.8 (0) )
o= 003 = My (1,Q)

0.02 002 0

(0) 2
0.01 0.00) """""’M.—_]-_;_?._E ___________
0,00 o 05 o 15 2

0.0 0.5 1.0 15 2.0 25 3.0
Q@ (GeV?)

Seng et al., PRD 101 (2020) 111301

Use pions & relate to nucleon — AY = 0.02477(24) (See Feng)
Efforts for AR + AY¥ from xPT & LQCD (See Walker-Loud) 18



Recent changes: axial RC

First O(a) calculation of A7, dispersion relation allows use of

Bjorken sum rule data

—— Axial vector
0-20 1.0 ---- Born A
&; Vector
1
0.15 s 0.8 Born V
+
< —— BjSR Fit 3 0.6
‘,‘_"‘0-10 ® Data <4
N§ 0.4
0.05 T
% 0.2
0.00 oo N
1073 107t 10! 10° 10> 1073 107! 10! 10° 10°
Q2 [GeV?] Q2 [GeV?]
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Recent changes: axial RC

First O(a) calculation of A7, dispersion relation allows use of

Bjorken sum rule data

0.20

0.15

s —— BjSRFit
2~0.101 o Data

0.05

0.00
1073 107t 10! 10°
Q% [GeV?]

—— Axial vector

---- Born A
Vector
Born V

FQ)NQ™2 + My?)
© o o =
B (o)} [e2) o

o
N

10> 1073 107! 10! 10° 10°
Q% [GeVv?]

Use analytical continuation in non-perturbative regime constrained

by data
AY = 0.02473(27)

AR = 0.02532(22)

LH, PRD 103 113001; Seng, Particles 2021, 397; Gorchtein & Seng, JHEP 10 53
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Recent changes: A}

Number of new calculations performed

0.02500 1 SGR-M19 sBM21

0.02475 7 *

0.02450 1 SFGJ20

0.02425 1
¥ MS06
0.02400 1

CMS19
0.02375 1

0.02350 ‘

0.02325

Now good convergence: uncertainty halved but about 3o shift
20



Recent changes: dys

Free nucleon A% converged, but nucleon response in yW box is
o : : free n nucl
modified in nuclear medium DwW — oW
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modified in nuclear medium DwW — oW
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Recent changes: dys

Free nucleon A% converged, but nucleon response in yW box is

e . . free n nucl
modified in nuclear medium DwW — DVW

Traditionally separated into 1-nucleon YW (A) and 2-nucleon (B)
dns = s + s

Significant changes to 5@5 due to quasi-elastic processes

Additionally, 68 needs attention (see below)

21



Recent changes: d3c

Towner (1992) quenched Born amplitudes like Gamow-Teller, but

O Elastic Hadronic

Resonances
Regge/
Deep Inelastic

2 Pion Production

o
Elastic

Quasi-
. Hadronic
Elastic

Resonances oo/
Deep Inelastic

SGR-M19 argue (5’;‘,5 dominated by quasi-elastic processes
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Recent changes: d3c

Towner (1992) quenched Born amplitudes like Gamow-Teller, but

O Elastic Hadronic

o
Elastic
Resonances

Regge/
Deep Inelastic

Quasi-
. Hadronic
Elastic

Resonances oo/
Deep Inelastic

2 Pion Production

SGR-M19 argue (5’;‘,5 dominated by quasi-elastic processes

Born

« O ree
s =;[qu§ ) _ 1)t

5 9[-0.47 £ 0.14]F
T

Estimated using free Fermi gas, needs ab initio calculation

22
Towner, Nucl Phys A 540 478; Seng et al., PRD 100 013001



Recent changes: d3c

Gorchtein identified additional issue: typically dj and A% can be
separated because E./Agcp < 1, but in nuclei A ~ MeV

~_ P

Elastic

Quasi-
Elastic Hadronic

Reson: Regge/
Deep Inelastic
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Recent changes: d3c

Gorchtein identified additional issue: typically dj and A% can be
separated because E./Agcp < 1, but in nuclei A ~ MeV

\— /

Elastic

Quasi-
Elastic Hadronic

Reson: Regge/
Deep Inelastic

Nucleus can be polarized, results in spectral changes

g
ons(E) ~ (1.6 +£1.6) x 1074 | ——
As(6) ~ (L6216 x 10 (=0 )
Needs more sophisticated modeling, accessible in spectrum

measurements! Current 7t bottleneck!! (correlated uncertainty)

Gorchtein PRL 123 042503 23



Needs scrutiny: df¢

Not updated since Towner
(1992), only non-relativistic
shell-model calculations
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Needs scrutiny: dys

Not updated since Towner
(1992), only non-relativistic
shell-model calculations

0.2 T H H
p i sd i sd+fz i pf
. i ; f i For 1°C now
oof 1, Tt ey ] ONs > 30ew,
s i v i crucial isotope for br
e T AR & |Vl
* ¢ ¢ 4 i
g | i Prime yPT ab initio
e + i i i o Tio candidate!
i i i  Tz=1
o4 5 I 10 15 2!o 25 I 30 35 24

Z of daughter



Needs scrutiny: i¢

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

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

dc =0c1+0c2

25



Needs scrutiny: i¢

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

_ 25
Grinyer et al., NIMA 622 (2010) 236



Needs scrutiny: i¢

0.6
2.0
3 0.4
Main effect should go s R s
D) g LS. g
xZ 5 00 a7 L1038
© 02 o8  ® o
0415 F0.5
Despite difference in 06 o
. 0.4 4 B
magnitude, shell structure _02] ml A Lis
g gol® % g
captured quite well by S o] ‘3%&“\ \ [0S

0.4 4[=5 oBosHF B [os
most 5]

06 0.0

04 [
1 ~ 024 F15
Write SRR BRAEEE 4 <
e Lo O

-0.2 ¥
_ 2 -0.4 7 LVM09DD 0.5
dc = aZ® +dcr
T T 0.0

T T T T
0 10 20 30 0 10 20 30
Z of Daughter Z of Daughter

to isolate shell structure

Grinyer et al., NIMA 622 (2010) 236 26



Needs scrutiny: i¢

Look at shell structure of TH20 calculations, unweighted fit

— az?

201 ¢ TH20

6c (%)

0.5 4

L

b

0.0

6cr (%)

—0.51

-1.0

sd

@

<
(]
L
L g
L

sd+f7

pf

15

N
P e T

25
Z of daughter

30 35

mainly shell effects for low masses — test for ab initio?

27



Needs scrutiny: d¢

Can use Wilkinson’s phenomenological extraction as a ‘cross-check’

3160 4 —— Ftp = 3072.3x1.1
3140 4
T 31201 Wilkinson method 3
S 6cr using TH20 *
7 31001 * o 4
5 .r
g 7‘}»
3080 i B 7S
R /,./——
3060
0 5 10 15 20 25 30 35 40

Z of daughter

Consistent with Ft for TH20, but insensitive to common shift
Grinyer et al., NIMA 622 (2010) 236 o8



Current status:

Outer RC complete at O(a?Z), estimated at O(a®Z?), unknown
at higher order.
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Current status:

Outer RC complete at O(a?Z), estimated at O(a®Z?), unknown
at higher order.

Following TH15, all isotopes have correlated 0 uncertainty of 1/3
of O(a3Z?) effect.
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Current status:

Outer RC complete at O(a?Z), estimated at O(a®Z?), unknown
at higher order.

Following TH15, all isotopes have correlated 0 uncertainty of 1/3
of O(a3Z?) effect.

Contributes 0.36 s uncertainty to Ft. Not ideal, but likely not
critical for a while

29



Superallowed summary

Experimentally, T, = —1 limited by BR

0.20 7 o 0
0.15
0.06-------—-=--=---- —
—~ 010
X
2 005 ;\? - -
- L 1 ]S I J% ‘3 Ii N >
§ TmAl *Cl 'K “Sc “V “Mn *Co “Ga "“Rb Eo0.04 |
CETT I
2 = o - -
3 0.20 —T=A g
L 0.15 I Q-value o]
1 Haltiife o 0.02 N
0.10 '
| Branching ratio ©
0.05 §5; 18 — -
NS 1
“C O PMg *Si “Ar “Ca

Parent nucleus

Theory, dns and d¢ need substantial progress (See Holt)

Hardy & Towner PRC 102 (2020) 045501
30
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Neutron 3 decay is theoretically cleanest baryonic system
5098.7s

n(g% + 3g3)(1 + RC)

‘Vud|2 =
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Neutron 3 decay is theoretically cleanest baryonic system
5098.7s

Ta(gy + 387)(1 + RC)
Experimentally, need to know

o Qg v

e Branching ratio v~

° \=ga/gv

® T,

‘Vud|2 =
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Neutron 3 decay is theoretically cleanest baryonic system
5098.7s

Tn(gt + 382)(1 + RC)
Experimentally, need to know

o Qg v
e Branching ratio v~

o \=ga/gv

‘Vud|2 =

(chuckles)
I'm in danger. 32




The neutron: )\

Neutron is cleanest probe of A = ga/gy, but evolution

Grigoriev 1968
Stratowa 1978
Byme 2002
Darius 2017

our work 2019
Bopp 1986
Yerozolimsky 1997
Liaud 1997
Abele 1997
Mostovoi 2001
Abele 2002
Schumann 2008
Liu 2010

Mund 2013
Mendenhall 2013
Brown 2018
Mérkisch 2019

Ace)E000RtOeVASICIPOTN

T T
-130 -129 -128 -127 -126 -125 -1.24 -1.2-11

Tension between PERKEO3 and aSPECT, both 2020

PRC 101 (2020) 055506 23



The neutron: 7,

Evolution of 7,, essential in BBN

Historical Plot of Free Neutron Lifetime Values

9751 Historical Compliation
% Beam, in PDG
950 Y Beam, not in PDG
¥ Bottle, in PDG
@ Magnetic Bottle, not yet in PDG
9251 4 Material Bottle, not yet in PDG
4 Bottle, not in PDG
900 4 | | X @ Ring, notin PDG
* X A ¥ ¥ X
L [ B
Tng7s | + = £ )
895
850 890 Beam = 888.0 + 2.0
885
8251 + 4
880 Bottle = 879.4+ 0.4 & .t
L
8001 T T T T T 1
1990 1995 2000 2005 2010 2015 2020
7754
1970 1980 1990 2000 2010 2020

Year of Publication

Bottle: Count survivors; Beam: Count decay products (See Fertl) 34



The neutron status

Using PDG22 7, [878.4(5)s] and A [—1.2754(13)]

0.976 1
0.974 1
3
>
—_— . 72_
0.9 Unitarity
SA
0.970 1 T PDG22
Beam
A PDG22
0.968 ; ; . . :
—1.280-1.278-1.276—1.274—-1.272—-1.270-1.268

A

3 times less precise than SA (S = 1.8 for 7,; S = 2.7 for \)
35



The neutron status

Using most precise 7, [(877.75(36))] and A [—1.27641(56)]

0.976 1
0.974 1
3
~
— . 72_
0.9 Unitarity
SA
0.9701 UCNT
Beam
PERKEO3
0.968 ; ; - . .
—1.280-1.278-1.276—1.274—-1.272—-1.270-1.268

A

Uncertainty within 30% of SA, with other equal precision
measurement of A same as SA. Consistent with unitarity 36



The neutron status

With most precise neutron data |V,4| = 0.97409(42)

0.228
SA

n /
0.226 Ki3

Klz/
0.224 \

0.222

[Vus|

0.220 " " " " . .
0.968 0.970 0.972 0.974 0.976 0.978

|Vud|
Consistent with unitarity & Ki2 3



The neutron and /¢

Use neutron (¢ = dns = 0) to see what d¢ should be

2.04 ¢ E!xtracted from n '}
t TH20 | ‘ | I
1.51 t S:atulalG l i ? ‘ [ |
Ftn £1.0] 4l
bde=1— — £ - H ¢ !
¢ ft(1 + o) & i éif+¢,,. $hg 0t }
0.51 + L4 + + LA * ++
+ dns é. *g | |
0.0 ‘I i i i
P sd Sd+f7/z pf

5 10 15 20 25 30 35
Z of daughter
Average shift due to agreement with unitarity, case-by-case due to

5C or (5/\/5
38



The neutron: Ongoing experiments

Neutrons are unique system, trappable when ultracold!

Cherry-picking experiments (See Chen-Yu Liu)

UCNT+, LANL (bottle 7,) & Nab, ORNL (ga from ag,)

[ ] Yield (arb. units)
15 - proton phase space .,
Active Cleaner

Giant Cleaner %\x
X .

: . 100 ke'
300 keV

Halbach array 700 ke

UCNT has current most precise determination of 7, (0.04%)

Nab is commissioning @ ORNL, aims O(0.1%)

39
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Nucleus: T =1/2 Mirror decays

Nuclei with same ‘core’, initial and final state differ only in valence
particle (e.g. 3H & 3He, 1°0 & °N)
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Nucleus: T =1/2 Mirror decays

Nuclei with same ‘core’, initial and final state differ only in valence
particle (e.g. 3H & 3He, 1°0 & °N)

Mg =1, but mixed Fermi-Gamow-Teller decay

fut(L4+90r)(1 =9 0 1+ =~ =
i+ 601 =6c+6u5) 1+ 247 = s

p must be determined independently from g correlation, fa/fy ~ 1

from theory
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Nucleus: T =1/2 Mirror decays

Nuclei with same ‘core’, initial and final state differ only in valence
particle (e.g. 3H & 3He, 1°0 & °N)

Mg =1, but mixed Fermi-Gamow-Teller decay

fut(L4+90r)(1 =9 0 1+ =~ =
i+ 601 =6c+6u5) 1+ 247 = s

p must be determined independently from g correlation, fa/fy ~ 1

from theory

dr Pe - Py
dE.dQ.dq, X 1T

m De =
+brZe p aPeifi 4
€

EREY E =2

41



Nucleus: T =1/2 Mirror decays

Resolved double-counting in mirror RC significantly increases

precision & agreement

0.9800 |Vud|mirror old
| Vud | mirror T
0.9775 [Vul®+ 0% 21Ng _
19Ne T 35Ar 37
<0.9750 T
> :
0.9725 {5 = 29p g
0.9700 P —
0.9675
10 20 30 40

A of initial state

LH, PRD 103 (2021) 113001

| Vg |77 = 0.9710(12) — | Vg™ = 0.9739(10) 2.5 7 shift 42



Mirror nuclei and ¢

Adds substantial amount of new cases for d¢ and dps

0'2 T T T
P E sd E Sd+f7/zi pf
0.11 | i |
R
0.0 : L
N R KT A TN R
2 T4 S
PR
1 4 e
-0.31 + | | b Tz=-172
i i ¢ Tz=-1
-0.4 - j —
10 20 30

Z of daughter

Clear isospin substructures, higher multiplets could be interesting
(N. Severijns, LH, et al., 2109.08895) 43



Bonus: V,, from T = 1/2 mirror decays

Mirror T = 1/2 decays are also great V4 tool

10
y N
020 [
tyz BR Qec(fy) & Susde 0
018 =
- w7 N E M i 150 1
£ oss 3 17F
-10
Z o
£ ONe
2 ont
H —-20
£ 010
e 10
T o /-/
2
g 0.06 < o
004 3
-10
0.02 *
0.00 _20 |
SHONC BN 5O VF 19NeZNaZMgZAl Ui Bp s Bl BAr YK ¥Ca 2 1 0 1 2
P

Parent nucleus

Cancellation in correlations gives rise to great sensitivity!

LH & Young, 2009.11364; Severijns, LH, et al., 2109.08895; Vanlangendonck et al.,
PRC 106 015506
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Mirror experimental status

Community is investi(gati)ng in different ideas (not exhaustive)

with new spectroscopy techniques & traps.

Additionally, A of °Ne is always good idea due to x13
enhancement (When working with Albert it's inevitable)
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Meet superconducting tunnel junctions

* Two electrodes separated by a thin insulating tunnel barrier

* Superconducting energy gap A is of order “meV
> High Energy Resolution (~1 eV)

* Timing resolution on the order of 10 us, making it among the
fastest high-resolution quantum sensors available
- “High” Rate (10 s per pixel)

™ /deal for RIB
Ta Al A Ta experiments at
AlOx ISAC

X-ray

~200 nm

0 - e

Image courtesy S. Fretwell (Mines)

46



Superconducting tunnel junctions

Measure recoiling nucleus instead, and at RIB

sALER
Beam Line h%

Short-Lived Rare
Isotopes (T;/,>0.15)

—_——
c|lal ¢ Beam 0.2 -1MeV

* Measurements
performed in-situ
with beamline
coupled ADR

lon Beam (0.2 — 1 MeV) ] ~2mm

300 K

Si Mask for Beam Collimation

Ultra-Thin (120 nm) Before Alignment After Alignment

Thermal windows Mounted 36-Pixel Nb STJ Array

Portability allows easy installation (ISAC, SPIRAL2, FRIB,
ISOLDE, ...)
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SALER plans

HLC first physics target (long t1/2, unreachable with traps!)

018 tz BR Q) & e
LI = m

Fractional uncertainty (%)

INaBMgBAl TS PP s | SAr K PCa | ue ).,,, [
Parent nucleus Parent nucleus

48



SALER plans

HLC first physics target (long t1/2, unreachable with traps!)

Fractional uncertainty (%)

| ue ).,,, [
Parent nucleus Parent nucleus

Excellent V,q4 sensitivity
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dl
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: { a 0.9700{ 04% || 0.1%
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©
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A of initial state A of initial state

Successful DOE funding, TRIUMF LOI highly endorsed 48
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Summary & Outlook

Superallowed |V,4| extraction gained a lot of attention, first time
uncertainty increased

Several sources of common shifts in dys, effects largely cancel but
increase uncertainty. Polarization in yW is current bottleneck

dc and 5,%5 need theory attention, particularly 10C.

Individual neutron measurements almost as precise as SA,
consistent with unitarity, but needs experimental coherence. Useful
dc tool

Mirrors stay interesting due to enhancement for | V4

, theory cross
check for d¢ 50



Thank you

Thank you!
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[ recoil spectroscopy

Spectroscopy experiments currently focused on 3 (e /e™), but
extremely demanding

e Detector linearity, energy losses, pile-up,...

e Theory spectrum calculation

Naviliat-Cuncic, Gonzalez-Alonso PRC 94, 035503; LH et al., RMP 90 015008
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[ recoil spectroscopy

Spectroscopy experiments currently focused on 3 (e /e™), but
extremely demanding

e Detector linearity, energy losses, pile-up,...

e Theory spectrum calculation

Naviliat-Cuncic, Gonzalez-Alonso PRC 94, 035503; LH et al., RMP 90 015008

Instead, recoil spectroscopy has interesting features

e Compressed energy range (<keV instead of ~ MeV)
e Electron capture gives single recoil peak

e Sensitive to S-v correlation for 5+ decay
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Meet superconducting tunnel junctions

* Two electrodes separated by a thin insulating tunnel barrier

* Superconducting energy gap A is of order “meV
> High Energy Resolution (~1 eV)

* Timing resolution on the order of 10 us, making it among the
fastest high-resolution quantum sensors available
- “High” Rate (10 s per pixel)

™ /deal for RIB
Ta Al A Ta experiments at
AlOx ISAC

X-ray

~200 nm

0 - e

Image courtesy S. Fretwell (Mines)
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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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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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Superconducting tunnel junctions
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Superconducting tunnel junctions (Slide by Kyle

w T T T T T
@ w % 2 !:: 100 e B
¥l RS - Lisivs
; \ Spallation, - 4w — TLiSRIM @ 24 keV
3 fragmentation & g o » qv == Be SRIM @ 24keV'
N %ﬁion products, M 4 s :: or |
Target - e
nucleus v Tantalum Aluminum
o or (165 nm) (50nm) ]
© 0 N[mﬂi] 100 120 0 N
Wk N
Target Beam L
- < diagnostics/ .
10 100;%:;?0 mef P Target materials: experiments 0 7Be+/7|.|+ @24 keV i
lon source Si, Ni, Nb, Ta, U f
A
] ) b , X f Aol
2 lonization 0 25 50 75 00 D5 10 15 2w
) . Rare isotope ! Depth (nm)
+ Surface ionization i beam toward / )
+ Laser ionization experiments, Our current method with 7Be for the BeEST:
* Electron impact fonization / ! - Done at the ISAC Implantation Station
re-separator .
Q ! - Inactive (room temperature) sensor array
' N Fimass - Clear and ship sensor to lab (LLNL)
LS gererelo) - Receive, handle, and cool to < 100 mK
Slide Courtesy: J. Lassen laser beams =
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Superconducting tunnel junctions (Slide by Kyle Leach)

Most precise 'Be L/K capture measurement (PRL 125 (2020) 032701)

Nuclear v Emission: 72 fi
Auger Emission: 1-100 fs
Slowdown: 250-1200 fs

K 7-.m ~0.004 eV

K-GS | [@y---2=203 S S R >
Auger; By = 5170(5) eV
\
N Tn A~ 0.004 eV
K-ES
. Auger;  Ey — 54.70(5) eV
N
1-GS ARTEE 002200
Wit = 1745 ¢V
o Ta=11206(4) oV
L-ES O g I

, R

E, =477 keV

\Tu, ~ 17.45 eV
N
x
wr--->
o /M
=

By, =477 keV

Counts/0.2eV

Residuals/VN

1000

.
0 50 100 150
Energy [eV]

Constraints on MeV-scale sterile neutrino’s (PRL 126 (2021) 021803)
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Vertex corrections

Use on mass-shell renormalization

C. d*k .
A a 4 4 igy ik-x
T;‘>\—2(27T)4/k2_M3/dx/dyeqye

< (pr| T{Jiy (v)J2(x)J3(0)}|pi) — BY

where a € [y, Z, W], subtracts mass poles with B
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Vertex corrections

Use Ward-Takahashi identities (~ k, M*" = 0 transverse photons
in QED) & algebra to write matrix element

2
g°C, (12 . _ 0
= Vu I —Aqvs=- T;
42m)* 2 — M2, . { W ogn

0
+6C_]“ {Da + Zé\)\ - C_]VB;/}]

My

with separate 2-point and 3-point contributions
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Vertex correction: 3p

3-point correlation function

d*k - -
= /k2 Mz/d4ye’qy/d4xe’kx

X (prl T {2 (1) ()30 } I

For vector transitions 9,,J};, =~ 0, found our first difference
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Vertex correction: 3p

3-point correlation function

d*k - -
D, = /k2 Mz/d4ye’qy/d4xe’kx

X (prl T {2 (1) ()30 } I

For vector transitions 9,,J};, =~ 0, found our first difference

Heavy EW bosons only give negligible O(G2) contributions since
integral is IR convergent, only care about ~y
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Vertex correction: 3p

Strategy: look at IR and UV limits separately
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Vertex correction: 3p

Strategy: look at IR and UV limits separately
UV is straightforward (OPE/BJL limit) and vanishes

Can be understood as ‘soft breaking' of axial current (m, — 0)

~ Tyelastic
D, ~ DS
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Vertex correction: 3p

Elastic response contains cancellation between isoscalar &
isovector photon charges

. 5 2 —
Dslastlc — {(QS)Q o (QV){| 2gAM (1 + ::12> [N/’y5 T:EN]

X/d“k M? 1
k2 M2 — k2 k2 + e

In isospin limit Q° = QY — D, = 0, coincidential disappearance?
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Box diagram: D

Depends on derivative
Dy =i / dxe/ k=D (pg | T(0” I (x)J1(0)} i),

Like above, we have found another difference
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Box diagram: D

Depends on derivative
Dy =i / d*xe k=0 (g | T (0 I (x) J2(0)} i),
Like above, we have found another difference
Once again, UV disappears (PCAC) and so does elastic
DN oc QYN [720, Ity + 0, Sy T*I N,

now due to crossing symmetry ({7%,7%} = 0)
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Recent changes: RC

Change in A% corresponds to change in | V4|

|Via|? + | Vis|2 + | Vb |* = 0.9994(5) — 0.9984(4)
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|Vid|? + | Vus|? + | Vup|? = 0.9994(5) — 0.9984(4)

4 o unitarity violation? Nuclear theory error? V7
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Recent changes: RC

Change in A% corresponds to change in | V4|

|Vid|? + | Vus|? + | Vup|? = 0.9994(5) — 0.9984(4)

4 o unitarity violation? Nuclear theory error? V7

Via
0.9744+
11 1/ 1 Seng'18
Additional quasi/inelastic nuclear 0srazl i
structure should be included oorack Cms19
09738} MS06 } SEi
0.9736 }
0.9984(4) — 0.9989(5) — 0.9984(6) o
Hayen'20 Seng'18
0.9732F +Seng'19
0+—0 transitions ~ *Gorehtein'13)
0.9730
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Recent changes: RC

Change in A% corresponds to change in | V4|

|Vid|? + | Vus|? + | Vup|? = 0.9994(5) — 0.9984(4)

4 o unitarity violation? Nuclear theory error? V7

Via

0.9744+
Additional quasi/inelastic nuclear osraal fs?.?;fg
structure should be included oaraok cms19

0.9738f MS06 } Seng'18

0.9736 }
0.9984(4) — 0.9989(5) — 0.9984(6) waraal

Hayen'20 Seng'18
You win some, ... 09732 +Seng'19
0+—0* transitions +Gorchtein'19)]

0.9730

Gorchtein, PRL 123 (2019) 042503 65
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Tools

Can leverage current algebra, predating SM (60's)

Assume electroweak currents form SU(3) octet, postulate
equal-time commutation relations

[L9(x), I (0)] = I (x)sP (x)
[J9/(x), J5(0)] = cos® O Sy (%) (x)
[ S (%), 24, (0)] = =2 [sin® B 2 (x) + J5(x)] 6P (x)
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Tools

Can leverage current algebra, predating SM (60's)

Assume electroweak currents form SU(3) octet, postulate
equal-time commutation relations
[L(x), Sy (0)] = S, (x)5P(x)
[JSV(X)v -/5(0)] = COS2 HWJ%(X)6(3)(X)
[JBV(X),J’V‘V(O)] = =Z [Sin2 QWny‘(x) + Jg(x)] 5(3)()()

Commutation relations turn out to be conserved even in presence
of QCD
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