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Fundamental symmetries & RIBs

Fundamental symmetries: Precision measurements and
symmetry tests of the Standard Model and Beyond
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Extremely rich field with connections to
e Nature of neutrino’s e Big bang nucleosynthesis

e Dark matter e Cosmology 2
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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: Standard Model

What to do?

SM tests © low energy: sensitive to off-shell exotic physics
(footprints rather than actual beast)

Besides precision QED (ae,, rp, - - -), weak interactions probe

e (C)P violation
o CKM unitarity

e lorentz structure

All of these can be probed using (nuclear) 5 decay with RIBs!
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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!
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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: V,, precision

Nuclear sandbox — make hadronic theory easy

e Pion e Superallowed 07 — 07

e Neutron e T =1/2 mirrors
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L.H. arXiv:2403.08485
7+ — 70T v, very hard (BR ~ 1078), SA new nuclear corrections!



Exotic currents

Competitive searches for scalar (¢s5) and tensor (¢7) currents
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Falkowski et al., JHEP 2021(4):126 9



Progress in nuclear ab initio theory

o 2022 P i

72

N=126

64 { B.S.Huetal.,
i Nature Phys. (2022),
— 4 arXiv: 2112.01125

o 2010
o 2012
s 2014
s 2016
s 2018
= 2020
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96 104 112 120 128 136 144

H. Hergert, Frontiers in Physics (2020)
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Nuclear theory impact

Major advances in last decade, Effective Field Theory come into its
own

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

Major advances in last decade, Effective Field Theory 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 0t — 0t :10C & MO
e Promising isotopes: ®He, 11C, ...

to confidently go higher (CC, IM-SRG, IM-GCM, ...)

Path forward for 07 — 0T & Mirror Vg4
11



V,s and mirror extraction

If mixing ratio p is known, get V4

2 2
Vig(L+p%) = K x (1 + dcorr) 0:200
0.175 19N
Typically, need to measure angular 0.150 nc
correlations. <0125
E‘:0100
Either s
0.075
. . 1
e Polarized nuclei (Ag) A
0.050
e measure 2 final states (ag,) 0.025
' gPB gPD
but significant experimental 0.000 - ‘
= g p "770.00 0.05 0.10 0.15 0.20 0.25
difficulties (backscattering, cuts, GufBur (%)

)

L.H. arXiv:2403.08485
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Fierz interference: Spectrum shape

Allowing exotic interactions (es, e7) modifies 5 spectrum
P(E.) = Standard Model x (1 + bF’ge>
@

Fierz interference

1l 8s€s 2 4gT6T }
b = £2 Re +
g 71+P2 {gv(1+€L—|—6R) 2 —ga(l+ €, — €R)
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Fierz interference: Spectrum shape

Allowing exotic interactions (es, e7) modifies 5 spectrum

P(E.) = Standard Model x (1 + bF’ge>
€]

Fierz interference

: dore
br = +£27 gse€s 42 gTET }

Re
1+p? {gv(1+6L+6R) P eall+ e — cr)

Promising to directly measure spectra, but also tricky
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

Measuring recoil kinetic energies has substantial benefits

e Strong spectral dependence on ag, in B
e Mono-energetic lines in electron capture
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Recoil spectroscopy

Measuring recoil kinetic energies has substantial benefits

e Strong spectral dependence on ag, in B
e Mono-energetic lines in electron capture

V,q from mirrors Fierz with counting experiment
09800 Mirrors _ AEC f)‘( 1 + bF me/EX
0.9773 0+-0+ 9 “Na 3sar| T37k )\ = E T - =

“Ng r| _
_0.9750 +e BY kL. BT 1— bpme/E
> 0.9725+th + L
=
0.9700] 0.4% |. 01% | i x (1+0.001 x 5theory)
0.9675 1C ap,
0 10 20 30 40

A of initial state

Need novel technology
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Quantum sensors

Many kinds of quantum-based sensors developed and in-use

H

Sn Absorber

Low-gap materials — high (eV-scale) resolution 15



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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Superconducting tunnel junctions

17



STJ performance and characterization

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

Adiabatic Demagnetization 210
Refrigerator
(Base Temperature ~70 mK)
* Pulsed laser (3.5 eV) fed through £ WWWW
optical fiber to 0.1 K stage of the g
ADR ©
* lllumination of STJs provides a comb
of peaks at integer multiples of 3.5 - 2
eV g ,
— can be used as the in-situ z
calibration source g 13
« Intrinsic resolution of our Ta-based z
devices: i
1-2.5eV FWHM @ 10-200eV £ ,2
s T
« Stable response and small quadratic Zom [F,, ~Homevm )
= s S— wagln T
S non-linearity E il
i lbrati || Lawrence Livermore % o
In-situ Laser Calibration Natlonal Laboratory 0 50 F;Q:)gy w 150 200
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BeESTOTRIUMF

"Be electron capture

10° KGS
Laser
R e por 200 o0 2020] — Anti-coincident
10 1 Low Tomp. s 209, 1063 (2022)
2 ~ : Gs
() E,~ 862 keV KGS: 56.826(9) + E¢
« 103 —Q ‘: —— £, ) KES: 11.296(4) + 17 + )
S 4 LGS: 56.826(9) eV
= Lot LES: 11.296(4) + 17
<
2. 3 . e Lt 125,032701 (a020)
S 10°E Py, Rev. et 126, 021603 (2021)
= E
5}
S
10"
Al Alignment Shield b Benm 10° [ L ) | L LTS
Al Mask | 0 100 200 300 400 500
$i Collimator Energy [eV]
STIs 284 pm 208pm 138 68 25 pm

Si Substrate

o Measure recoil + Auger electrons

PRL 126 (2021) 021803; PRL 125 (2020), 032701
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SALERG@FRIB: First STJ online measurements

SALER

Pk
© &

FRIB

* Acceptance testing
complete
* Commissioning
started
* Will continue
through 2024
us. pEPARTHENT OF | Office of

ENERGY Science

GORDON AND BETTY

MOORE &

FOUNDATION FRIB

20



ASCARD

SALER will be very useful prototype, but several challenges

e Complicated energy deposits from e* in Ta-STJs
e Complex material-dependent effects for electron capture in Ta
o Awkward implantation scheme
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ASCARD

SALER will be very useful prototype, but several challenges

e Complicated energy deposits from e* in Ta-STJs
e Complex material-dependent effects for electron capture in Ta
o Awkward implantation scheme

Introducing

ASCARD

Assembly of SuperConducting Arrays for Radiation Detection el



Al-STIJs

Move from Nb/Ta-based STJs to Al

e Much larger electron MFP & well-known material response

e Increased resolution (lower T, o A)

e Simplified material effects in electron capture

22



Al-STJ challenges

Basic AI-STJ configuration functional

10° 4
—— Al - Ortec (1px)

Ta - Phill (16px)
Ta (+8.01 eV Broadened)

K-GS Normalized Counts
= =
2 2

._.
2

‘ ’

et . . : x
—— [ 50 100 150 200 250
Energy [eV]

but figuring out poor resolution, wiring, ...
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Superconducting tunnel junctions

Concept to couple to beam line

Beam Line h

100 nm||20 nm

Simask

Si Substrate

lon Beam (0.2 = 1 MeV) l ~2mm

Si Mask for Beam Collimation

Ultra-Thin (120 nm) Before Alignment After Alignment .
Thermal windows Mounted 36-Pixel Al-STJ Array

Investigate eliminating thermal windows (cryogenic beam line?) ,,



ASCARD statistical sensitivity

a=1/3
Assuming 108 decays, recoil spectroscopy on all mirrors  hiue
(except *H) achieves e
sa/a~ 104 = = ot
oa/a =
Species Ft dapu[107] §Vua[1077) 107 10 10+ 10 o’ 10¢
n 1043.58(67) 26 36 pumoerofevents
*H 1130.9(10) 49 96 TR R ol
e 3016.9(19) 2.0 2.8 200000 5]
N 1681.3(49) L6 5.0 - . \
150 4402.5(59) 1.5 6.7 asoco P : \
TR 2291.2(19) 19 48 A Ve
Ne 1721.5(10) 19 1.0/ e f \
AR e

* Can reach 108 decays in 1 day with ~128 pixels

5
Bl i
5

[ 20 40 6 )

0
Huclear recoil energy (ev]

* Systematics budget in progress

. Hayen and A. Marino (2023)

25



Many possibilities at DESIR!

Nuclear Physics

Precision structure and decay measurements of beta @ °
s

decaying “rare” isotopes

Quantum Engineering and Low-Temperature Physics

Superconductors operated at mK-scale temperatures @ o
and optical control and manipulation of fg masses AN

Atomic Physics
eV-scale atomic screening and rearrangement effects & [ )

that result from nuclear transmutations

Materials Imaging and Quantum Simulation
In-medium effects of the electronic states generate a
need for an “atom-by-atom” map of superconductors

GoRDON AND BETTY

Particle Physics eus oEPARTMENT OF | ()ffice of

Precision laboratory searches for new physics and SALER “’“ND”&E ENERGY  science
' Py EMPIR H =5 Canada

interactions in the sub-GeV domain B«EST
s (€W Nsene Y(l
FRIB Q & 2

Quantum st
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Auger
electrons, o *w
t il

Augere @
O-particles @

B-particles @

LET = 4-26 keV/um
\

7 i

LET = 50-230 keV/um

N

\
~ LET=04-1.0 keVim
L

\ /

00

Nb 08

-09- 00 i

Transition Edge Sensor (TES)

Magnetic
Microcalorimeter
(MMC)

thermal bath

)

5

Superconducting
Tunnel Junction
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Summary & Outlook

Fundamental symmetries lives at the interface, connections to
many different fields

Nuclear 3 decay searches provide crucial input through variety of

experiments, quantum sensors very exciting

ASCARD can become Europe’s first STJORIB experiment, learn

lessons from emerging technology

Highly competitive new physics searches using new measurement

schemes
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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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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
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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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