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Problem - Most of the easy ones are
quadratic in BSM terms
e.g.
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To access the ones linear in the BSM

terms one needs (some of):

e Polarized nucleus (somewhat easy)

eElectron energy (harder)

e Neutrino energy (impossible, but can
use recoil energy instead)

e Electron polarization (hard)

wyld, Phys. Rev. 106, 517 (1957)



State of the Art in agy
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ANATOMY OF AN EXPERIMENT

Produce Radioactive Atoms
( Produce ) ﬁanéporf ) Necttral. /‘Ze>

Trap/im‘ain
(MOT, Dipole, Iin, flectrostadic)

Wait...

Detect decay p*oducfs (B, Ion)
(SC//?Z(///QZ(OI‘S, MCPs,.. )

|

Analyze and compare to SM



Coefficient

Experiment (Laboratory)

Comments

Tn

BL2, BL3 (NIST)
LiNA (J-PARC)
Gravitrap (ILL)
Ezhov (ILL)
PENeLOPE (Munich)
UCN7 (LANL)
HOPE (ILL)
7SPECT (Mainz)

In preparation; two phases
In preparation; two phases
Apparatus being upgraded
Under construction

Being developed

Ongoing

Proof of principle

Taking data

[B-spectrum
[B-spectrum

bar

bn

Supercond. spectr. (Madison)
Si-det. spectr. (Saclay)
Scintill. detectors (NSCL)
miniBETA (Krakow-Leuven)
UCNA-Nab-Leuven (LANL)
Nab (LANL)

PERKEO III (ILL)

PERC (Munich)

Ongoing

Ongoing

Analysis ongoing (°He, 2°F)
Being commissioned
Analysis ongoing (#°Ca)

In preparation

Possible with A,, data
Planned

TRINAT (TRIUMF)
TAMUTRAP (TA&M)
WISArD (ISOLDE)
Ne-MOT (SARAF)
6He-MOT (Seattle)
EIBT  (SARAF)
LPCTrap (GANIL)
NSL-Trap (Notre Dame)
aCORN (NIST)
aSPECT (ILL)

Nab (LANL)

Planned (**K)

Superallowed 3 p emitters

In preparation (32Ar Bp decay)
In preparation (}¥Ne, ¥Ne, 23Ne)
Ongoing with He

In preparation (°He)

Analysis ongoing (°He, 3°Ar)
Planned (11C, 13N, 150, 17F)
Data taking ongoing

Analysis being finalized

In preparation

mirror

UCNA (LANL)
PERKEO III (ILL)
TRINAT (TRIUMF)

Data taking planned
Analysis ongoing
Planned

UCNB (LANL)

Planned

n (Gn, Bp,Chp
n (Gn, Bp)

D>zh>3bd o

PERC (Munich)
BRAND (ILL)

In preparation
Proposal

SRR

, R

MORA (GANIL / JYFL)
MTV (TRIUMF)
BRAND (ILL)

In preparation (**Mg)
Data taking (8Li) ongoing
Proposal

2018 Review, Naviliat-Cuncic, Severins



A small and biased sample of efforts
Li @ Argonne

Courtesy Nick Scielzo



Detailed studies of 3-decay angular correlations
in 3Li and 2B using the Beta-decay Paul Trap

8Li/8B have many advantages

Q=16 MeV
+840 ms

oL

2

Q=18 MeV
770 ms

B and 2o measurement allows complete
reconstruction of each decay

Nearly pure Gamow-Teller transitions

Large kinematic shifts imparted to o particles

from leptons

B-v-a correlation gives x3 enhancement
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Symmetries in
decay and
detector array
suppress
systematic effects

Most sensitive measure of B-v correlation % az
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M.G. Sternberg et al., PRL 115, 182501 (2015)

08.19.16 | SCIENCE HIGHLIGHT

Improved Tests of the Weak Nuclear Force from Beta Decay

@ Studies of the neutrinos emitted in the radioactive decay of nuclei held in an ion trap allow
sensitive searches for new interactions.
Read More »

B Argonne™
T McGill

UNIVERSITY
oF MANITOBA

Lawrence Livermore National Laboratory

1
LLNL-PRES-730718



Future plans — increased preC|S|on on éLi and 2B
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New B-v results in hand for B

Precise 8B neutrino spectrum for solar
neutrinos

Higher-precision p-v results for 8Li under
analysis

Search for Fierz interference term

Determine recoil-order terms through
comparisons between 8Li vs. éB

« Weak magnetism (change sign with %)
« Second-class currents (independent of 3*)
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A small and biased sample of efforts
TRINAT @ TRIUMF

Courtesy John Behr and Pan Melconian



®TRIUMF Neutral Atom Trap for decay

,@TRIUMF K[fx | TEXAS AsM
J.A. Behr D. Melconian




#TRIUMF Neutral Atom Trap for decay
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#TRIUMF Neutral Atom Trap for decay
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®TRIUMF Neutral Atom Trap for decay
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#TRIUMF Neutral Atom Trap for decay
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@ TRINAT theory needs:

ak—lsospin symmetry breaking correction in 3’K

@SW-SM vs DFT vs ...

@Needed for interpreting results as
we push < 0.1% to precision

'].2 1 l l ) l l 1 l

——— SM Towner 2008
----------- DFT KonieCFko 2016
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J—Recoil-order effects

@Limitations of Holstein’s approximations? Uncertainty??
@Aligned with need for & for 0* -> 0*
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@ TRINAT theory needs:

*—Isospin symmetry breaking correction in 3’K
@SW-SM vs DFT vs ...

@Needed for interpreting results as
we push < 0.1% to precision

J—Recoil-order effects

@Limitations of Holstein’s approximations? Uncertainty??
@Aligned with need for & for 0* -> 0*

J—Radiative corrections

@Not only &’r, éns but hard bremsstrahlung as, e.g., F.
Gluck calculated for 38mK and the neutron

J—EDMs and T-violating radiative decay

@Gardner and He PRD 2013 constrained by nEDM or
not? 1-100 MeV scale leptoquarks?

J—Final state effects, and correlations
aZmg
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A small and biased sample of efforts
NEAT @ HWI
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Know your branching ratios.
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" 4.446 0%*;1
PNC Transition F18Ne

(enhanced by mixing with 1.042 level)
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PNC Transition
(enhanced by m
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High sensitivity to V+A
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- Johnson 1963 (°He)

® | Carlson 1963 (23 Ne)
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The NeAT Setup
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A Brief Aside
Optical traps

* Once cooled and trapped by the MOT, atoms can be
trapped by the purely dipole force.

Interaction of /laser & Fle/d

cand 1rdeeced a//po/ e morent:

D = D
1
Udip = 9 (PE)
. 3nc T
Udin(T) = 207 AI(?")
3rc? (T )°
el = pes (5 ) 109

-

U

|

red %
{ kT

Red detuned traps
are attractive
Blue detuned traps
are repulsive




Looking Ahead (Tech 1IV)
Dark Blue Traps

 Currently testing two optical traps (dark cavities surrounded by blue

detuned light). Based on designs by Davidson et al. (slightly
modified).

Friedman, N., Kaplan, A., and Davidson, N. Adv. A¢. Mol. Opt. Phys., 4599 (2002).



Looking Ahead (Tech 1IV)
Dark Blue Traps

 Currently testing two optical traps (dark cavities surrounded by blue
detuned light). Based on designs by Davidson et al. (slightly
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Friedman, N., Kaplan, A., and Davidson, N. Adv. A¢. Mol. Opt. Phys., 4599 (2002).



Looking Ahead (Tech 1IV)
Dark Blue Traps

 Currently testing two optical traps (dark cavities surrounded by blue
detuned light). Based on designs by Davidson et al. (slightly
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Looking Ahead (Tech 1V)
Dark Blue Traps

* Currently testing two optical traps (dark cavities surrounded by blue
detuned light). Based on designs by Davidson et al. (slightly

mOdiﬁed). 4 I— /V//rror\
——— Y
Single beam = HA O\ i
o il N e
axicon” trap * (] || N O

CK-BPE

ROtating Beam | LLF
Optical Trap \\_1_#,;
(but in 2 orthogonal -~ :H:“:
directions) (1) (2) (3)

D/BI‘Z‘Q/ /A (Vi controlled

Friedman, N., Kaplan, A., and Davidson, N. Adv. A¢. Mol. Opt. Phys., 4599 (2002).
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Know your branching ratios.

4.388 10 (5/2+)
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where
Qi(r) = [WE(W.nlym),
and
Fo(W,r) = W(Q3Wy —2W), PHYSICAL REVIEW C 94, 035503 (2016)

Fi(W.,r) =3mQ2Wy, — W),
! ’ Kinematic sensitivity to the Fierz term of -decay differential spectra

2
Fr(W.,r) = 3(r2 +m? — Wi+ WoW — gW2).

M. Gonzilez-Alonso!:" and O. Naviliat-Cuncic®
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2
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M. Gonzilez-Alonso!:" and O. Naviliat-Cuncic®



Velocity Map Imaging (VMI) oink e parker 1557)

X Focal Plane

L.
_ﬁaﬁ__aﬁj—ﬁ
Position sensitive :

detector at focal plane. Raw Inverted

Energy from position
(Ex x R?)

* Position focusing with
Einzel lens.

e Abel inversion from 2D
to 3D.

CAVANAGH et al.
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Thermal collisions: Ne*—HZO -> H,0"
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* Binned data
Fitted distribution

Counts/bins
8&)

102+ Y

X——»

0 100 200 300
R? bin (mmz)
Derived electron energy (eV)
(b) 11.7 115 11.3 y o Fa i 10.9 10.7 10.5

@

0.08 1 D./2 = 412(6) meV

0.06 |

Fraction

0.04

0.02 |

0 0.1 0.2 0.3 0.4 0.5 0.6
Recoil ion energy bin (eV)



A small and biased sample of efforts
WIRED @ HUJI



Ernshaw’s theorem talks about stationary charges.
Moving charges in an electrostatic field actually “see” changing fields.
Trap design very similar to a resonant cavity for laser light.

k ES E3 El Field free region El E3 ES

=407 mm







B-Decay Studies
The GGeneral Tdea Position

lon . / Detector
RUGMIN ey Detectioni s e

H Electric Field Free Region ‘ HH

Energy Detection /

* Recoil ion detected in MCP.

* 3 detected in position detectors.

* Need bunch position for full reconstruction (multiple scattering of 3 in
detectors).

* Large solid angle + kinematic focussing — detection efficiency > 50%.

* No need for electrostatic acceleration (ions at ~keV). Decay in field free

Trapping Electrodes

region.



t,»=0.808 sec

E,=3.5097 MeV

100%
SLi

Best experimental limit:
a=-0.3343 £ 0.0030

2

- <0.4%
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Johnson et al., Phys. Rev. (1963)
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Recoil order corrections well
under control



Electron detector

Entrance mirror

P

Exit mirror

Mmcp

MC

Electron detector

Exit mirror Entrance mirror

5 keV 17cm trap 75 mm radius MCP - no bunch

0012

0.01

0.008

B
E 0006
=

0.004

0002

McCP

* Recoil ion detected in MCP.
* 3 detected in position detectors.

le6 events gives 0.6% stat. uncertainty

* Need bunch position for full reconstruction (multiple scattering of 3 in

detectors).

* Large solid angle + kinematic focussing — detection efficiency > 50%.
* No need for electrostatic acceleration (ions at ~keV). Decay in field free

region.




Weizmann Institute Radioactive Electrostatic Device
Experimental scheme
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Weizmann Institute Radioactive Electrostatic Device Stable iSO{'OPeS frapped
Experimental scheme Detectors:
MCP’s
ot e Plastic Scintillator with multiple
* photomultipliers

Electronics - ADC, TDC,...

Decay time in EIBT with 5x10°torr pressure
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Electron detector

Source Uncertainty Aag, (x1073)

Exit mirror

Entrance mirror LAPS Energy 5 % 0.86

| ] LAPS Position 5 mm 0.71

’ ‘ ‘ | ‘ ‘ ’ ‘ MCP Position 1 mm 0.22
McP ‘He' o D °Li TOF D ns 0.23

— Bunch size 1 em 1.38

Total 1.80

Electron detector

0.002

Exit mirror Entrance mirror

MCP ‘Het MCP

* Recoil ion detected in MCP.

* 3 detected in position detectors.

* Need bunch position for full reconstruction (multiple scattering of 3 in
detectors).

* Large solid angle + kinematic focussing — detection efficiency > 50%.

* No need for electrostatic acceleration (ions at ~keV). Decay in field free
region.




summary

Lots of new experiments coming on and finalizing
measurements.
The “standard” agy experiments are being augmented by
other correlation measurements, some of which will be
linearly sensitive fo the BSM termes.
All experiments are aiming for O(10-3/4)
What we need (as experimentalists):
e Branching ratios (eg. for 23Ne the largest uncertainty is
the BR).
e Decent calculations of radiative corrections for the
heavier nuclei.
e Recoil order corrections (Doron/Avala/et al.)
® To agree on a standard notation!!!!



