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Searching for BSM physics via the precision frontier: 
𝜷 decay experiments using atom and ion traps
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This is the standard model:

These are not:

The standard model and beyond

= ҧ𝑝𝛾𝜇𝑛 𝐶𝑉 ҧ𝑒𝛾𝜇𝜈 + 𝐶𝑉
′ ҧ𝑒𝛾𝜇𝛾5𝜈

− ҧ𝑝𝛾𝜇𝛾5𝑛 𝐶𝐴 ҧ𝑒𝛾𝜇𝛾5𝜈 + 𝐶𝐴
′ ҧ𝑒𝛾𝜇𝜈

𝐻𝛽𝑛𝑝

𝐶𝑉 = 𝐶𝑉
′ = 1

𝐶𝐴 = 𝐶𝐴
′ ≈ 1.27

𝐶𝑖 ≠ 𝐶𝑖
′ 𝐶𝑆, 𝐶𝑇 ≠ 0

● Profumo, Ramsey-Musolf, Tulin, Phys. 

Rev. D 75, 075017 (2007)

● Vos, Wilschut, Timmermans, Rev. Mod. 

Phys. 87, 1483 (2015)

● Bhattacharya et al., Phys. Rev. D 94, 

054508 (2016)

or SUSY, or…Right-handed bosons, scalar/tensor leptoquarks,or

pure 𝑉 − 𝐴 interaction

𝑀𝑊 = 80.385 GeV
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Goal:

To complement high-energy experiments by pushing the precision frontier

Angular correlations in 𝛽 decay: values sensitive to new physics

Global gameplan:

Measure the 𝛽-decay parameters

Compare to SM predictions

Look for deviations ⇔ new physics

Precision of ≤ 𝟎. 𝟏% needed to complement other searches (LHC)

Naviliat-Cuncic and Gonzalez-Alonso, Ann Phys 525, 600 (2013)  

Cirigliano, Gonzalez-Alonso and Graesser, JHEP 1302, 046 (2013)

Vos, Wilschut and Timmermans, RMP 87, 1483 (2015)  

González-Alonso, Naviliat-Čunčić and Severijns, Prog. Part. Nucl Phys 104, 165 (2019)

The precision frontier

Ԧ𝑝recoil

Ԧ𝑝𝛽 Ԧ𝑝𝜈

𝜃𝛽
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Ion traps

Can trap any ion; well-known for mass measurements 

(CPT, ISOLTRAP, JYFLTRAP, LEBIT, TITAN,…)

Beta-Decay Paul Trap @ ANL

𝛽-𝜈 correlation of 8Li to 1%; poised to reach 0.1% precision

No other correlation experiments completed yet, but a number planned:

TAMUTRAP @ Texas A&M (20Mg, 24Si, 28S, 32Ar; 36Ca, 40Ti)

LPCTrap @ GANIL (6He)

EIBT @ Weizmann Institute → SARAF (6He to start)

NSLTrap @ Notre Dame (11C, 13N, 15O, 17F)

Magneto-optical traps

Atoms are cold and confined to a small volume

TRINAT @ TRIUMF (K isotopes)

6He @ UW

NeAT @ SARAF (Ne isotopes)

0.1% is a tall order…how to reach that precision?

B
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Begin by looking at the basic decay rate

How does 𝜷 decay test the SM?
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Expand to the often-quoted angular distribution of the decay 
(Jackson, Treiman and Wyld, Phys Rev 106 and Nucl Phys 4, 1957)

𝜷 decay and fundamental physics
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Expand to the often-quoted angular distribution of the decay 
(Jackson, Treiman and Wyld, Phys Rev 106 and Nucl Phys 4, 1957)

𝜷 decay and fundamental physics

The 𝛽-𝜈 correlation parameter is quadratic in the couplings…not 

as sensitive as the Fierz parameter, which is linear:

(see González-Alonso, Naviliat-Čunčić and Severijns, Prog. Part. Nucl Phys 104, 165 (2019)
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Difficulty with MOTs: not all atoms can be trapped
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Difficulty with MOTs: not all atoms can be trapped
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Difficulty with MOTs: not all atoms can be trapped
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Angular correlations 

of K and Rb isotopes

2018 result:  𝐴𝛽 of 37K to 0.3%

The TRIUMF Neutral Atom Trap 

up to 8 × 107 37K/s

TiC target

1750°C
70 µA

protons
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Beautiful nucleus to test the standard model:

Alkali atom ⇒ “easy” to trap with a MOT and polarize with optical pumping

Isobaric analogue decay

⇒ theoretically clean; recoil-order 

corrections under control

Lifetime, Q-value and branches 

(i.e. the 𝐹𝑡 value) well known

Strong branch to the g.s.

But there are challenges…

Can’t calculate 𝐶𝐴𝑀𝐺𝑇 to high precision

⇒ need to measure 𝜌 ≡ 𝐶𝐴𝑀𝐺𝑇/𝐶𝑉𝑀𝐹

Nuclear spin 3/2 ⇒ need to polarize

the atoms, and especially know how

polarized they are (also alignment)

Isobaric analogue decay of 37K
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Correlation SM expectation

𝛽 − 𝜈 correlation 𝑎𝛽𝜈 = 0.6648(18)

Fierz interference 𝑏 = 0 (sensitive to scalars & tensors)

𝜷 asymmetry 𝑨𝜷 = −𝟎. 𝟓𝟕𝟎𝟔(𝟕)

𝜈 asymmetry 𝐵𝜈 = −0.7702(18)

Time-violating correlation 𝐷 = 0 (sensitive to imaginary couplings)

The 𝑭𝒕 is measured well enough    (for now)

𝑑𝑊 = 𝑑𝑊0 1+𝑎
Ԧ𝑝𝛽 ⋅ Ԧ𝑝𝜈

𝐸𝛽𝐸𝜈
+𝑏

Γ𝑚𝑒

𝐸𝛽
+
〈Ԧ𝑰〉

𝐼
⋅ 𝑨𝜷

𝒑𝜷

𝐸𝛽
+𝐵𝜈

Ԧ𝑝𝜈
𝐸𝜈

+𝐷
Ԧ𝑝𝛽 × Ԧ𝑝𝜈

𝐸𝛽𝐸𝜈
+
alignment
term

SM predictions currently limited by the >20-yr-old 

97.89(11)% ground state branching ratio
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Looking forward, we don’t want the 𝑓𝑡 value to limit a SM test

Improving the 𝒇𝒕 value at the Cyclotron Institute
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Looking forward, we don’t want the 𝑓𝑡 value to limit a SM test

Improving the 𝒇𝒕 value at the Cyclotron Institute

A.Ozmetin et al, in preparation (PRC)

ΔBR:  

0.11→0.024%

Δ𝑓𝑡: 7→ 4 s
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Correlation SM expectation

𝛽 − 𝜈 correlation 𝑎𝛽𝜈 = 0.6648(𝟏𝟖) → 0.6668(𝟏𝟏)

Fierz interference 𝑏 = 0 (sensitive to scalars & tensors)

𝛽 asymmetry 𝐴𝛽 = −0.5706(𝟕) → −0.5708(𝟒)

𝜈 asymmetry 𝐵𝜈 = −0.7702(𝟏𝟖) → −0.7707(𝟏𝟏)

Time-violating correlation 𝐷 = 0 (sensitive to imaginary couplings)

he 𝑭𝒕 is measured well enough

𝑑𝑊 = 𝑑𝑊0 1+𝑎
Ԧ𝑝𝛽 ⋅ Ԧ𝑝𝜈

𝐸𝛽𝐸𝜈
+𝑏

Γ𝑚𝑒

𝐸𝛽
+
〈Ԧ𝐼〉

𝐼
⋅ 𝐴𝛽

Ԧ𝑝𝛽

𝐸𝛽
+𝐵𝜈

Ԧ𝑝𝜈
𝐸𝜈

+𝐷
Ԧ𝑝𝛽 × Ԧ𝑝𝜈

𝐸𝛽𝐸𝜈
+
alignment
term

⇝ A precision measurement of 𝐴𝛽 will not be limited by 

uncertainties in the SM predictions   ⇜
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MOTs provide a source

that is:

Cold (∼ 1 mK)

Localized (∼ 1 mm3)

In an open, backing-free 

geometry

Allows us to detect 

Ԧ𝑝𝛽 and Ԧ𝑝rec
⇒ deduce Ԧ𝑝𝜈
event-by-event

Outline of TRINAT’s 𝜷 asym & polarization measurements
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Optical pumping:

Polarized light transfers

angular momentum to the atom

Nuclear and atomic 

spins are coupled

Polarize as (cold) atoms 

expand

Outline of TRINAT’s 𝜷 asym & polarization measurements
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Outline of TRINAT’s 𝜷 asym & polarization 

measurements

M
C

P
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No time to go into details, but basically

Measure the rate of photions (⇔ fluorescence) as a function of time

Model sublevel populations using the optical Bloch equations

Determine the average nuclear polarization:  

Optical pumping is fast and efficient!

𝑷𝐧𝐮𝐜𝐥 = 𝟎. 𝟗𝟗𝟏𝟑 𝟗

B.Fenker et al, New J. Phys. 18, 073028 (2016)
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The 𝜷 asymmetry measurement

𝑬𝜷 detectors: 

Plastic scintillator

𝚫𝑬𝜷 detectors:

Double-sided Si-strip

Use all information via 

the super-ratio:

𝐴obs 𝐸𝑒 =
1−𝑆 𝐸𝑒

1+𝑆 𝐸𝑒

with 𝑆 𝐸𝑒 =
𝑟1
↑ 𝐸𝑒 𝑟2

↓ 𝐸𝑒

𝑟1
↓ 𝐸𝑒 𝑟2

↑ 𝐸𝑒
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Energy spectrum – great agreement with GEANT4 simulations:

37K 𝜷 asymmetry measurement
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Energy spectrum – great agreement with GEANT4 simulations:

Backscattering too!

37K 𝜷 asymmetry measurement
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Asymmetry as a function of 𝛽 energy after unblinding

(again, no background subtraction!):

37K 𝜷 asymmetry measurement
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(Dominant) Error budget and 𝑨𝜷 result
Source Correction Uncertainty, 𝚫𝐀𝜷

Systematics

Background 1.0014 8× 10−4

𝛽 scattering 1.0230 7× 10−4

Trap position 4× 10−4

Trap movement 5× 10−4

Δ𝐸 position cut 4× 10−4

Shake-off 𝑒− TOF region 3× 10−4

TOTAL SYSTEMATICS 13× 10−4

STATISTICS 13× 10−4

POLARIZATION 5× 10−4

TOTAL UNCERTAINTY 19× 10−4

𝑨𝜷
𝐦𝐞𝐚𝐬 = −𝟎. 𝟓𝟕𝟎𝟕(𝟏𝟗) cf 𝐴𝛽

SM = −0.5706 7
(includes recoil-order 

corrections, Δ𝐴𝛽 ≈ −0.0028
𝐸𝛽

𝐸0
)

B.Fenker et al, PRL 120, 062502 (2018)
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Comparison of 𝑉ud from: 

Mirror nuclei (including 37K)

The neutron

Pure Fermi decays

Interpretation and future prospects

B.Fenker et al., PRL 120, 062502 (2018)

L.Hayen and N.Severijns, arXiv:1906.09870 (2019)
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Comparison of 𝑉ud from: 

Mirror nuclei (including 37K)

The neutron

Pure Fermi decays

Interpretation and future prospects

B.Fenker et al., PRL 120, 062502 (2018)

L.Hayen and N.Severijns, arXiv:1906.09870 (2019)

B.Fenker et al., PRL 120, 062502 (2018)

L.Hayen and N.Severijns, arXiv:1906.09870 (2019)

Falkowski et al., arXiv:2010.13797 (today!)
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Comparison of 𝑉ud from: 

Mirror nuclei (including 37K)

The neutron

Pure Fermi decays

Also other physics to 

probe:

Right-handed currents

2nd class currents

Scalar & tensor currents

Interpretation and future prospects

B.Fenker et al, PRL 120, 062502 (2018)
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Complete analysis as a function of 𝐸𝛽 ⇒ Fierz, 2nd class currents

Improve 𝐴𝛽 measurement by 3 − 5 ×

Future plans
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𝑻 = 𝟐, 𝟑/𝟐 pure Fermi and Gamow-Teller decays

Odd cases:  𝐽𝜋 =
5

2

+
, 𝑇 =

3

2

Even cases:  𝐽𝜋 = 0+, 𝑇 = 2

𝐽+; 𝑇, 𝑇𝑍

𝐽+; 𝑇, 𝑇𝑍+1
𝛽+

𝑝
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𝑻 = 𝟐, 𝟑/𝟐 pure Fermi and Gamow-Teller decays

Odd cases:  𝐽𝜋 =
5

2

+
, 𝑇 =

3

2

Even cases:  𝐽𝜋 = 0+, 𝑇 = 2

Pure Fermi decay ⇒ minimal nuclear structure 

effects; decay rate is simply given by 

𝑝𝑒𝐸𝑒 𝐴0 − 𝐸𝑒
2𝜉 1 + 𝑎𝛽𝜈

Ԧ𝑝𝑒 ⋅ Ԧ𝑝𝜈
𝐸𝑒𝐸𝜈

+ 𝑏𝐹
Γ𝑚𝑒

𝐸𝑒

𝐽+; 𝑇, 𝑇𝑍

𝐽+; 𝑇, 𝑇𝑍+1
𝛽+

𝑝

Doppler shape of proton 

energy depends on Ԧ𝑝𝛽 ⋅ Ԧ𝑝𝜈!
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𝜷-𝝂 correlation – A good idea…going back 20 yrs

WISArD collab, PRC 101, 055501 (2020)
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Scattering and energy loss in the foil…

Utilize the technology of Penning traps to provide a 

backing-free source of localized radioactive ions!! 



NSCL/FRIB Virtual Nuclear Science Seminar Oct 28 2020D. Melconian

Measure means instead of 2nd moments
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An IGISOL system at the Cyclotron Institute



NSCL/FRIB Virtual Nuclear Science Seminar Oct 28 2020D. Melconian

An IGISOL system at the Cyclotron Institute

 Low cross-section for ions 
of interest

 TAMUTRAP has high 
tolerance to impurities, but 
RFQ limited to 106 ions/sec

⇒ Need isobar separation  ⇐

Design spec:  𝑴/𝚫𝑴 > 𝟐, 𝟎𝟎𝟎



NSCL/FRIB Virtual Nuclear Science Seminar Oct 28 2020D. Melconian

10-25 MeV/u 3He primary beam

Fusion-evapouration reaction, 10 p 𝜇A

An IGISOL system at the Cyclotron Institute

Target Product Production rate

20Ne
20Mg
21Mg

4 × 103

3 × 105

24Mg
24Si
25Si

3 × 103

2 × 105

28Si
28S
29S

3 × 103

8 × 104

32S
32Ar
33Ar

0.9 × 103

0.9 × 105

36Ar
36Ca
37Ca

0.2 × 103

0.2 × 105

All that is missing is 

a new gas cell and 

a mass separator
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Efficiency is absolutely critical

IGISOL at Jyvaskyla quotes 

5% efficiency for gas cell

Gas cell [5%] → separator [85%]

→ cooler/buncher [20%]

→ Penning trap

Estimate for rates of proton-rich 

nuclei in the trap:

Developing the RIBs for TAMUTRAP

21Mg 2650
25Si 1425
29S 850
33Ar 760
37Ca 190

20Mg 40
24Si 30
28S 25
32Ar 10
36Ca 2
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We have tried testing a gas cell with rf

May enhance ion transport, reduce interactions with cell walls

Plasma effects always cast doubt on viability…

Results to date have been inconclusive (bad vacuum, 

connection issues, …); shelving this for now

We have been developing a new gas cells

Beam from K150

Reaction

products

To beam dump

Gas

flow
~0.5 mg/cm

target

To mass

separator

Δ𝑉~500 𝑉

3”
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Also testing a typical (gas-only cell)

Simpler than with rf; shorter length 

We have been developing a new gas cell

Reaction 

products
1.8 inch

Gas  Flow

beam from K150

To beam   dump

target
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Also testing a typical (gas-only cell)

Simpler than with rf; shorter length 

We have been developing a new gas cell

Lens & Steerer
Faraday cup & MCP

lens & steerer

Si detector
𝑃 = 10−6 mbar 𝑃He = 10−2 mbar

Chamber with target 

and gas cell

Accelerating region

𝐸beam from 0.1 keV → 10 keV
concrete shielding
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Also testing a typical (gas-only cell)

Simpler than with rf; shorter length 

We have been developing a new gas cell

Efficiency of 25Si production already

0.13(2)%!!

1–2% no problem; 5% is achievable

Lens & Steerer
Faraday cup & MCP

lens & steerer

Si detector
𝑃 = 10−6 mbar 𝑃He = 10−2 mbar

Chamber with target 

and gas cell

Accelerating region

𝐸beam from 0.1 keV → 10 keV
concrete shielding
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Concept for mass separator – CARIBU @ ANL

• Mass resol. 𝑀/Δ𝑀 = 20, 000
• Target 𝑥 = ± 0.5 mm

• Θmax = Φmax = ± 6 mrad

• Δ𝐸 < 1 eV at 50 keV

60º

60º

Davids and Peterson,

NIMB 266, 4449 (2008)
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To bend up, need 45∘ + 45∘ instead

Collaborate with G. Berg, M. Couder and M. Brodeur (ND) to build the 

Light-ion guide Separator for TAMU’s K150 RIBs

But 𝟏𝟐𝟎∘ doesn’t fit our existing equipment…
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With higher-order abberations

corrected (G. Berg, M. Couder)

Using COSY to optimize efficiency 

versus resolution

$0.75M proposal submitted to DOE

Start construction Spring 2021

LSTAR performance specs and status

EQ

EQ EH
E5

MC

E5

MC

E5
EH EQ

EQ EQ

EQ EH
E5

MC

E5

MC

E5
EH EQ

EQ

Cuts: 𝜃𝑥, 𝜃𝑦 = ±2 mrad

𝑥, 𝑦 = ±2 mm

Resolution:  
𝑀

Δ𝑀
= 4400

Efficiency:  81%
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The TAMUTRAP facility at the Cyclotron Institute

Section II

Section III

Section I

RFQ

Deflector

Beam
Diagnostic
StationBeam Diagnostic 

Station

Second Ion 
source

Deflector

Deflector

First Ion 
source

Einzel
Lens

Steerer

Einzel Lens

Steerer

Einzel Lens

MCP 
Detector

Injection
Optics

Einzel Lens

Extraction
Optics

Penning Trap
B  =7.019372 (2016)

2016:  120 pA

100’s of ions/s

2017:    <1 pA

2016:2016 & 2017:
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Most cylindrical Penning traps have a length-to-radius ratio of 𝑙/𝑟 = 11.75

To confine the protons from 𝑇 = 2 decays, need 𝑟 = 90 mm

Needed a new design to make it fit in the 7T magnet

World’s largest Penning trap commissioned

𝒍 = 𝟑𝟑𝟓𝐦𝐦

𝑙/𝑟 = 3.72
M.Mehlman et al., NIMA 712, 9 (2013)

P.Shidling et al., Hyperfine Interact 240, 40 (2019)
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Find resonant frequencies for 
23Na, 85,87Rb, 133Cs and 39K

Use AME value for 39K, and 

calculate other masses

Good agreement with AME

values (within uncertainties)

Precision
23Na: 240 ppb 
85Rb:     5 ppb 
87Rb:     6 ppb 
133Cs:     7 ppb 

Mass measurement of stable ions

39K 133Cs

200 ms excitation time

P.Shidling et al., in preparation

(Phys Rev Accel & Beams)
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𝑇 = 2 decays to test the SM

Source production and commissioning mass measurements
6He 𝒃𝐅𝐢𝐞𝐫𝐳 at UW

Cyclotron radiation emission spectroscopy

Plans to implement an ion trap to remove wall collisions
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Most sensitive probe is the Fierz interference:

Decay rate is: 𝑑𝑤 = 𝑑𝑤0 1 + 𝑎𝛽𝜈
Ԧ𝑝𝑒⋅ Ԧ𝑝𝜈

𝐸𝑒𝐸𝜈
+ 𝑏

Γ𝑚𝑒

𝐸𝑒
6He is a great case!

Large endpoint (3.5 MeV)

Nuclear structure under control

Simple decay

Sensitive to tensor 

interactions

Status:

Lifetime (PRC 86, 035506)

Charge state fractions

𝑎𝛽𝜈: stats for 0.2%; systs?

6He at UW

𝑎𝛽𝜈 ≈ −
1

3
1 −

𝐶𝑇
2 + 𝐶′𝑇

2

2𝐶𝐴
2

𝑏 ≈ ±
𝐶𝑇 + 𝐶𝑇′

𝐶𝐴

6He spectrum

Fierz distortion

𝛽 − 𝜈 correlation Fierz interference

× 10−3
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New idea: use the Cyclotron Radiation Emission Spectroscopy (CRES) 

technique

Project 8 collaboration gets 
𝐹𝑊𝐻𝑀

𝐸
≈ 10−3 resolution for 

conversion electrons of 18 – 32 keV

6He at UW – CRES technique
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Why CRES for 6He?

Measures 𝛽 energy at creation, before complicated energy-loss mechanisms

High resolution allows debugging of systematic uncertainties

No background from photon or 𝑒 scattering
6He in gaseous form works well 

with the technique
6He ion trap allows sensitivity 

higher than any other proposed

Counts needed not a big 

demand on running time

6He at UW – CRES technique

2𝜋𝑓 =
𝑞𝐵

𝑚 + 𝐸kin

Initial frequency → 𝐸

Scatter off 

residual gas
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Phase I: proof of principle (next 3 yrs)

2 GHz bandwidth

Show detection of cyclotron radiation from 6He

Study power distribution

6He little-b collaboration
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Phase I: proof of principle (next 3 yrs)

2 GHz bandwidth

Show detection of cyclotron radiation from 6He

Study power distribution

Phase II: first measurement 𝑏 < 10−3

6 GHz bandwidth
6He and 19Ne measurements

Emerging 6He little-b collaboration
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Phase I: proof of principle (next 3 yrs)

2 GHz bandwidth

Show detection of cyclotron radiation from 6He

Study power distribution

Phase II: first measurement 𝑏 < 10−3

6 GHz bandwidth
6He and 19Ne measurements

Phase III: ultimate measurement 𝑏 < 10−4

Ion trap for no limitation from geometric effect

Emerging 6He little-b collaboration

Δ𝑏 < 10−4
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To bring ions into the trap, need a hole in the waveguide

HFSS ⇒ signal degradation is <0.5 dB (no problem)

Start designing RFQ cooler/buncher and Penning trap

TAMU’s contribution is starting
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Ion and atom traps are helping pave the way for the precision frontier

TRINAT: recent 𝐴𝛽 result demonstrates ability; future is bright!

TAMUTRAP: commissioned, just need radioactive ions…LSTAR starting

6He 𝑏Fierz with CRES: Phase 3 will crush the LHC!

Final thoughts, collaborators and thanks

B. Fenker

S. Behling

M. Mehlman

D. Melconian

P.D. Shidling

G. Chubaryan

B. Schroeder

N. Morgan

A. Ozmetin

D. McClain

V. Kolhinen

V. Iacob
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Ion and atom traps are helping pave the way for the precision frontier

TRINAT: recent 𝐴𝛽 result demonstrates ability; future is bright!

TAMUTRAP: commissioned, just need radioactive ions…LSTAR starting

6He 𝑏Fierz with CRES: Phase 3 will crush the LHC!

Final thoughts, collaborators and thanks

B. Fenker

S. Behling

M. Mehlman

D. Melconian

P.D. Shidling

G. Chubaryan

B. Schroeder

N. Morgan

A. Ozmetin

D. McClain

V. Kolhinen

V. Iacob

A. Afanassieva

J.A. Behr

I. Craiciu

A. Gorelov

S. Smale

C.L. Warner
M. Anholm

G. Gwinner

D. Ashery

I. Cohen

University

of Manitoba

Tel Aviv

University

University

of British

Columbia

J. McNeil
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Thanks, and FYI we’re hiring


