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Outline

# Introduction

¥ Testing the standard model via the precision frontier
¥%— Angular correlations of  decay

# TAMUTRAP

%— Trapping ions at the Cyclotron Institute
*— Commissioning with mass measurement of 23Na

® 3’/K at TRIUMF

% The TRINAT facility
%— Polarizing the cloud
*- Recent measurement of Az

# Future work
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The standard model

# Pioneering experiments in f decay, and many other systems, lead to what
we now know as the fundamental particles and forces of nature

THE STANDARD MODEL
# Quantum mechanics + special relativity = quantum field theory
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The standard model

# Pioneering experiments in f decay, and many other systems, lead to what

we now know as the fundamenta

THE STAN
# Quantum mechanics + special re

® Electroweak + strong

particles and forces of nature
DARD MODEL

ativity = quantum field theory
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The standard model

# Pioneering experiments in f decay, and many other systems, lead to what
we now know as the fundamental particles and forces of nature

THE STANDARD MODEL

# Quantum mechanics + special relativity = quantum field theory

® Electroweak + strong

# 12 elementary particles and

4 fundamental forces...and 1 Higgs!
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Does the standard model work?

# Short answer: Yes. Stubbornly well!
v |t predicted the existence of the W*, Z,, g, ¢, t and H
v Itis a renormalizable theory
v GSW - unifited weak force with electromagnetism

v QCD explains quark confinement
# Experimentally tested in many different systems

élo-lf 1

ESZ BNLES2L ¢ Ap = 2 (g —2)

‘ Theory uncertainty: 0.42 ppm

P R Experimental uncertainty: 0.54 ppm

'25']; 2010 ete~ 4

wPR— . Aay(expt — theory) = (287 + 80) x 10! (3.60)
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Does the standard model work?

# Short answer: Yes. Stubbornly well!
v |t predicted the existence of the W*, Z,, g, ¢, t and H
v Itis a renormalizable theory
v GSW - unifited weak force with electromagnetism

v QCD explains quark confinement
# Experimentally tested in many different syste
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But the standard model can’t be the final answer
# Dark matter: SM physics makes up less than 5% of the universe
® Baryon asymmetry: Why more matter than anti-matter?
# Neutrinos: Dirac or Majorana? Mass hierarchy?

® Parameter values: does our “ultimate” theory really need ~25 arbitrary
constants? Do they change with time?

® Fermion generations: Why three families?

# Weak mixing: Is the CKM matrix unitary?

# Parity violation: Is nature really left-handed?

® SM cobbled together: Strong unified with electroweak?
# Gravity: Quantum description??

Point is: we know there must be physics beyond the SM
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A primer on B deca

®» Soon after the neutrino was hypothesized by Pauli, Fermi came up with
his theory of § decay:

o . z+1Y
% A contact (4-point) interaction Ay <
%— New force is weak; Fermi’s Golden Rule Z e~
¥— B energy largely determined by phase space v
%— Purely vector (inspired by E&M)

- 0.
/ \ Density of final states

Strength of available to the neutrino,
interaction with A =M —M' = E, +E,

Density of final states and
of the electron/positron m, =0
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A primer on B deca

®» Soon after the neutrino was hypothesized by Pauli, Fermi came up with
his theory of § decay:

o . z+1Y
% A contact (4-point) interaction Ay <
%— New force is weak; Fermi’s Golden Rule Z e~
¥— B energy largely determined by phase space v
%— Purely vector (inspired by E&M)

_, aw aw f;/z ,BE,B (E @ g
)
/ -
Strength of / @ e
interaction = o e
Density of final states h | | | l
of the |ept0n5 Kinetic energy of B
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A Erimer on E decax

# Soon after the neutrino was hypothesized by Pauli, Fermi came up with
his theory of 5 decay 'L A /

# This Is, of course, not correct; buttoa  ¢-$.® C'/ w=
good approximation it works very well "

# In the SM, we understand it now as

*%— Mediated by the massive charged W=
bosons coupling to quarks

% Extremely short-ranged: =~ 10718 m, or 0.1% the diameter of the proton

2
1] ’” . . . . G
¥ “Real” coupling is g,,; effective one is Gp: % =L
8Mg, V2
. 1 " ” ] 2 1
Note: E&M coupling aggy = -, versus weak” coupling ek = ‘Z:T” R !

%— Based on experiments, form is (V — A), even though initially looked like (S, T)
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g decax and the standard model

# SM Hamiltonian is Vector P|Vy = —|V)

He= (¥, m/Jp) (Coyp v "y + CO v ysiy)
— (Y, 7759 (Catp v v sy + Cob v F )

where C, = C(, =1 axial vector: P|/T) = +|/T)
and C, = C, = 1.26 is a renormalization since not purely leptonic

# Transformation under parity?

% What we observe is the square of an amplitude: |Mfl-|2 ~ V=AWV -4
¥— Apply a parity operator:
p {|Mfi|2} — PLVV + AA — 2VA} = (=V)(=V) + (+A)(+4) — 2(=V)(+4)
= VV+AA+ 2VA
*— Parity is maximally violated; only left-handed fermions couple to the W
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B decay and the standard model

® SM Hamiltonian Is Py
Hg = _(l/’nyulpz

o (l/)nyu)/S%

where C, =C, =1 Na

and C, =C, ~ 1.26is arer

# Transformation under parity?

*—- What we observe is the square

¥— Apply a parity operator:
p {|Mﬁ|2} — PLVV + AA — 2VA} = (=V)(=V) + (+A)(+4) — 2(=V)(+4)
= VV+AA+ 2VA
*— Parity is maximally violated; only left-handed fermions couple to the W
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Bexond the standard model

® The most general Hamiltonian that obeys Lorentz invariance Is

parity
Hg = (Y, ¥p)(Csp, ¥y + Cs,vsidy ) Scalar  +
+ (¥, vs¥p) (Cotp,ysy, + Chp by, Pseudoscalar —
T (Enyul/)p) (CVEeyulpv + C{;ie)/“)/sl,bv) Vector —
— (W, v, vs¥p) (Cap v Yy + Catp v Hepy,) Axial vector  +
+ = (P,020p) (CrP 0P, + Crp 0 ysih,) Tensor  N/A

# The coupling constants, C;, C/, may be complex and are not predicted by
the SM

# No reason why C, = C;, and C, = C, are the only non-zero ones...

= 19 free parameters to be determined by experiment
(10 complex couplings minus one overall phase)

D. Melconian TAMU 2018



Beyond the standard model
® The most general Hamiltonian that obeys Lorentz invariance Is

parity
Hﬁ = (Enl/)p)(CSiel/)v + Cgie)/Sva) Scalar -
+ (¥, vs¥p) (Cotp,ysy, + Chp by, Pseudoscalar —
T (anyul/)p) (Cvae)/“lpv + C{,ie)/“)/sl,bv) Vector —
— (W, vsWp) (Ca® v v sy + Catp, v ) Axial vector  +
+ = (P,020p) (CrP 0P, + Crp 0 ysih,) Tensor  N/A
Right-handed bosons, or scalar/tensor leptoquarks, or...
'd’ d) 'd’ d)

iuvui :uvui e Profumo, Ramsey-Musolf, Tulin, Phys.

X d; X d; Rev. D 75, 075017 (2007)
- . - \& e Vos, Wilschut, Timmermans, Rev. Mod.
e v e Phys. 87, 1483 (2015)
Whpr e Bhattacharya et al., Phys. Rev. D 94,

174 174
¢+ C! CoCr % 0 054508 (2016)
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decay to search for new physics

Start with (part of) the often-quoted angular distribution of the decay:
(Jackson, Treiman and Wyld, Phys Rev 106 and Nucl Phys 4, 1957)

basic delcay rate B-v corlrelation Fierzlinterference
d5W G2V, 4/ ) L (g o om,
_ By~ B)" € [1 -+ () costy + 52 4 .
dE,d0,d,  (2m)s PP p(do —Eg) & |1+ ap (") costpy + By

scalar W
~— so—" | | vector

e U000 — .

d 2 /12
az)calar _ _|CS|2 B lCSlZ a’\BIector _ |Cy |+ [Cyl
Y Cs|? + |Cgl? ; ' v Cyl? + |C|?
| Sl +| Sl . B |CV|2+|CV|2 _ |CS|2_|CS|2 _ 1 | Vl | Vl
VTG 1P HIC 12+ 1G22
—2Re(CsCy + CS°Cy) _ 07

12+ ICH1E + |Cs)12 + | C?
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g decax to search for new Ehxsics

Start with (part of) the often-quoted angular distribution of the decay:
(Jackson, Treiman and Wyld, Phys Rev 106 and Nucl Phys 4, 1957)

d~w

dE,d0,dQ,

Up

P{A (_) 6,: + Q._|_...}_|_...]

. g . COS B,'l .Bv COS W'
f asymmetry v asymmetry
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The Erecision frontier

# Goal:
*— To complement high-energy experiments by pushing the precision frontier
*— Angular correlations in f decay: values sensitive to

# Global gameplan:

% Measure the f-decay parameters Dv
¥ Compare to SM predictions

% Look for deviations < new physics

%~ Precision of < 0.1% needed to complement other searches (LHC) ﬁrecoil

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)
Gonzalez-Alonso, Naviliat-Cunéi¢, PRC 94, 035503 (2016)
Gonzéalez-Alonso, Naviliat-Cunéi¢ and Severijns, arXiv:1803.08732
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The Erecision frontier

# Goal:
*— To complement high-energy experiments by pushing the precision frontier
X orrelations in f decay: values sensitive to

Pv

% Precision of < 0.1% needed to complement other searches (LHC) ﬁrecoil

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)
Gonzalez-Alonso, Naviliat-Cunéi¢, PRC 94, 035503 (2016)
Gonzéalez-Alonso, Naviliat-Cunéi¢ and Severijns, arXiv:1803.08732
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The energy frontier

# CMS collaboration, Phys. Rev. D 91, 092005 (2015)

% Look for direct production = excess of events in the missing transverse energy
*— o(pp » e + MET + X) channel with [ L = 20fb~! at /s = 8 TeV

%*— No excess observed «w place limits
(see Gonzalez-Alonzo, arXiv:1803.08732 for EFT interpretation)

19.7 fb\s TeV)
T

8 TeV 8TeV

IIIIIIIIIIIIIIIIIIIIIIII | LB I T T ‘ — T T I | T T T T | T T T T | T T
-2 1 = 5
107 cms 3 - CMS : 10°F cs  _ssuw e EIW- ) -
10° - simulation 10" [ simulation ] 104 e+EPs M = 2000 GeV = tt, singlet | ]
< E _ 3 — E _ 5 __HNCCl—ev, Qco
S MWQ_ 32005 f.\{g ; > " SSMS, M, =2000GeV 2 10° A = 4000 GeV Wy - ets
O oL W Sw 4 O g2 DM, A =200GeY, [ ]DY
pt 5 102k => L2
I3Y 3 < E (CB 10 M, =300 GeV,& = +1 [ piboson
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o 10%E . o 10%E A, -
=3 3 '8_ 10 E — 10 vs [ Syst. uncer. | S
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s ¢ ERE- TR 2 £ 1
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0.1% is a tall order...how to reach that Erecision?

# lon traps

% Well-known for mass measurements (ISOLTRAP, JYFLTRAP, LEBIT, TITAN,...)

% Beta-Decay Paul Trap @ ANL
® 3-v correlation of 8Li to 1%; poised to reach 0.1% precision

%— No other correlation experiments completed yet,
but a number are planned: 3n
® TAMUTRAP @ Texas A&M (32Ar; 20Mg, 24Si, 28S, 36Ca, 40Ti)
® LPCTrap @ GANIL (°He)
® EIBT @ Weizmann Institute - SARAF (°He to start)
® NSLTrap @ Notre Dame (11C, 3N, 150, 17F)

radial axial

x 3 d
confinement confinement i

CLOSED ENDCAPS
< - 1
B, potential

magnetic electric
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0.1% is a tall order...how to reach that Erecision?

# lon traps

% Well-known for mass measurements (ISOLTRAP, JYFLTRAP, LEBIT, TITAN,...)

% Beta-Decay Paul Trap @ ANL
® 3-v correlation of 8Li to 1%; poised to reach 0.1% precision

%— No other correlation experiments completed yet,
but a number are planned:
® TAMUTRAP @ Texas A&M (32Ar; 20Mg, 24Si, 28S, 36Ca, 40Ti)
® LPCTrap @ GANIL (°He)
® EIBT @ Weizmann Institute - SARAF (°He to start)

® NSLTrap @ Notre Dame (11C, 3N, 150, 17F)
# Magneto-optical traps o
¥— Atoms are cold and confined to a small volume B,

*— Isomerically selective; low backgrounds o
%— Very shallow trap, minimal volumes to scatter off

D. Melconian TAMU 2018




Outline

® Introduction

%¥— Testing the standard model via the precision frontier
*— Angular correlations of f decay

# TAMUTRAP

%— Trapping ions at the Cyclotron Institute
*— Commissioning with mass measurement of 23Na

e >’K at TRIUMF

%— The TRINAT facility
%— Polarizing the cloud
% Recent measurement of Ag

® Future work
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T = 2 Superallowed Decays

VB
diW ~1 + aﬁv( )cos Oy

B [0 2 2 el [0 el [ O
PV e 12+ 16012 + 1G12+1ci2 —

07, T =2

_

s /P

B Stable
L BT =1
OT =2
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T = 2 Superallowed Decays

VB
diW ~1 + aﬁv( )cos Oy

I ICy 1%+ |Cyl> — |Gl = |C4l? _ 1
PVl 12+ 1Cp12 + (G2 +1ci2 ™
O+ T — 2 32A v

vector ::“/'

B Stable
Doppler shape of BT =1
delayed proton OT =2

depends on cos 6g ! -20 -10 0 K 20
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of T = 2 superallowed decays
# Demonstrated once in 3?Ar: Aag, = 0.65%

# Increased sensitivity If the 5 Is observed in coincidence
® Aim for < 0.1% precision utilizing Penning traps

VOLUME 83, NUMBER 7 PHYSICAL REVIEW LETTERS 16 AuGust 1999

Positron-Neutrino Correlation in the 0% — 0% Decay of >*Ar

B=35T
— E.G. Adelberger,1 C. Ortiz,> A. Garcia,” H. E. Swanson,! M. Beck,! O. Tengblad,3 M.J.G. Borge,3 I. Martel,*
32Ap N H. Bichsel,! and the ISOLDE Collaboration*
e ot € 'Department of Physics, University of Washington, Seattle, Washington 98195-1560
’Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556
——- 3Instituto de Estructura de la Materia, CSIC, E-28006 Madrid, Spain
*EP Division, CERN, Geneva, Switzerland CH-1211
(Received 24 February 1999)
—- The positron-neutrino correlation in the 0* — 0" B decay of *’Ar was measured at ISOLDE by
analyzing the effect of ]epton recoﬂ on the shape of the narrow proton group following the superallowed
detector decy xith the standard model prediction. For vanishing Fierz interference we
C  e—— finda = 0.9989 = 0.0052 £ 0.0039 §which yields improved constraints on scalar weak interactions.
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But why throw away useful information?

® \We can gain sensitivity and reduce backgrounds by using information

from the B ..ocneas

electric field

cyclotron motion

Utilize the technology of Penning traps to provide a

>
~_— >

backing-free source of localized radioactive ions!!

(a) A (b)
B
z
A il
B DR = [
| e | e ‘ g
| S o B ‘ ) E——
i o % (el o | |
\\‘-,‘ Zo / 4 i i
%) [\ ¥ s B
i / \ ‘ :
| . = | -
— ‘ c=sr
: s | "

D. Melconian

TAMU 2018



But whx throw away useful information?

® \We can gain sensitivity and reduce backgrounds by using information

from the B ..ocneas

electric field

1

Compensation Ring Compensation
cyclotron m Electrode Electrode Electrode

— End Cap End Cap

D. Melconian

Utilize the technology of Penning traps to provide a
backing-free source of localized radioactive ions!!
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Measure means instead of 2"d moments

opposite

3.345 3.330 3.335 3.360 3.365
Proton energy [MeV]

3.340 3.345 3.350 3.355 3.360 3.365 3.37
Proton energy [MeV]
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The T-REX Uggrade Proiect

#® Re-commission the K150 for high intensity beams and/or to re-accelerate
RIBs in the K500

K500 CYCLOTRON

TAMU TRAP

LIGHT S ‘

ION GUIDE ™

# Light lon Guide — used for production
of neutron deficient RIBs via
A(p, xn)B reactions o

HEAVY
ION GUIDE

® Heavy lon Guide — used for both neutron
deficient and proton deficient RIBs
(deep Inelastic and nuclear fragmentation |
reactions) o
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The oriinal Ian

# Use the heavy ion guide to produce the proton-rich nuclei

ortho-TOF

7 production BigSol(?)
% target separator  ANL-type mult.i-RFQ.
g gas—catcher heavy-ion guide
re-commissioned
K150 cyclotron
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The original Elan

® Use the heavy ion guide to produce the proton-rich nuclel
¥— SHe target, 10% overall efficiency, assuming K150 specs from White Paper

t1,2 | Projectile | Energy | Target thickness Expected rate @ target
[ms] [MeV/u] [mg/cm?] chamber [pps]

20\Ig 90  Ne 23-30 22.5 (66) 68 (400) x 10%
24G; 140  24Mg 22-30 22.5 (70) 26 (160) x 10*
285 125  28G; 22-30 22.5 (60) 7 (40) x 10%
21 08 323 20-24 22.5 (42) 5 (17) x 10*
%¥Ca 102 36Ar 23-30 22.5 (28) 12 (31) x 10*

40T 53  40Ca 23-30 22.5 (26) 4 (8) x 10%
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Issues with oriinal Ian

# lon source not performing to specs | “You can expect one ion
# K150 not able to go to full energy every 9 or 10 seconds”

# NO separator, no one working on it

4B < production BigSol(?) _
s target separator  ANL-type mult!—RFO.
3 gas—catcher heavy-ion guide

re-commissioned
K150 cyclotron
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In the meantime, we haven’t been picking our noses...

Beam
diagnostic
Offline ion FC/MCP

source 2

Beam
'\ diagnostic
S FC/MCP

"’fhyaﬁ.qfl:zh % Deflector

. 5
%

}A!

b3
-5 ké\ LA
oo g
.4...--~~-...,- Rt % & 3

Control System
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In the meantime, we haven’t been picking our noses...

Beam

— diagnostic

Beam

. 3 S | g\\ diagnostic
‘ e W " X 7.

, ll | i

““‘! ar |ii| Ill il |Hl ‘ll J 11

agnostlc

_ (b) /~ Penmng
(gas cooling) TRAPPING R
ION BUNCH system

He

ting P : 102-10 B
OVDC Operating Pressure: 10-2-10“*mbar 8VDC . EJECTION

LY

M. Mehlman App Phys PhD .

D. Melconian TAMU 2018
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OEtimizing the TAMUTRAP beamlines

Secondlon - Defleor 1 gantion |I !

Lens <€<— (2016)
Steerer €—— {[

source !
— e g rﬂmm" M — z i' Deflector
2016: 120 p A 1B nd s il-_-: THi -;IIII':_.E I_'\I =0 |
_E N\ RFO / . / F —> Finzel Lens
» Injection eam .
, - Optics Extraction Diagnostic E — > Steerer
Beatp Diagnostic I Optics Station
Station : | _i —> Einzel Lens
|.-
_ N |
Section | ¢} I
. ! Penning Trap
Deflector " |B| = 7.019372 Section Il
Einzel =
|
I

| 2016:
e 100’s of ions/s

§——— Einzel Lens

— 5 MCP
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OEtimizing the TAMUTRAP beamlines

Secondlon - Defleor 1 gantion |I !

source !
g s . rﬂmm" -,'-.' =% i' Deflector
RF 1 —) Einzel Lens
2017: <] pA > Injection Q / Beam /
, , !. Optics Extraction Diagnostic E ——> Steerer
Beatp Diagnostic I Optics Station —
Station e iz | —> Einzel Lens
g — -_E'E" |||_
| |
Section| { I
Deflector llli ! I:enning Trap :
o i |B| = 7.019372 Section Il
Lens <— _i (2016)
Steerer €—— F

| 2016 & 2017:
e 100’s of ions/s

§——— Einzel Lens

— 5 MCP
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Prototype Penning trap commissioned (2016

# Most cylindrical Penning traps have a length-to-radius ratio of [/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

Compensation
b 2. = 71360 mm - je—— 2z, = 167.44 mm

.

B % 4
R i U
e |
- .

os s ~ i/

Y

—

#rs g

=1

fe—— End ——» —»| Ring le— L Gap

z. = 80.00 mm 2z, = 29.17 mm zg = 0.50 mm

M. Mehiman et al., NIMA 712 (2013) 9
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As we wait for RIB, learn to measure masses

# Time-of-flight cyclotron resonance technique magnetron motion f__

*— Dipole radial excitation at f~ = increase magnetron radiys
¥ Quadrupole excitation near f. = increase radial energy ¥/ \_/ \_
%— Eject along field = radial energy converted to axial |

e VR e N
F 3

modified f, \
cyclotron motion (®,) axial motion

1
" f-+fi=fowhere fo= - B

Y

When rf frequency Is in resonance,
lons will end up with more axial
13 | energy and hence a shorter TOF
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Mass measurement of 423Na

# Find resonant frequencies for
23Na and reference 3°K

# Use AME value for 3°K, and
calculate M (%3Na)

#» 20 ms excitation (solid points,
red curve)
= Mdiff = calc—AME
= 2.8 + 2.5 keV
a 0.13 ppm measurement

# 100 ms (open points, blue) |
=>Mdiff= —0.3 + 1.3 keV A AR AR AR D LAA

—150 —100 =50 O 50 100 150 —-100 =50 O 50 100 150

a 0.06 ppm measurement f — 4688700 [Hz] f — 2766450 [Hz]

35 e ey e vy ey ey e by ey by by by e by by

W
o
|

N
o
|

Ion time—of—flight [us]

N
o
|

I
I
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Mass measurement of 423Na

# Find resonant frequencies for

35I....I....I....I....I....I....I....I....I....I....I....I....
23 39 - ] [}
Na and reference K Averagi difference: -—-0.26+0.94 ljeV !
@ Use AME Value for 39K and with M(*Na) = 21414834.3 keV (2016 AME) -
23 : > a 44 ppb measurement
calculate M (*°Na) i
#» 20 ms excitation (solid points,
red Curve) feb—28—2018 o
feb—23-2018 o1
= Mdiff — CaIC_AME nov—27-2017 e "
= 2.8 + 2.5 keV nov-25-2017 -
nov—21-2017 o
a 0.13 ppm measurement nov—8—2017 e
. oct—11-2017 ® i
# 100 ms (Open pOIntS, blue) sep—07-2017 —e—
aug—17-2017 = —
= Mgige = —0.3 £ 1.3 keV aug—02-2017 — 150
a 0.06 ppm measurement T SR '
—20 —10 0 10 20

M__ (®Na*) — AME [keV]

meas

D. Melconian
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About to install the full-sized Penning traE!

2 180 mm in diameter

20Mg 42.7
24Gj 40.8
285 39.7
S2Ar 37.8
36Ca 33.0
40T} 39.9
“8Fe 22.9
- m— - . = 0 0
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Outline

® Introduction

%¥— Testing the standard model via the precision frontier
*— Angular correlations of f decay

® TAMUTRAP

*— Trapping ions at the Cyclotron Institute
*— Commissioning with mass measurement of 22Na

® 3’/K at TRIUMF

% The TRINAT facility
%— Polarizing the cloud
*- Recent measurement of 4

® Future work
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The TRIUMF Neutral Atom Tra

Collection chamber

up to 8 x 107 37’K/s

# Angular correlatlons

of K and Rb isotopes ...,w“""
. s 51— 7]
» Recent result: Ag of 37K TiC target| | 70 pA Zaa N4
1750 °C | | protons cyclot™”
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Isobaric analogue decax of 37K
# Beautiful nucleus to test the standard model:

*— Alkali atom = “easy” to trap with a MOT and polarize with optical pumping
*— Isobaric analogue decay

: : 1.2365(9) s 3/2°
= theoretically clean; recoll-order 7

corrections under control Qrc = 6.14746(23) MeV K BT

%— Lifetime, Q-value and branches & 5 g
. . * .

(i.e. the Ft value) well known S 1.96
‘\ it .

% Strong branch to the g.s. A R 0.95

5/2F 2796 keV e L 207(11)% 3.79

g 6.88

N 7.51

' e o 7.59

VY VvV VY 07.89(11)% 3.66
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Isobaric analogue decax of 3’'K

# Beautiful nucleus to test the standard model:

*— Alkali atom = “easy” to trap with a MOT and polarize with optical pumping
*— Isobaric analogue decay

: : 1.236559! S 352+
= theoretically clean; recoil-order -
corrections under control Qrc = 6.14746(23) MeV K BT
%— Lifetime, Q-value and branches AR 5 g
(i.e. the Ft value) well known TS5 \ /.96
N ole -
¥— Strong branch to the g.s. & 6.35
5/2F 2796 keV e L 207(11)% 3.79
# But there are challenges... i 6.88
P

*%— Can't calculate C,;M .+ to high precision e 701
_ ¥ o 7.89

= need to measure p = CyMgr/Cy Mg

*— Nuclear spin 3/2 = need to polarize

the atoms, and especially know how Yoy vy vy vy  97.89(11)% 3.66

polarized they are (also alignment) 3STAr
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The Ftis measured well enough  (for now)

-

g - ﬁ b I'm, (1 ) pv pﬁ X ﬁv) n alignment

AgL 4+ B, 4D
EE, By 1 ( PEg " VE, = EgE, term

Correlation SM expectation

dW:dWO 1+a

3 — v correlation ag, = 0.6648(18)

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

f asymmetry Ag = —0.5706(7)

v asymmetry B, = —0.7702(18)

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

Currently analyzing data for improving the
branching ratio (which currently limits these predictions)
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The TRINAT Iab gan olde Elcturez

‘ (
. ' rlng Ia.Ser |
% ‘_" = :i ¥y — v e 1 - / ;T

£
o S~

'
4>

. ':" "“ w .

4
e

. 414

<
2 |
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Outline of B asym & polarization measurements

# Not shown:

¥ Recoil MCP detector
Into page

%— Shake-off e~ MCP
out of page
% Hoops for electric field

to collect recoil and
shake-off e~

% The B telescopes
within the re-entrant
flanges (top and bottom)

'tl'" >
R
| ==
g
-

:
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Outline of B asym & polarization measurements

# MOTs provide a source
that Is:
% Cold (~ 1 mK) .,’ ‘ L
% Localized (~ 1 mm3) e —
*— In an open, backing-free
geometry

# Allows us to detect
ﬁ,B and ﬁrec
= deduce p,, =
event-by-event | anti- ’,
; Helmholtz

D. Melconian TAMU 2018



Outline of B asym & polarization measurements
# Optical pumping:
%— Polarized light transfers

ang momentum to atom 3 |
% Nuclear and atomic = =%
spins are coupled - "= 2
%~ Polarize as (cold) atoms 3
expand
g

|

S1/2

i Lll

mp =—2
=I+J
D. Melconian TAMU 2018




Outline of B asym & polarization measurements

Yi/771 V17774

355 nm . g ‘ |

\ ¥ ; L
| OtO‘OO
9\0
@ OV
| . @
; | _I! " = q*!,:l_; /
Y " — -y ‘
-_s -

‘ Helmholtz i
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OEtical Eumging IS fast and efficient!

# NoO 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: <|Pnucl|> =0.9913(9)

10 -
IH/Z / }// /ﬁ/ 7 5

f 8 - I polarized B

~ _ times

*E 6 - HI| N

bl ]

4 - 300 350 400 450 500 —

¥ s |

; S1/2 2

*——— 5 _

mp =—2 —1 O 1 2 = : )
— f_|_ J O _: H ‘ 0000 O R AL ||||||||||||||||||||| [ B TR

1500 2000
weq Off Lus]

0 200 1000

B.Fenker et al, New J. Phys. 18, 073028 (2016) time after MOT B.
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measurement

Eg detectors:
Plastic scintillator

AE; detectors:
Double-sided Si-strip

-

Use all information via

the super-ratio:

1-S(E,)
AObS(Ee) — 1+S(Ee)
rlT(Ee) rzl(Ee)
ri(Ee) 13 (Ee)

with S(E,) =

D. Melconian TAMUZ2028 Am| JEAAS AEM



37K g asymmetry measurement

® Energy spectrum — great agreement with GEANT4 simulations:

_ ‘>‘~i i A { Data i
400 ED,E p Mk b ...!?; CRia
O ° TS T gl Bt T — GEANT4
ﬂ I"% | :l'f.' | | { d ::l:. |b|;|j|. {
. 300 - QI) i 8 { :|:| 1% ! T |(|! -
= % S B NO baCkgrO y
5 2004 T gl SUbtra e nd ; I
8 i ' tract:on: :
100 1 F | ¥2/229 = 1.04 -
i CL = 31% |
5 3 ——— ]+
| o 41—k i _|,J.L..,|..|l|...l.| | L.JI\|,i,|ul_u|iil_H.ILLH.uh ol
o|® S A o™ T T
- -3 — — — — ———
© | | | |
O 0 1 2 3 4 S

Scintillator energy [MeV]
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37K g asymmetry measurement

# Asymmetry as a function of § energy after unblinding
(again, no background subtraction!):

—0.45 - ¢ Data ]
' { bl GEANT4 |

|
O
n
o
|

B super-ratio
asymmetry
|
et
4)
&)
1

|
o
(o)
o
I

~0.00 -
~0.05 -
~0.10

data — G4

0 1 2 3 4 S
Total B kinetic energy [MeV]
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gDominantz Error budget and Aﬁ result

Systematics

Background 1.0014 8x 1074
[ scattering 1.0230 7x 1074
Trap position 4x 104
Trap movement 5x 10~*
AE position cut 4x 10™%
Shake-off e~ TOF region 3x 107*
TOTAL SYSTEMATICS 13x 107*
STATISTICS 13x 10~%
POLARIZATION 5x 107*
TOTAL UNCERTAINTY 19% 10~4
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gDominantz Error budget and Aﬁ result

PHYSICAL REVIEW LETTERS 120, 062502 (2018)

Precision Measurement of the # Asymmetry in Spin-Polarized 3K Decay

B. Fenl(er,l’2 A. Gorelov,3 D. Melconian,l’z‘ﬁ J. A Behr,3 M. Anholm,l4 D. Ashery,5
R. S. Behling,l’ﬁ I. Cuhen,5 I. Craiu:::'u:l,3 G. G‘ui.finner,4 J. I‘vlc:Neil,T’3 M. Mehlman,l’2 K. Ol(:hadns;ki,3
P. D. Shidlin‘g,l S. sz;l,le,3 and C.L. Warner’
ledotmn Institute, Texas A&M University, 3366 TAMU, College Station, Texas 77843-3366, USA

*Department of Physics and Astronomy, Texas A&M University,
4242 TAMU, College Station, Texas 77843-4242, USA

TOTAL SYSTEMATICS 13x 1074
STATISTICS 13x 1074
POLARIZATION 5x 107*
TOTAL UNCERTAINTY 19%x 107

(includes recoil-order

[Agleas — 0 5707(19) cf A,[S3M — —05706(7) corrections, Adg z—0.0028i—f)]
B.Fenker et al, PRL 120, 062502 (2018)
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Intergretation and future prospects

® Comparison of V,4 from: ; | AT
09804 n 2 b

| . o : AT T
¥— Mirror nuclei (including 3/K) 0.978 - (PDG17) 0+ 0+ 3
*— The neutron 0976 - } l 2N a V) mirror 5
. = t--z---------¥_ - - - F--_ _ |___ _ _ e P
¥ Pure Fermi decays ST 0974 FEEEEEEEEEEEEEEEEE ST | 1T
09724 I R I
0.970 A 9N e 37K L
0.968 - (DNPi6) T | P2ep1 :
0 10 20 30 40

A of parent nucleus

B.Fenker et al, PRL 120, 062502 (2018)
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Intergretation and future prospects

# Comparison of V4 from:. . $2
0.980 AT |3
. . g . 37 ; n \ T &>
% Mirror nuclei (including 3’K) "o
*%— The neutron 015 | " contidence |1 1 1 oo o 200
. . 7 Emits | Ei VA ey 0p
%— Pure Fermi decays ] S v !/' ______ N B4, <
_ 7/ Y ¥ —— ®Ne 4 By
# Also other physicsto  _ s = g By 5
— g | i W~ —— pure GT A
. N L i Qo
prObe' 3 0.10 /./"’“\\\\ / iil \\\ K (this work) a
*- Right-handed currents A, ) 2 =
= v 1\ 300 5
7 “ ! \;¥%\\

%— 2" class currents © 0.05 7 / . N 400 N
, / P TNy T S

*%— Scalar & tensor currents | - N - | s00

L~ SM N N
000 L — ===y L L1009
—0.04 —0.02 0.00 0.02 0.04

B.Fenker et al, PRL 120, 062502

(2018)

Mixing angle, ¢
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Future TAMUTRAP Elans

# After gold-coating, we're ready to install the
world’s largest Penning trap
% Test/debug with more mass measurements
% Finalize designs of proton/f detectors

® None of this matters as long as we can’t get
radioactive ions delivered to TAMUTRAP...

%— Designing a gas cell to use the light ion guide

*— Work with the accelerator group to improve K150
performance

*— Thinking about a mass separator for the heavy
lon guide

*— By early next year, trap fission products from 2>2Cf (?)
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Future TRINAT Elans

# Complete analysis as a function of E; = Fierz, 2" class currents
® Improve Az measurement by 3 — 5 X with next run at TRIUMF

0.04 - / ///// ;// / S AP /P
) 0.02 - / /3 "He
Sl e
O S — -
e oo ///////{//<\\\ g
= \ § K
~0.04 - \ -
\ \ o[pp~evX]
s LHC8

—0.06 —0.02 | 002 0.06
(Cs=CYH/C,

PRELIMINARY
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Future TRINAT Elans

# Complete analysis as a function of E; = Fierz, 2" class currents
® Improve Az measurement by 3 — 5 X with next run at TRIUMF

|
0.04 - -
% Technigue demonstrated in 8°Rb L

[Pitcairn et al., PRC 79, 015501 (2009)] o~ 0927 %, Nfuture 14Tev|- (assumes the LHC
: . > NS0 fb7! sees a 20 signal)

*— High statistics measurement! T 0.00- SN\

: T->evy 3
< -0.029 2009 o -

~0.04- Ft[(m/E)] Y -
2016

I I
—0.06 —0.02 I 0.02 0.06
(Cs=Cy)/C,
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Future TRINAT Elans

# Complete analysis as a function of E; = Fierz, 2" class currents
® Improve Az measurement by 3 — 5 X with next run at TRIUMF
® Measure Apecoi) X Ag + B,

1 1

EB > 1 keV

EB > 600 keV
S11s+ER>600keV
7y SM

1
] SIMULATION

¥ Technigue demonstrated in 8°Rb
[Pitcairn et al., PRC 79, 015501 (2009)]

*— High statistics measurement!

» Measure triple-vector (g, X k) - B,
(T-violating) correlation in 3¥8mK

*— Motivated by Gardner and He, PRD
87,116012 (2013) o Effect 250x larger than for the neutron
o Fake final state effect small: 8 x 10™*
o unigue measurement in 1st generation
o 0~0.02 in 1 week
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Like Striari said...

# "And now for something completely different”
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He at UW — CRES technigue

# New Idea: use the Cyclotron Radiation Emission Spectroscopy (CRES)

h . |&d Selected for a Viewpoint in Physics week ending
teC nlque PRL 114, 162501 (2015) PHYSICAL REVIEW LETTERS 24 APRIL 2015
: : £
* PrOJeCt 8 COl Iabora‘“on gets Single-Electron Detection and Spectroscopy via Relativistic Cyclotron Radiation
FWHM . D.M. Asner,' R.F. Bradley,” L. de Viveiros,” P.J. Doe,* I. L. Fernandes," M. Fertl,* E.C. Finn,' J. A. Formaggio.”
— ~ 1 O _3 reSO| utlon for D. Furse.” A.M. Jones.! J.N. Kofron,* B. H. L;lRoquu.j M. Lr\:bur.'3 E.L. McBride,* M. L. Miller," P. Mohanmurthy,”

E B. Monreal,” N. S. Oblath.” R. G. H. Robertson,* L.J Rosenberg.* G. Rybka,* D. Rysewyk.” M. G. Stemberg.*
1. R. TL:LlL'SChi.l T. Thiill]]l]]l.:r.ﬁ B. A. VIII]DL:\"L:I]L'L:F.I and N. L. Woods*

conversion electrons of 18 — 32 keV

Cryocooler Frequency (GHz)
256 25.4 25.2 25.0 24.8
D.SD_' L L} L | L] L] | | ] L L] I 1 1 1 I 1 T
Cryogenic Signal - 600
- > = 0.25|— |
Amplifiers @ -
Q B 500
= - >
5 0.20F )
(=N = = 400
Waveguid g g
aveguide [ a
& 8 015 o 300
& - 1=
o - 3 200
a B o
@ 010
§ : 100
Superconducting O 005
Solenoid Magnet - 301 30.2 303 304 305
D-I I l.ll IIIII 1 L I L1 I L Ll I L 1 I

16 18 20 22 24 26 28 30 32 34
Reconstructed energy (keV)
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SHe at UW — CRES technigue

# Why CRES for °He?

% Measures B energy at creation, before complicated energy-loss mechanisms
*— High resolution allows debugging of systematic uncertainties
%— No background from photon or e scattering R
. E 5
%— °He in gaseous form works well ™2 o S
with the technique 790/ o g
* He lon trap allows sensitivity £ 7o Energy 1056 Via 25
higher than any other proposed - cyclotron rad\at\og_____,_, N
¥ ' & ¢ et Scatter off
Counts needed not a big : ===
demand on running time 5 [
8 7821~ —_—
5 {10
B 780 ——
m + Exin /(8‘_ | | | | |
.l 0 1 - 3 4 5
Initial frequency — E Time (ms) Stolen from A. Esfahani
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Emerging 5He little-b collaboration

W. Byronl, M. Fertll , A. Garcial, B. Graner!, G. Garvey!, M. Guigue?, K.S. Khaw?!, A. Leredde?, D. Melconian?3, P.
Mueller?, N. Oblath*, R.G.H. Robertson?!, G. Rybka!, G. Savard?, D. Stancil®, H.E. Swanson?!, B.A. Vandeevender?, F.
Wietfeldt®, A. Young®

lUniversity of Washington, 2Argonne National Lab, 3Texas A&M, “North Carolina State University, °Pacific Northwest
National Laboratory, °Tulane University

® Phase | proof of principle (next 3 yrs)

%— 2 GHz bandwidth
%— Show detection of cyclotron radiation from ®He
*— Study power distribution
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Emerging 5He little-b collaboration

W. Byronl, M. Fertll , A. Garcial, B. Graner!, G. Garvey!, M. Guigue?, K.S. Khaw?!, A. Leredde?, D. Melconian?3, P.
Mueller?, N. Oblath*, R.G.H. Robertson?!, G. Rybka!, G. Savard?, D. Stancil®, H.E. Swanson?!, B.A. Vandeevender?, F.
Wietfeldt®, A. Young®

lUniversity of Washington, 2Argonne National Lab, 3Texas A&M, “North Carolina State University, °Pacific Northwest
National Laboratory, 6Tulane University

® Phase | proof of principle (next 3 yrs) Hifect ] Y o e
%- 2 GHz bandwidth Wt i Lo |7
%— Show detection of cyclotron radiation from SHe b weertabties | 107 o
*— Study power distribution L

@ Phase Il first measurement (b < 1073) GP-OO“' e,
¥ 6 GHz bandwidth z:o.ooo_

*— SHe and ®Ne measurements ) Ab U0
-0.004 | -

-0.004  0.00 -0.004
(C-CYIC,
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Emerging 5He little-b collaboration

W. Byronl, M. Fertll , A. Garcial, B. Graner!, G. Garvey!, M. Guigue?, K.S. Khaw?!, A. Leredde?, D. Melconian?3, P.
Mueller?, N. Oblath*, R.G.H. Robertson?!, G. Rybka!, G. Savard?, D. Stancil®, H.E. Swanson?!, B.A. Vandeevender?, F.
Wietfeldt®, A. Young®

lUniversity of Washington, 2Argonne National Lab, 3Texas A&M, “North Carolina State University, °Pacific Northwest
National Laboratory, 6Tulane University

® Phase | proof of principle (next 3 yrs) Hifect ] Y o e
¥— 2 GHz bandwidth WAl it e 10 —
¥— Show detection of cyclotron radiation from 6He e e | s -
*— Study power distribution T S R R—

® Phase II: first measurement (b < 1073) GO'OO“' HC ]
¥— 6 GHz bandwidth 5’:0,000 _

% 6He and 1°Ne measurements O

# Phase IlII: ultimate measurement (b < 107%) 0004 7

*— lon trap for no limitation from geometric effect 0004 [CSC'S,S/CA 0.004
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Many thanks to go around!

ﬁ TEXAS A&M

UNIVERSITY

B. Fenker — Programmer analyst at Tessella W 2 am i od | e
S. Behling — Post-doc at PNNL * |
M. Mehlman — Scientist at Exponent (— Google) |

V. Kolhinen 2 TRIUMF o H
P.D. Shidling 1A Beh University

-A. DENr =z 0f Manitoba Tel Aviv UBC| University
D. McClain ’IA'\C(;a'C"IJ M. Anholm University W Cotambia
M. Nasser - Loreiov - .
A Ouretin S Smale G. Gwinner D. Ashery 3. McNeil

B. Schroeder C.L. Warner |. Cohen

Support provided by:
= The DOE and State of Texas
* NSERC, NRC through TRIUMF
= |srael Science Foundation
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