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@ Motivation - Testing the SM with nuclear
physics
@ TRINAT - TRIUMF’s Neutral Atom Trap

@ Magneto-optical trapping
o Polarization through optical pumping
@ [-detection

@ Polarization measurement

@ B-asymmetry results

@ Interpretation
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Motivation: Fundamental Symmetries

Angular correlations in B-decay are sensitive to new physics
@ 1073 precision constrains SM extensions, while 10~* has
discovery potential v.cirigiiano et al. JHEP 02 (2013) 046
acw G2 Pepycos (Bey) . Me
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Isobaric analogue decay
Mixed Fermi/Gamow-Teller decay

37 37K
= CaMg7/CyME = 0.5768 4+ 0.0021
b aMar /Gy Me Qec = 6.14746(20) MeV
—3/2"
3/2% 3.6018(4)MeV 0.02(1)%
1.93(33) %
5/2+ 2.79615(8)MeV
7/2- 1.61128(5)MeV 25ppm
1/2* 1.40984(7)MeV — 42 pom
97.99(14) %

3/2* GS.

N. Severijns et al., PRC 78, 055501 (2008)
Nuclear Data Sheets 113, 365 (2012) 3/13

J. Jackson et al. PR 106 (1957) 517



Overview

@ Magneto-Optical Trap (MOT)

o Provides a cold (3.8mK), localized (V = 2.3mm?) source of 3K
@ Decay products are unperturbed by the trapping potential

T
Nuiclear Detectors

BC 408

Plastic Scintillator

— Si—strip detector
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Overview

@ Magneto-Optical Trap (MOT)
@ Optical Pumping Polarizes the Atoms
o &% lasers drive biased random walk towards P, = £1

T
Nuiclear Detectors

— Si—strip detector
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Overview

@ Magneto-Optical Trap (MOT)

@ Optical Pumping Polarizes the Atoms
@ Nuclear Detectors
o [-telescopes measure position, energy along polarization axis

e

Nugclear Detectors

— Si—strip detector
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Overview

@ Magneto-Optical Trap (MOT)
@ Optical Pumping Polarizes the Atoms

@ Nuclear Detectors
@ Microchannel plate detectors
o Detect low-energy charged products (e, 3’ Art, 37K )

BC 408

Plastic Scintillator

— Si—strip detector
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Photoions monitor trap parameters

@ Polarized measurements must be done with MOT off
@ With MOT off, cloud expands; alternate counting/trapping
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Polarization Results

@ Initial alignment models MOT distribution of atoms
@ Results are 11 x more precise than previous work
@ Polarization uncertainty will not limit measurement

(|P|) = 0.9913 +0.0009

@ Details presented last session by J. A. Behr

AP [x1074

Source JR 67Cu: LTNO, T, =6sto 11s

Systematics t1/2 =61.83h

Initial alignment 3 3 G. Soti et al. PRC 90, 035502 (2014)

Global fit vs. average 2 2

Uncertainty on s§'" T2 n (PERKEOII): P = 0.997 4 0.001

Cloud temperature 2 0.5 D. Mund et al. PRL 110, 172502 (2013)

Binning 1 1

Uncertainty in B, 0.5 3 .

Initial polarization 0.1 0.1 n (UCNA) P =0.993+£0.003

Require Iy — I 01 01 M. Mendenhall et al. PRC 87, 032501(R) (2013)

Total systematic 5 5
Statistics 7 6 @ Nuclear alignment also:

, (T) = —0.9767 +0.0025

Total uncertainty 9 8




Polarization Results

@ Initial alignment models MOT distribution of atoms
@ Results are 11 x more precise than previous work
@ Polarization uncertainty will not limit measurement

(|P|) = 0.9913 +0.0009

@ Details presented last session by J. A. Behr

New J. Phys. 18 (2016) 073028 doi:10.1088 /1367-2630/ 18/7/07 3028
H Published in partaership
New Journal of Physics Al inahe opaatesre

IO Institute of Physics | Gesellschatt and the Institute

The open access journal at the forefront of physics .
of Physics

PAPER

Precision measurement ofthe nuclear polarization in laser-cooled,
optically pumped 3K
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Plastic Scintillators

@ B"-decay — Background of 511keV ys
@ Calibrate to sum of two spectrum: ys and s
@ Include resolution of detectors and use linear calibration

= T T T 10-1 E T T 3
8 [|<—Pedestal ] > b 3
= Setst 1 S Yy ]
= 10° || Compton edge Entries: 559729 : = 102 . B 1
Q F ] ~ E
5] r < 1 2 ]
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g f ] S ]
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Z 107 E A 10k E
; r Background ] i 1
< [ ‘ ) [l 1
m 1 L L L L L L 10,5 T B FERTERTE WO BT
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ADC Value Scintillator energy [keV]
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Plastic Scintillators

@ B"-decay — Background of 511keV ys
@ Calibrate to sum of two spectrum: ys and s

@ Include resolution of detectors and use linear calibration
Energy [keV]
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i Data w/ BB1 coinc.
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@ Two detectors & polarization states reduce syst. uncertainties
@ Calculate asymmetry using all the information (super-ratio):
ri (Ee)rs (Ee)
" (Ee)ry (Ee)
@ Accounts for different detector efficiencies, trap loading

@ Including effects of off-center trapped atoms

3 | 3 [ ™
= 1200F 2% 1200F Lower 3
< o o I ]
2 1000f ; 2 1000f --- f-er
=] [ =] [ ' 1
3 [+ . H ] 3 [ H ]
S soof i ! i 4 S soof .

600F | | Lo 600f- 1 ]

400}

H ! ! L] H ! ! AT
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Scintillator Energy [keV] Scintillator Energy [keV]




@ Compare data to GEANT4 simulation — accounts for scattering
@ Calculate %2 with a range for values of axial-vector component
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@ Result has dAg/Ag = 0.26 % statistical uncert.
@ Energy dependence is sensitive to S and T currents (in



Background correction

BT-decay leaves nucleus with 1 extra, unbound e~
This shakeoff electron is accelerated onto MCP, detected
@ Provides tag for events decaying from the optical-pumping region

e ©

@ S/Nis390: 1
@ %7K escaping
the OP region?

Background
region

Counts /0.5 ns
Background region

@ Asym. of bkg.
unknown

80 100
SOE time-of-flight [ns]

Average of Ay = 0.0 and Ay = Ag gives |Ag — A‘éh*\ = 0.0007 £0.0007
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Result & Other Systematics

@ Background correction uncertainty is largest systematic
@ Uncert. with ¥ — relates to B -scattering
@ Uncert. in red — is greater than 0.1 %

Source

Correction  AAg [x107%]

Systematics
Background
Trap parameters
Position
Sail velocity
Temperatue & width

Thresholds
BB1 Radius’
BB1 Energy agreement
BB1 threshold
Scintillator threshold

GEANT4 physics list"
Shakeoff electon t.o.f. region

Geometry definition
SiC mirror thickness’
Be window thickness”
BB1 thickness’

Scintillator or summed?

Scintillator calibration

Total systematics
Statistics
Polarization

Total uncertainty

1.0007 7

AB = —0.5707£0.0018
AgM = —0.5706 4 0.0007

With r.o.c.:

AgM = —0.5715+0.0007

@ 0.35% measurement
@ Smallest rel. uncert. for AB

@ Including neutron meas.

Systematics studied:

@ Position of atoms
@ [-scattering
@ Analysis choices
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Minimally L — R symmetric model

@ Coupling constants identical g, = gr
@ CKM matrices identical V;; = V]!
@ AtL=0,m=mg> 300GeV (90% C.L)

@ u-decay Michel parameters:

— K(Behlm 2015)| Behling 2015

ass

B 0'25* —— Pol. PP, N
E . S mp > 592GeV
£ oaf 3 —0.020 < { < 0.017

“© sk E};f:::g?lé) 3 o Oees— = —hoo E.J. F. Bueno et al. PRD 84 (2011) 032005
r ) = @ Direct production (LHC)
0.1 K projected\ | e WO
o Kprojeeted \ ] s mp > 3.6TeV
o~ v ;, NS ] CMS Collaboration Eur. J. Phys. C 74 (2014) 3149
0.05 Lioo

: ) 60 @ [-decay limits competitive in
8 o et SN N T moregenera| models

-0.15 -0.1 -0.05 005 0.1 0.15

Standard Mode C [radians] ® e0.9r>0L
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Ag = —0.5707 +0.0018 in *’K is best relative uncertainty to-date
Polarization measured to < 10~* and does not limit measurement
Article in preparation
Result is among best nuclear limits on mass of W coupling to
right-handed v: mg > 297 GeV
Energy dependence probes scalar, tensor currents
Overall result provides measurement of % ty

o Extract V4 and test CVC complementary to pure-Fermi decays

6 66 6 ¢

e ¢

7200 T T T T

Fty =6158.9+17.5s

Fty[s]

7000
X2/4 = 0.60
6800
6600

6400

| |

6200

F T v
6000 [~ %

il

1 ! ! ! ! ! ! ! ! ! 1
18 20 22 24 26 28 30 32 34 36 38
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GEANT4 simulations

T 229 um thick
BC 408 Be foil
Light L -
Scintillator (anti)

'[Z 11111 Helmholtz
X o
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‘ S
& ‘ g4z | | e
213 =
5 HE (&)
2 w 218 NN D
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GEANT4 simulations

@ Backscattered events hit two Si-detector pixels B
C FT T T = ]
o = p
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% i —u=— Data (B) Lower - L
= 0.07 —o— Simulation Upper — —
L E —&— Simulation Lower = o
EC» 0.06 o — L —
& 005 S = ©
‘S 00af- = —
2 ool E £
3 e E 3
m 0.02f— = N
E g, =
0.01 ﬂ% —=
= | | | 6 =
© 3 e ‘ ‘ E
= 2
£
%) L
s
<] =
S 3

1000 2000 3000 4000 5000
Scintillator Energy [keV]

@ Reproduces backscattered fraction to within 1.5% 1513



Vg In mirror decays

@ Can assume SM currents, interpret as:

p:

CaMar _ 577 4-0.006

CyMg

@ With Gamow-Teller component accounted for, measure:

VK =0.9741+0.0027

- _
2 0.99F
> 9;
0.98F
o —
0971
F V,y=0.9726+0.0015
0.96F X4 =047 This work
0.95F

Lo b b b a b a I
18 20 22 24 26 28

ol b b L b
30 32 34 36 38
Mass Number

Pure-Fermi decays:
Vg = 0.97417 £0.00021

All mixed decays:
Vg =0.9726 £0.0015
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Polarization results

2 e Polarized for fop +100ps  x*/1752=068 1, §
S E P 7 =
53 S5 SF 31 . ~N
g = SE Jo.s —0.8 ‘2
= 4B e Zo.6 m =
Q - 3 3 -

=2 F 2E o+ Joe &£
E 3 15 0 : H0.2 b

~ - o) 0 .

w = 300 320 340 360 380 400 —o.4

= 2B ,

o - ]

.2 E .

2 1 0.2

=]

<

A~ o0 0

200 400 600 800 1000 1200 1400 1600 1800
Time since MOT off [ s]

Parameter o ot
Misaligned field, By [mG] 124(8)
Average S/N 4.7(6)
Laser intensity [W/m?] 2.33(19) 2.26(13)
Nuclear polarization —0.9912(7) +0.9913(6)
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HEX75 position cuts

@ Can reduce background by requiring e~ position as expected
@ Low eMCP efficiency — events below threshold — no position

info

| - T A0
@ F T T T A é =
[Te) 104j —e— No position cut - c ]
=) E E o b
~ L —e— HEX75 Position Cut ] = -
2 r ) @ 3

5 10 ER
o E E N o
102§ 3 2
10 3 E
1i\q 1 1 7:
0 10 20 30 40 50 60 70 .

SOE time-of-flight [ns] - OX;DO .?0 (EO 4]0
osition [mm
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HEX75 position cuts

@ Can reduce background by requiring e~ position as expected
@ Low eMCP efficiency — events below threshold — no position
info

40

o e
10'F H ’W‘ E
@ Increases S/N to 670 (x1.7), reduces correction
@ Low DLA efficiency removes (possibly) good events

@ Increases statistical uncertainty
@ Result (Ag = —0.5727 - 0.0024) is consistent with no cut
@ Larger total uncertainty

pn [mm]
w
=

0.5 ns

) 20 TN I R E i S
0 10 20 30 40 50 60 70 40, s 5 ]
SOE time-of-flight [ns] -40 -30 -20 -10 0 10 20 30 40

X Position [mm]
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Blind analysis

@ Artificially bias B-asymmetry to minimize experimenter’s bias
@ Once all analysis cuts, correction are finalized: remove bias

@ Results shown are un-blinded

FE Code R Analyzer

?) >

|
|
|
|
I
|
|
|

v

Cull Data
Blindly —  f----
Asymmetrically
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Optical Pumping

@ Stretched state has F = 2, Mg = 2 or equivalently I, = 3, J, = 1
@ Zeeman sublevels feel B, = 2G along quantization axis

@ Stretched state corresponds to atomic and nuclear polarization
@ Photoionization is a monitor of excited state population

@ Use this to monitor trap size, position, temperature, polarization

355 nm light

° } E—field
. F=2 -—
| I R [Tl K+
L X N N Note:
weweo | S F=i+J
l 1 l

F——2 F—--1 F-0 F
Angular Momentum F,
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Optical Pumping

@ Stretched state has F = 2, Mg = 2 or equivalently I, = 3, J, = 1
@ Zeeman sublevels feel B, = 2G along quantization axis

@ Stretched state corresponds to atomic and nuclear polarization
@ Photoionization is a monitor of excited state population

@ Use this to monitor trap size, position, temperature, polarization

E-field
a
E —e K+
Optical Pumpin|
Light Note:
- F=T+J
Repump |

Angular Momentum F,
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Optical Pumping

@ Stretched state has F = 2, Mg = 2 or equivalently I, = 3, J, = 1
@ Zeeman sublevels feel B, = 2G along quantization axis

@ Stretched state corresponds to atomic and nuclear polarization
@ Photoionization is a monitor of excited state population

@ Use this to monitor trap size, position, temperature, polarization

Energy

355 nm light

! | L |
F=-1 F=0 F=

Angular Momentum F,

E—field
—e K+
Note:
F=T1+J
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Theoretical Model

@ Time evolution of the density matrix
@ Spontaneous decay added phenomenologically

RO — 112 (t),p(1)]+R(t)

s3 parameterizes quality of light’s circular polarization

sin

UHV Viewport
An=(—6+2)x10°°

1=

0.8 Nuclear Polarization

®

06 : / s=0998

! 83=0970

Nuclear Polarization

04

4 s
Total Py, population (Arb. units)

02

o

Py /2 Population

0

80
. . Pumping Time [us]
SiC Mirror - -
Sé" Laser port sy 3
An=(-2+1)x107° o Upper —0.9980(4) —0.9958(8)
Lower —0.9990(10) —0.9984(13)
C. Warner et al. RSI 85 11 (2014) ot Upper 0.9931(9) 0.9893(14)

P. Tremblay and C. Jacques PRA 41 4989 Lower 0.9997(3) 0.9994(5) 21/13




Theoretical Model

@ Time evolution of the density matrix
@ Spontaneous decay added phenomenologically

RO — 112 (t),p(1)]+R(t)

Transverse magnetic field

Atoms in the stretched state precess to
other ground states

B= B+ B2
Hg =15 o
Hp, = grugBxFx = grugBx 5 —

F. Renzoni et al. PRA 63 (2001) 0653401
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Theoretical Model

@ Time evolution of the density matrix
@ Spontaneous decay added phenomenologically

RO — 112 (t),p(1)]+R(t)

@ Coherent Population Trapping
@ Atoms are not available to be photoionized but not fully polarized

@ Narrow resonances are avoided in experiment

Resonant Magnetic Field [G]
2.6 2.8

1416 18 2 22 24
g £ T T T T T T T
5 05 17Vg. =850 1.0KHz

£ 04 FWHM =19 4kHz

&

T 03

0.2
0.1

O | | | |
40 60 80 100

120
. -254.013 MHz [kHz] 21/13




Why 37K?

@ Atomic structure allows for laser-trapping AND optical pumping
@ Isobaric analogue decay simplifies nuclear structure corrections
@ Strong branch to ground state is a very clean decay

o "= %Jr — %Jr is a mixed Fermi-Gamow Teller decay

Aty /5 = 0.08% o MIRROR .
(Shidling et al. 2014) 18419 SOSISIM 1oK1s
ABR =0.14% 32+

AQgc = 0.003%

2.07% Qec = 3.4 MeV
5/2+ B*

97.89% Qgc = 6.1 MeV

3/2+
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Why 37K?

@ Atomic structure allows for laser-trapping AND optical pumping

@ Isobaric analogue decay simplifies nuclear structure corrections

@ Strong branch to ground state is a very clean decay
o f= %Jr — %Jr is a mixed Fermi-Gamow Teller decay

Aty /5 = 0.08% o MIRROR .
(Shidling et al. 2014) 18419 SOSISIM 1oK1s
ABR =0.14% 32+

AQgc =0.003%

2.07% Qgc = 3.4 MeV

AFt=0.18% 52+
Ap =0.4%

0, —
3/2+ 97.89% Qec = 6.1 MeV

— AAB = 0.12%

B+
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Magneto-optical trapping

® px > py — cycling transition: S; /> <> P2
@ Red-detuned lasers provides drag/cooling potential: Fr—v

—

@ Quadrupole B-field + 6+ light — confining potential: F /= —7
@ Alternating current (AC) trap allows quick shutoff of magnetic field

/ M, =+3/2

M= +1/2

)
— T M)=-1/2
A o
wL; \M&:—S/Z
ot ; o

: _  My=+1)2
B My=—1/2

Position
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Magneto-optical trapping

® px > py — cycling transition: S; /> <> P2

@ Red-detuned lasers provides drag/cooling potential: Fr—v

@ Quadrupole B-field + 6= light — confining potential: F ~ —7

@ Alternating current (AC) trap allows quick shutoff of magnetic field

Polarization

Magnetic Field

Time [1]
2

M. Harvey and A. J. Murray PRL 101 (2008) 173201
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Preliminary Results

Therefore, perform global fit

Transverse field (B,) common to all: 124(8) mG
o~ Polarization State o Polarization State

S/Ny = 4.7(6)

Counts / 2.0ps
o = e e

=

S/Ng = 4(1)

Counts / 1.0ps
T

E S/N¢ = 6(3) L
= u
P
‘é‘ L
3 -
o
oLl L1 1 LAl 0unng [1 1 [ 1 |"|nnd 1l
LI S/Np = 4.6(7)
2
£ 5
2
&)
0
s 8F
=
S 6fF
=
< 4f
£ 2
2 0 1
5 200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800 24/13



Si-Strip (BB1) Detectors

STRIP_UX 30
STRIP_UX 30
= T T T =L T T TEnties 60
1096 waveforms Mean 2087
LRl 17.21

TTTTT [ TTIT [T ITT[TIoT[TTTH

OFFTTT[TTTT

40

350

@ Waveform digitized at sampling speed of 16.7ns
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Si-Strip (BB1) Detectors

Energy [keV]
* 0 190 290 390 490 590 690 790
E 5 Slope [chan/keV] = 0.411 +/- 0.002
8 10 Resolution [keV] = 10.5 +/- 0.5
O Gauss center [chan] = 12.900
750 — e 1 04 Gauss sigma [chan] = 4.130
I J Gauss rel. amplitude = 0.110 +/- 0.008
F 1096 wavefol 3 Noise offset [chan] = 1.83 +/- 0.02
700— 10 Noise width = 2.27 +/- 0.01
E Noise rel. amplitude = 7.3 +/- 0.1
GEU; 1 02
- 10 Mg
550/—
EEUE— P 110’wwAlAAAAlAAAAlAAAlAAAAl
= % £ O?ﬂnﬁ e a Ve Y VT PR N E
4508 > 10; T W 5 E
ook § 0 50 100 150 200 250 300
= ~ ADC Channel
B [T . .
@ 160 channels are calibrated independently
@ Waveform digitized at sampling speed of 16.7ns
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Si-Strip (BB1) Detectors

Y Ene

gy keY]

(e
=)

300

200

100

L — T T .\ TR TR T .J:

2

00 300 400 500
X2 Energy [keV]

@ Can check X-y energy agreement

Energy [keV]
490 590 690 790

pe [chan/keV] = 0.411 +/- 0.002
lesolution [keV] = 10.5 +/- 0.5
jauss center [chan] = 12.900
[Gauss sigma [chan] = 4.130

s rel. amplitude = 0.110 +/- 0.008
ise offset [chan] = 1.83 +/- 0.02
Noise width = 2.27 +/- 0.01

lise rel. amplitude = 7.3 +/- 0.1

(0] 200 250 300
ADC Channel

ted independently

ns
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Si-Strip (BB1) Detectors

_ - T T T T T T T T F ==l T T T TZT M-‘ | Il AVal [
200 0P
._‘ﬁ‘ - . E »‘ l‘-\.\-\--‘-\.-\.\-l-‘-\.-\.\--\-L\.-\.\--\-L\--\.\--\"i TTTT ‘ TTTT ‘ TTTT ‘ TTTTT]T L
> i % L 60 keV threshold
2400~ o 1007+ ]
s | o L
LT 80;5 — Data ]
300 B
s [ — Simulation (Geant4)
i 60} y
200~ i
I 40 .
1002 i
- 20% ]
L ; L1l ‘ L1l ‘ I L1l I ‘ ekl ‘ el ‘ Ll ‘ L \A

0
N 50 100 150200250300 350400450500
R “ Lower BB1 Energy [keV]
@ Can check X-y energy a

— @ Good agreement with simulation
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Photoionization Events

BC408 Plastic Scintillator

Wt

— Silicon Strip Detector

Nuclear polarization

K+ @ Monitor of trap
Photoelectron e~ .//—> position, size,
rMCP

temperature
eMCP

@ Ultra-clean measure of

355 nm light E nuclear polarization P
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Vi

uncertainty

0t— ot

neutron

mirror
nuclei

pion

0.978

0.976 A

0.974 -

0.972 A1

0.970

-

0.002 +

0.001 -

0.000 -

. Experimental

Nuclear

correction

Measure Vg4 with mirror nuclei
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TRINAT’s x2-MOT System

@ Collection trap is coupled to TRIUMF-ISAC beam line

@ Transfer atoms to second trap for precision measurement

Collection chamber Detection chamber
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Correlation measurements with polarized nuclei

LTNO . .
Optical Pumping

Stern-Gerlach "

@ Brute-force

w ;

alignment of .
; @ State selection;
nuclear spin @ Physically .
separate very high P
@ P calculated .

. polarized atoms @ Open geometry
knowing the i minimizes
temperature @ Very high back .

o Backscatteri polarization, but ackscattering
acxscattering inefficient @ Must measure

from source At
polarization
holder 29/13



	Appendix

