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The History of Neutron Lifetime: PDG compilation
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Beam and Bottle Measurements are
Discrepant.

The discrepancy between beam and bottle
experiments is about 4 standard deviations
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Outline

* Neutron beta-decay for testing the Standard
Model of particle physics?

e How to measure the neutron lifetime?
— The beam method: NIST BL experiments.

— The bottle method (material/magnetic confinements):
* the

* Broader Impact
— Big-Bang Nucleosynthesis




The Standard Model of Particle Physics

THE STANDARD MODEL
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*¥Yet to be confirmed

If the electrons were to feel the strong force, there
would be no chemistry or crystallography or biology
-- only nuclear physics. S. Weinberg

n—p+e+v,+782keV




V 4 for CKM Unitarity Test

f: Phase space factor=1.6886
(Fermi function, nuclear mass, size,
recoil)

1/t,= 1G2|V q|2m 5(1+3g,2)(1+RC)/2n3

From p-decay: 0.6 ppm (MuLan 2011
H y ppm ( ) Marciano & Sirlin, PRL 96, 032002 (2006)

4908.7t1.9s

2
|I/ud | — 7
z-n (gV +3gA)

To be comparable to the theoretical uncertainty: 4 x10%
requires experimental uncertainty: AA/A = 4AN/A < 2 x1073
and At/t =4 x10%.




nuclear neutron nuclear pion
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Nuclear correction

Hardy & Towner, Ann. Phys. 525, 443 (2013)




Determine V 4 from measurements of
T, & G,/G,
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& T, -1.265
A=|G, /G|

-1.26

-1.255

-1.25

0*—>0* nuclear decays:

Vud =0.97425(8),,,(10),,,¢/(18)xc
Neutron:
1,=880.0(0.9) 5

g, = 1.2701(25)

> Vud = 0.9774(5),,,(16) ;2(2)gc

This is 2 o discrepancy between
the neutron and super-allowed
decays.

To bring these two into
agreement, we need

e Shiftg,=1.275

* Oralonger 1,=886s .



The Two Pillars: Beam and Bottle Experiments

NIST beam experiment: t,=(887.7+1.2+1.9)s
Yue et al., Phys. Rev. Lett. 111, 222501 (2013)
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,, ....,‘ neutron bea B Absolute neutron flux must be

mirror trap electrodes door open measured very accurately

{ground)

Gravitrap: 1,=(878.5+0.7 £0.3) s
A. Serebrov et al., Phys. Rev. C 78, 035505 (2008)

Material trap w/frozen Fomblin coating gives a
long storage time.

Some dependence on Monte Carlo to
extrapolate to zero-wall-loss storage time.




The Bottle Method: fill-store-count

Measures the Storage Time
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Material Bottle Experiments

are challenging.
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The most recent result from a material
bottle experiment

Hy=55cm, t =423°C;

Ha=75cm, t =4+23"C;
Hy=75cm, t =-26"C;

S. Arzumanov et al., Phys. Lett. B,
745, 79 (2015)
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Ultra-Cold Neutrons (UCN)

What are UCN ?

Very slow neutrons
(v<8m/s; A>500A4A)

that cannot penetrate into certain material.

 Long storage time
 Low radiation background
* 100% polarization

— Precision measurements




Ultracold Neutrons
* Nuclear force (max: 350neV) ¢ Magnetic force (60neV/T)

High field seeker

 Gravitational force Low field seeker

(100neV/m)
l e, B Low field seekers




The of the UCN<t Apparatus are:

1. Anintrinsically low loss rate and long trap lifetime
- confinement w/ magnetic fields & gravity; no material interaction.

Rapid evolution and mixing of the phase space

- fast removal of quasi-bound neutrons; The neutron population
quickly reach a stochastic distribution.

Phase-space insensitive detection scheme

- Negligible bias on neutron detection efficiency even if the neutron
distribution could evolve between the short and long storage times.

A large neutron statistics for sub-1 sec precision (1 s statistical
uncertainty every few days)

— enable data-driven study of systematic effects: needs a large
volume, high UCN density, and high neutron detection efficiency. ..




UCN<: Magneto-Gravitational Trap

 Magnetic trapping: of permanent magnets along
trap floor repels spin-polarized (low-field seeking) neutrons.

* Control UCN spin-depolarization: arranged on the
toroidal axis generate, throughout the trap, a holding B field
which is perpendicular to the Halbach array field.

PM Array B along I} Guide Coils B along ;

Local Surface Coordinates

Walstrom et al, NIMA, 599, 82 (2009)




Asymmetric Trap induces Phase-Space Mixing”

, together with , enhances state-mixing
between (quasi)-periodic orbits through chaotic motion.

— quick cleaning (~ 10s of seconds) of the ‘quasi-bound” UCN.
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Quasi-bound Neutrons

If the QB neutrons are not sufficiently cleaned, they will leak out of the trap with its
own characteristic time constant tqb. The resulting correction time is:

t2 =2000 s delta t
3.50E+00

t1=200s

g = O 01 3.00E+00

2.50E+00

2.00€+00 To limit At <0.1s for all 7,
1.50E+00 need € < 3e-4

1.00E+00

Correction Time (s)

5.00E-01
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UCN Spectrum
Cleaning

E, . = Eg+ 6neV

=50 neV: trap threshold
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Halbach Array Completion: Dec 2012




Trap Door Actuates without Crashing.

Gap size ~ 0.003".

Continous B fields
prevent the UCN
from leaking through
the gaps.




UCN’C apparatus mstalled at the LANSCE UCN faC|I|ty Feb 2013




The Layout of the UCNt Experiment at LANSCE
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Operation of the UCNt Experiment

“Fill-Store-Count” cycle
1. Fill polarized UCN into the trap

2. Clean the UCN spectrum
3. Store UCN
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Fill-Store-Count: UCN dumped into an external detector
D. Salvat, Phys. Rev. C 89, 052501 (2014)

Example Fill-and-Empty | Tirap = 860 £ 19 5

[\ /DOF=089)]

Store (200

"B counts

time [s]




Fill-Store-Count: neutron hit and activate a V foil

Negative Material Potential Good n Absorber

>2Cr + (0 --2.54 MeV) + v (1.43 MeV)

Plastic Scintillator for ’s
Nal for y’s

(1) V foil lowered into trap from above (~1s)

(2) Remaining UCN are absorbed (~20s for
current small foil)

(3) V foil raised and activity is measured




(betaA + betaB) Singles

Beam On Beam Off
9004
aoof— (1) anti-coincidence
1 w/ other beta

(2) a pulse-height cut

on the beta spec.
(3) Coincidence w/
400 {f “ Nal

Rate [s7]

| | 1 | | | | | | | 1 | | | | | | | | |
0 200 400 600 800 1000
Time [s]

Cut Criteria:

(1) beta event is not coincident with a beta
event in the other detector

(2) beta event pulse-height (460~8000).

(3) beta event is coincident with an Nal
event

(4) Nal event a pulse-height (2500~3500)

(betaA + betaB) Coincidence

S/N=2.28
SB=O.8
8Y=0.3

(betaA + betaB) Coincidence
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Data Analysis on 2014-2015 Dataset

The probability to observe a dataset, (x,y,) , is
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Energy cut on gamma events

load Clean  Absorb Count
1000s

/ BxNal(photopeak)

€=15%

1200 1300 1800 0 s holding time

BxNal(>750 keV)

2000 s holding time €=30%

BxNal(>200 keV)

€=60%

400 L 200 1000

\—Y—)




Neutron Lifetime vs E{fw; Ef;‘9h=1550 keV
Sandwich background subtraction
Trace Sum (200ns-500ns coinc. window)

Trace Sum (1us—1ps coinc. window)

400 600 800 1000 1200
E (keV)

Clean(s)-store(s

100-1200
200-1200
200-2000
200-2000
200-2000
300-2000

1800 1850 1900 1950 2000 2050 2100
Run Number




2015 upgrade: Active in-situ UCN Detectors

—

A 0B/ZnS detector replaces the V-foil, and enables:

— Counting UCNs as they are absorbed (in real time) rather than the delayed
decays of the absorption product.

— Measuring the timing spectrum of UCN absorption, to monitor the possible

phase-space evolution of UCN in the trap. )




10B coated
ZnS for UCN
detection

Thermal evaporation

4He '?

..'_\u @1 DB

w’”fg%

ZnS (Ag)

77i (0.84 MeV) +a (1.47 MeV) + 7(0.48 MeV),

10p ., 1 —>( -
Li (1.02 MeV)+ e (1.78 MeV),

120f ] = Frergs Trobobiie  Rauee
1003_ ] (Label i) (E ~.; "'ulp"» ) (w?) (R, pm)
ot ] a (1) 1.47 94%, 3.35
£ Bar ] a (2) 1.78 6% 4.15
S 6o 1@ L3 0.84 04% 1.78
: : "Li (4) 1.02 6% 2.04
40__ ]
20f _ Z. Wang et al., NIMA 798, 30 (2015).
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The new e Cleaning: Unloading:
dagger at top of trap. Dagger lowered.

detector 10000
works great! | / —151&
1, 1000 | s
A |
100 ; h 10B/ZnS dagger

k7 Wmmmwmmm !

Counts (5

% 1

Pl ' 1000 1200 1400 1600 1800 2000
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5 T Time (s)
o —— Long Holding
< [
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ol Jelayed counting on

; number of UCN.

0.04 —
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UCN Spectrum Cleaning vs

100s -Dagger Cleaning, Background subtracted

Red: long storage
Blue: short storage

I\

" |
%
.
.. |
Ill H] |11_1_|;l {
AL W

|

| I\. L ‘-.1 H |M
il

100 sec cleaning, no dagger clean, bkg subtracted




UCN Spectrum Cleaning vs

100s -Dagger Cleaning, Background subtracted

Red: long storage
Blue: short storage

Neutron phase space distribution
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UCN Spectrum Cleaning vs

200s Clean Short/Long Dip Comparison

Legend

— Long Holding

— Short Holding
Short/Long

T T IIIIIII

—
<
N

T IT IIIIII

ke
O
>
g @

()
N0
T

S

. -

O
Z

=
o
A

M

40 100 120 140

Time after D|p [S]




—
o
ke

Normalized rate

et
=
r

107

Jl1dSc J)d(Ce &Vvd J
Unloading curves after 400s cleaning

. — 10s

i " |—1010s

= iy, M."}; 111

E : ﬁ'ﬁ# T*.I.mjr A

N ! i 8

- i

i i

u | .”ﬁ,

i

—I l 111 | . | [ | 1 1 1 I 1 1 | 11 1 | JN |l
-20 0 20 40 60 80 100 120

Time [s]



Estimate of Systematic Effects

D. Salvat Thesis (2015)

Effect Upper Bound Direction Current Eval. Method of Characterization

residual gas <1 % 10=* + 1meas RGA /cross-section measurements
depolarization e Bl e + cale field map, in situ detection

material loss < 4 x 10 4 calc measure Cu tape loss-per-bounce
cleaning < B210F -+ Si1m vary cleaning time/depth, active cleaner
cleaner reliability <5x10™? + 11l verify position reproducibility
microphonic heating <1x10™4 + sim accelerometer measurements

dead time/pileup <lsie™ + calc pileup ID /artificial dead time

gain drifts S o meas spectral monitoring/gain monitoring
time-dep. background = Bix 10-% = o 1meas background data analysis

phase space evolution LR - o s1m vanadium time studies, active detector
UCN monitoring <3 x10" o+ meas measire monitor response/source stability
total < 1.2%103 + (uncorrelated sum)
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Cosmology: Primordial Nucleosynthesis
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T, & Big-Bang Nucleosynthesis
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BBN: 7, and Y, (primordial “*He abundance)

baryon density (0Lh*
0.01 &

NP‘

Neutrino Number,

— CMB-only |

— CMB+BBN |
| 1 i 1 1 | 1 ! ] 1 | 1 I! 1 1

5.5 B 6.5
Baryon—-to—photon ratio, 10'%xn

baryon-to—photon ratio n

R. H. Cyburt, B.D. Fields, K.A. Olive, T-H Yeh,
arXiv:1505.01076 41




Neutron Lifetime & “He abundance (Y,)

- n=6.10x10-1°
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Summary

 The 2014-2015 data set, measured using the V-foil in-situ neutron
detector, yields a preliminary neutron lifetime between
884.7 + 3.5 s (narrow E cut) to
878.6 £ 3.5 s (wide E cut).
UCN statistics: ~¥20,000 UCN per load (210 cycles of measurements)
Monte-Carlo studies on neutron activated background are underway.

* The systematics appear to be under control to one-second level.

— New 19B/ZnS detector eliminates systematic dependence on Nal gamma ray
detector energy cuts.

— First pass of B field mapping finds no zero-field crossing. Improved mapping
planned.

— Analyzing 2015-2016 data set (sufficient statistics for a 1 s measurement).
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