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Neutron Beta-decay
• Types of Lorentz-invariant couplings

– P is small for non-relativistic particles
– S, V: Fermi transition (∆J=0)
– A, T: Gamow-Teller transition (∆J=±1,0)
– No evidence of S and T.
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Parity violation: 
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Mirror Symmetry is Broken!
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Girl before a mirror, Picasso
1932



6

P451, Modern Physics Lab Course, Indiana University -- Bloomington



Lawrence M. Langer
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(1914--2000)
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Asymmetry in angular correlations

0,
31

1
2

2

=
+
−

= ba
λ
λ

2

2

2

2

31
2,

31
2

λ
λλ

λ
λλ

+
−

=
+
+

−= BA

Yerozolimsky, NIMA 2000

In SM, V-A interaction
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Vud for CKM Unitarity Test

To be comparable to the theoretical uncertainty: 4 ×10-4,

requires experimental uncertainty: ∆A/A = 4∆λ/λ < 2 ×10-3

and ∆τ/τ = 4 ×10-4.
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From µ-decay: 0.6 ppm (MuLan 2011)

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

Marciano & Sirlin, PRL 96, 032002 (2006)
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Hardy & Towner, Ann. Phys. 525, 443 (2013)

Vud
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0+0+ nuclear decays:
Vud =0.97425(8)exp(10)nucl(18)RC

Neutron:
τn = 880.0(0.9) s
gA = 1.2701(25) 
 Vud = 0.9774(5)τn(16)gA(2)RC

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

To bring these  two into 
agreement, we need
• Shift gA = 1.275
• Or a longer  τn=886 s

Vud : τn & GA/GV

R. Pattie Thesis (2012)

τn=886 s (NIST beam lifetime)



Present

• Neutron lifetime measurements disagree.
• Neutron asymmetry measurements disagree.
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The History of Neutron Lifetime Measurement
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PDG average

Experiments

PDG 2004-2010:  885.7 ± 0.8 s
PDG 2011:  881.0 ± 1.5 s
PDG 2013:            880.0 ± 0.9 s
PDG 2014: 880.3 ± 1.1 s

Solid circle: beam
Open square: bottle



Discrepancy: Beam vs Bottle
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Future

• Resolve the Neutron lifetime discrepancy.
• Resolve the Neutron A measurement.
• Improve both to 1e-4 level of precision.
• BSM searches

– By testing the V-A structure.
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Neutron Lifetime

The Two Pillars: Beam vs Bottle Techniques
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The Beam Method
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The NIST Beam Lifetime Experiment 
(BL1, BL2)
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• A quasi-penning trap electrostatically traps decay protons, which are guided 
to detector via a B field, when the door electrodes are lowered to the 
ground potential.

• Neutron monitor measures incident neutron rate by counting n+6Li α+t.
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Andrew Yue, UT Ph.D. thesis (2013), Advisor: Geoff Greene
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The Bottle Method: fill-store-count
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Measures the Storage Time
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Material Bottle Experiments

Dubbers & Schmidt , Rev. Mod. Phys., 83, 1111 (2011)

A. Serebrov et al., Phys. Rev. C 78, 
035505 (2008)



UCNτ: Magneto-Gravitational Trap
• Magnetic trapping: Halbach array of permanent magnets along 

trap floor repels spin polarized neutrons.

• Minimize UCN spin-depolarization loss: EM Coils arranged on the 
toroidal axis generates holding B field throughout the trap 
(perpendicular to the Halbach array field).

Walstrom et al, NIMA, 599, 82 (2009)
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Halbach Array Completion: Dec 2012

First UCN storage, D. Salvat, Phys. Rev. C 89, 052501 (2014)



2015 upgrade: “Active” in-situ UCN Detectors

V-foil replaced with a 10B/ZnS detector
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7Li
4He

7Li+4He

n + 10B  7Li  + α

Z. Wang et al., NIMA 798, 30 (2015).
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Estimate of Systematic Effects
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D. Salvat Thesis (2015)
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Penelope experiment under 
development

• Superconducting multipole
– Field zero in center eliminated by 

inner conductors
• Filled with UCN from FRM-2 

through gap in bottom
• Decay products detected at 

top, guided by field lines
• Spectrum cleaned using 

absorber lowered from top
• Magnet now under construction

1.2 m



Neutron Lifetime & 4He abundance (Yp)
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-R. H. Cyburt, B.D. Fields, K.A. Olive, T-H Yeh, Rev. 
Mod. Phys. 88, 015004 (2016); arXiv:1505.01076
- L. Salvati et al. JCAP 1603 (2016) no.03, 055; 
arXiv:1507.07243

BBN

Astrophysical Observations
CMB
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Principle of the A-coefficient 
Measurement (and B and C as well)

B fieldDetector 1 Detector 2

Polarized neutron Decay electron

θβ cos
)()(
)()()(
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n

e
θ

dW=[1+βPAcosθ]dΓ(E)



38



39



40



41

PERC is the next generation
• Proton Electron Radiation Channel
• 8 m flight path maximizes statistics
• 6 T field pinch minimizes backscatter, field inhomogeneity 

effects
• To be installed in flight path at FRM-2
• All systematics expected to be O(10-4)

D. Dubbers et al., NIM A 596, 238 (2008)
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UCNA Experiment
Neutron Absorber

Field Expansion Region

Decay Trap Window 4.5 m



PMT

PMT

43

Assembled 
Detector 
Package



UCNA in analysis

UCNA next step

UCNA 2013

Perkeo II

Much of remaining uncertainty caused by discrepancy: precise UCNA result will overcome this

Mendenhall, 2013



UCNA Error Budget Over Time
Corr. +/-
Uncertainty (%)

Mendenhall
(2013)

2011-13 data: In 
analysis

Next Step Source of 
improvement

Statistics +/- 0.46 +/- 0.40 +/- 0.28 Decay rate!

Depolarization +0.67 +/- 0.56 +0.67 +/- 0.1 +0.1 +/- 0.05 Shutter+ ex situ

Backscatter +1.36 +/- 0.34 +0.5 +/- 0.15 +0.5 +/- 0.15 Thin windows

Angle effect -1.21 +/- 0.30 -0.8 +/- 0.2 -0.8 +/- 0.1 Windows+APD

Energy 
Reconstruction

+/- 0.31 +/- 0.43 +/- 0.08 Xenon + LED

Total Sys. +/- 0.82 +/- 0.5 +/- 0.22

Total +/- 0.94 +/- 0.66 +/- 0.35

Statistics: 0.28% requires 150x106 raw decays
@100 Hz, 50% duty factor, requires 13 weekends, or ~one full run cycle
(But could be split over multiple cycles)  
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SM

1σ,2σ,3
σ

excluded

allowed 

Reach for new physics

• A single parameter yields λ, 
multiple measurements yield Vud
and beyond

• CKM unitarity
– Do neutrons and superallowed beta 

decays agree?

• Search for right-handed currents  
(250 GeV limit from n decay)

• Scalar and tensor couplings from B
and b
– Cirigliano 2012

1222 =++ ubusud VVV

Holeczek et al., Acta Phys.Polon. B42 (2011) 2493-2499
arxiv 1303.5295 (2013)
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