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Neutron Beta Decay Correlations
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Along with the neutron lifetime, neutron beta decay correlations provide
input into standard model→ Vud and CKM unitarity (quark mixing)
• Sensitively tests the standard model! Is there additional physics?

• Different correlations provide multiple checks with different systematics

Correlations are all related to a single parameter in the SM: λ = GA
GV
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Neutron decay rate: Γ = 1/τn ∝ |Vud |2G2
F (1 + 3|λ|2)

CKM Matrix (strength of the flavor-changing weak interaction): d ′
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Free neutron beta decay rate

dw
dEedΩedΩν

' peEe(E0 − Ee)2

×
[

1 + a
~pe · ~pν
EeEν

+ b
me

Ee
+ 〈~σn〉 ·

(
A
~pe

Ee
+ B

~pν
Eν

)
+ . . .

]
where in SM:

a =
1− |λ|2

1 + 3|λ|2
A = −2

|λ|2 + Re(λ)

1 + 3|λ|2

B = 2
|λ|2 − Re(λ)

1 + 3|λ|2
λ =

GA

GV
(with τn ⇒ CKM Vud )

Un-polarized

Neutron decay rate: Γ = 1/τn ∝ |Vud |2|gV |2G2
F (1 + 3|λ|2)

Measurements of a, A, B contain different systematics, independent
determinations of λ
Fierz interf. term b adds sensitivity to non-SM processes! (b = 0 in SM)
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Status of λ and Vud in n decay: CKM Unitarity?

Data + new theoretical radiative
corrections generate some
tension with CKM Unitarity

New physics at the TeV level?
∆λ/λ = 3×10−4 and τn = 0.3 s
for neutrons to competitively test
CKM

Nab will measure
∆a

a
' 10−3

and ∆b ' 3× 10−3
1.29− 1.28− 1.27− 1.26−

V
 / g

A
 = gλ

0.96

0.965

0.97

0.975

0.98

ud
V

CKM unitarity
 Transitions+ 0+0

 (A) PERKEOIII+UCNAλ
 (a) aSPECTλ
 Nab reachλ

beamτ

bottleτ

Independent measurements of λ are necessary in order to entangle Vud

from the neutron lifetime, 1/τn ∝ |Vud |2|gV |2G2
F (1 + 3|λ|2)

Nab+pNab⇒ several independent ∼ 0.03% determinations of λ
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Nab: How do we determine “a”?

p 
n 

e- 

eν

θeν

the angular decay rate w ∝ 1 + aβcos θeν

Conservation of momentum in n beta decay results in:

~pp + ~pe + ~pν = 0 , p2
p = p2

e + 2pepν cos θeν + p2
ν .

Neglecting proton recoil energy, Ee + Eν = E0, we can see

cos θeν =
1
2

[
p2

p − (2E2
e + E2

0 − 2E0Ee)

Ee(E0 − Ee)

]
.

cos θeν is uniquely determined by measuring Ee and pp.
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Neutron beta decay phase space: determination of a
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Multiple measurements of a for each Ee slice
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Nab spectrometer and measurement

In order to extract pp practically within
Nab, we use a long spectrometer that
measures tp to determine pp

Detect electrons directly, in
upper or lower Si detector→ Ee

Detect protons, after acceleration, in
upper Si detectors→ tp determine pp

A complex magneto-electrostatic apparatus is
required to guide particles (nearly) adiabatically
to detectors.

David Mathews
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Nab spectrometer and measurement: Si detectors

15 cm diameter, full thickness: 2 mm

127 pixels, dead layer ≤100 nm

Energy resolution a few keV, 10 keV
proton threshold

Initial protons and radioactive source data at University of Manitoba

Jin Ha Choi, Leendert Hayen, Nick Macsi, David Mathews, Leah Broussard, others!
See D. Mathews’ and L. Christie’s talk next!
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How do we collect low energy protons? Max energy 800 eV

A strong magnetic filter accepts
protons with a narrow upward
cone cos(θ0,min) > 0.7

Proton Trajectory

Magnetic Field
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⇒ longitudinalize ~p early,
followed by a long drift path!
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�
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How do we relate proton momentum pp to time of flight tp?

Proton time of flight in B field:

tp = L
mp

pp
, but...

L depends on point at birth and the
direction of momentum and field!

cos θp,0 =
~pp0 · ~B
pp0B

∣∣∣∣∣
decay pt.

.

For an adiabatically expanding field,

tp =
mp

pp

∫ l

z0

dz√
1− B(z)

B0
sin2 θp,0 + q(V(z)−V0)

Ep0

Geant4 simulation:
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Nab systematic uncertainties

Experimental parameter (∆a/a)SYST

Magnetic field: curvature at pinch 5.3 × 10−4

ratio rB = BTOF/B0 2.2 × 10−4

ratio rB,DV = BDV/B0 1.8 × 10−4

LTOF, length of TOF region fit parameter
U inhomogeneity: in decay / filter region 5 × 10−4

in TOF region 2.2 × 10−4

Neutron Beam: position 1.7 × 10−4

width 2.5 × 10−4

Doppler effect small
unwanted beam polarization 1 × 10−4

Adiabaticity of proton motion 1 × 10−4

Detector effects: Ee calibration 2 × 10−4

shape of Ee response 4.4 × 10−4

Proton trigger efficiency 3.4 × 10−4

TOF shift (∆tp) 3 × 10−4

TOF in acceleration region relectrodes (prelim) 3 × 10−4

electron TOF analytic correction small
Accidental coincidences/Background small
Residual gas P < 2 × 10−9 (prelim) 3.8 × 10−4

Sum 1.2 × 10−3
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The Nab Magnet on the FNPB at the SNS

Spectrometer first mounted on the beamline in 2018 Shielding and stairs to upper detector in 2019
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Nab Spectrometer Magnet
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Magnet has been characterized

Stability and Hysteresis

A mode to operate the field has
been established

Modest requirement of <1×10−3

relative change in the magnetic
field over time
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Electrode Installation
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Electrode Installation

Uniform electrostatic potential is
needed to reconstruct pp from tp!
knowledge of potential difference
between the decay volume and filter to
10 mV→ fulfilled!

PRELIMINARY

Beam view

Bottom view
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Detector Installation

Successful ramp to 30 kV late August!
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Detector Installation

HV box and upper detector mount installed installed
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Beamline Installation

spin flipper
radioactive source 
insertion system

get lost tube
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Nab Summary

Nab offers an independent
measurement of λ = gA/gV with
competitive precision

Commissioning underway,
systematic studies and production
next

See ML.00002 (D. Mathews),
ML.00003 (L, Christie), ML.00004
(M. Gervais) next!
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