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 The emiT Experiment: A Search for Time-reversal Violation in 
Polarized Neutron Beta Decay



• The observed matter - antimatter asymmetry indicates the existence of CP violation (and 
corresponding T-violation) perhaps arising from non-SM interactions.

- Left-Right Symmetric
- Exotic Fermion
- Leptoquark

• Yet In the Standard Model the size of measured CP and T violating effects imply 
extremely tiny (non-observable) T violating effects in nuclear beta decay.

• T violating contributions to beta decay can arise from
- Parity violating, Time reversal violating N-N interactions
- Parity conserving, Time reversal violating N-N interactions
- Time reversal violating charged current quark-lepton interactions

Hence searches for T violation in nuclear beta decay have the potential to be sensitive to 
interactions beyond the SM.
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 Time Reversal Violation in Nuclear Beta Decay



In the Standard Model,               ,                , and others are zero,
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We can write out a general Hamiltonian:
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and the Ci are real if T is a good symmetry.
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 Generalized Beta Decay

T-odd (P-even) 
triple correlation:
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19Ne  ~ 2.6 × 10-4 p/pmax

Not quite T reversal; Initial and final states are not reversed: final state interactions

➋   |Df.s.| ~ 2 x 10-5

T-odd, P-even

	
 Polarized Neutron Decay (Time Reversal-Motion Reversal)

~ -0.1 ~ -0.1 ~1.0
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Super-symmetry
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Theory D
1.  Kobayashi-Maskawa Phase <  10-12

2.  Theta-QCD <  10-14

3.  Supersymmetry ≤  10-7 – 10-6

4.  Left-Right Symmetry ≤  10-5 – 10-4

5.  Exotic Fermion ≤  10-5 – 10-4

6.  Leptoquark present limit

Table 1.  Constraints on D based on other T-odd observables.
Limits 2-5 are from EDM measurements in mercury

Constraints on D based on other T-
odd observables}

	
 Possible Sources of T Violation



• Combine T-odd combinations of 
   three kinematic variables

• Require competing amplitudes with a  relative phase

• Must account for final state effects
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Rσ n • σ e × pe( )Dσ n • pe × pν( )

8Li
R = (0.9 ± 2.2) × 10-3                                J. Sromicki et al. Phys Rev. Lett. 82 57 (1999)

19Ne
D = (1 ± 6) × 10-4                                      F. Calaprice, in Hyperfine Interactions (Springer,
                                                                                                   Netherlands,1985), Vol. 22 

neutron
R = (8 ± 15(stat.) ± 5(syst.)) x 10-3          Kozela et al. Phys. Rev. Lett. 102 172301 (2009) 
D = (-2.8 ± 7.1) × 10-4                            T. Soldner et al. Phys. Lett. B 581 (2004)
D = (-6 ± 12(stat.) ± 5(syst.)) x 10-4        emiT I Phys. Rev. C 62 055501 (2000)
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 Beta Decay Tests of T-Invariance
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FIG. 1: A schematic of the emiT detector illustrating the alternating electron and proton detector segments. The darker
shaded proton detectors indicate the the paired-ring at z = ±10 cm. The cross section view illustrates, in a greatly exaggerated
manner, the effect of the magnetic field on the particle trajectories and average opening angle. A P2E3 coincidence event is
shown.

FIG. 2: Intensity log plot of SBD-scintillator coincidence data
showing proton energy vs delay time. Events near ∆t = 0
are prompt coincidences due primarily to beam-related back-
grounds.

thickness is sufficient to stop electrons at the decay end-

point energy of 782 keV. The proton and beta detectors

were periodically calibrated in situ with gamma and beta

sources respectively. Details of the apparatus are pre-

sented elsewhere [8, 15, 17].

Data were acquired in a series of runs from October

2002 through December 2003. Typical count rates were

3 s−1 and 100 s−1 for single proton and beta detectors,

respectively, while the coincidence rate for the entire ar-

ray was typically 25 s−1. Of the raw events, 12% were

eliminated by filtering on various operational parameters

(e.g. coil currents) and by requiring equal counting time

in each spin-flip state. A beta-energy software threshold

of 90 keV eliminated detection efficiency drifts due to

changes in PMT gain coupled with the hardware thresh-

old. This was the largest single cut, eliminating 14% of

the raw events. A requirement that a single beta be de-

tected in coincidence with each proton eliminated 7% of

events. All cuts were varied to test for systematic effects.

The remaining coincidence events were divided into

two timing windows, a preprompt window from -12.3 µs

to -0.75 µs that was used to determine the background

from random coincidences, and the decay window from

-0.5 µs to 6.0 µs as shown in Fig. 2. The recoil proton

with an endpoint of 750 eV is, on average, delayed by

∼ 0.5 µs. The average signal-to-background was ∼ 30/1.

The energy-loss spectrum produced by minimum ionizing

particles in 300 µm of silicon is peaked at approximately

100 keV and, being well separated from the proton en-

ergy spectrum, yielded an estimated contamination be-

low 0.1%. The final data set consisted of approximately

300 million accepted coincidence events.

A detailed Monte Carlo simulation was used to esti-

mate a number of systematic effects. The program Pene-
lope [18], which has been tested against data in a variety

of circumstances of relevance to neutron decay [19], was

embedded within a custom tracking code. All surfaces

visible to decay particles were included. The Monte Carlo

was based on the measured beam distribution upstream

and downstream of the fiducial volume [15] and incorpo-

rated the magnetic field and electron energy threshold.

A separate Monte Carlo using the package SIMION [20]

with the detailed geometry of the proton cells was devel-

oped to model the proton detection response function.

Achieving the desired sensitivity to D in the presence

of the much larger spin-asymmetries due to A and B
depends critically on the measurement symmetry. To the

extent that this symmetry is broken, corrections must be

applied to the measured result. These corrections are

listed in Table I and are discussed below. To extract D,

coincident events are first combined into approximately

efficiency-independent asymmetries

wpiej =
N

piej

+ −N
piej

−
N

piej

+ + N
piej

−
, (2)

where N
piej

+ is the integrated number of coincident events

in proton detector pi = 1...64, beta detector ej = 1...4,

with neutron spin + (−) aligned (anti-aligned) with the

guide field. For uniform polarization, P, the asymme-

tries, wpiej , can be written in terms of decay correlations

as
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FIG. 2: Intensity log plot of SBD-scintillator coincidence data
showing proton energy vs delay time. Events near ∆t = 0
are prompt coincidences due primarily to beam-related back-
grounds.

thickness is sufficient to stop electrons at the decay end-

point energy of 782 keV. The proton and beta detectors

were periodically calibrated in situ with gamma and beta

sources respectively. Details of the apparatus are pre-

sented elsewhere [8, 15, 17].

Data were acquired in a series of runs from October

2002 through December 2003. Typical count rates were

3 s−1 and 100 s−1 for single proton and beta detectors,

respectively, while the coincidence rate for the entire ar-

ray was typically 25 s−1. Of the raw events, 12% were

eliminated by filtering on various operational parameters

(e.g. coil currents) and by requiring equal counting time

in each spin-flip state. A beta-energy software threshold

of 90 keV eliminated detection efficiency drifts due to

changes in PMT gain coupled with the hardware thresh-

old. This was the largest single cut, eliminating 14% of

the raw events. A requirement that a single beta be de-

tected in coincidence with each proton eliminated 7% of

events. All cuts were varied to test for systematic effects.

The remaining coincidence events were divided into

two timing windows, a preprompt window from -12.3 µs

to -0.75 µs that was used to determine the background

from random coincidences, and the decay window from

-0.5 µs to 6.0 µs as shown in Fig. 2. The recoil proton

with an endpoint of 750 eV is, on average, delayed by

∼ 0.5 µs. The average signal-to-background was ∼ 30/1.

The energy-loss spectrum produced by minimum ionizing

particles in 300 µm of silicon is peaked at approximately

100 keV and, being well separated from the proton en-

ergy spectrum, yielded an estimated contamination be-

low 0.1%. The final data set consisted of approximately

300 million accepted coincidence events.

A detailed Monte Carlo simulation was used to esti-

mate a number of systematic effects. The program Pene-
lope [18], which has been tested against data in a variety

of circumstances of relevance to neutron decay [19], was

embedded within a custom tracking code. All surfaces

visible to decay particles were included. The Monte Carlo

was based on the measured beam distribution upstream

and downstream of the fiducial volume [15] and incorpo-

rated the magnetic field and electron energy threshold.

A separate Monte Carlo using the package SIMION [20]

with the detailed geometry of the proton cells was devel-

oped to model the proton detection response function.

Achieving the desired sensitivity to D in the presence

of the much larger spin-asymmetries due to A and B
depends critically on the measurement symmetry. To the

extent that this symmetry is broken, corrections must be

applied to the measured result. These corrections are

listed in Table I and are discussed below. To extract D,

coincident events are first combined into approximately

efficiency-independent asymmetries
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−
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where N
piej

+ is the integrated number of coincident events

in proton detector pi = 1...64, beta detector ej = 1...4,

with neutron spin + (−) aligned (anti-aligned) with the

guide field. For uniform polarization, P, the asymme-

tries, wpiej , can be written in terms of decay correlations

as
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• Symmetrical, segmented detector to minimize sensitivity 
to A and B, investigate nonuniformities & systematic 
effects 

• Detector geometry to maximize sensitivity to 
Proton and electron momenta anti-correlated, 
maximized at 180. 

Dσ n • pe × pν( )

Contribution to the D Term for 
events with                         > 0

Electron-Proton Angle      , (degrees)

Sin 

emiT gained a factor of three increase in “effective” 
beam flux over previous “right angle” geometry beam 
experiments

γep

γep

σn · (pe × pp)

  Difficulties
• proton endpoint 750 eV  (requires acceleration)
• Neutron lifetime  (requires intense source)
• Uniform magnetic guide fields

	
 Experimental Technique

Sin γep
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Grad. coils

Fluxgates

	
 Neutron Spin Transport

(current sheet) 

(polarize n’s by magnetic component in scattering)

•  High continuous neutron flux (1.7 x 108 cm-2 s-1 at “C2”) fission chamber measurement

•  560 µT guide field, monitored during run

•  Beam profile at 3 positions via Dysprosium foil activation

•  Polarization measured with supermirror analyzer flipping ratio measurement
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• 0.1 ns timing resolution  (Pulse arrival time may be used to determine position)

• Thresholds (35-50 keV)  (Software cut on geometric mean)

• Resolution ~18% at 1 MeV

• Cosmic ray muons deposit ~ 1.42 MeV   (well separated)

• Overall rate 300 s-1 per paddle (Signal to accidental ~ 1 to 1)
  

	
 emiT Detector: Beta Detectors (4 panels and support hardware)
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Focusing efficiency reaches 90% 
(Voltage Dependent)

Required detector area reduced by ~ 80% 

• 20 μg Au (less energy loss)
• 300 mm2 active area
• 300 μm depletion depth
• Room temperature leakage current ~ μA

Surface barrier detectors

	
 emiT Detector: Proton Paddle Assembly

Focusing Cells

Ep < 750 eV

-28 kV

Gnd
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Focusing Cells

Ep < 750 eV

-28 kV

Gnd

	
 emiT Detector: Proton Paddle Assembly
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FIG. 1: A schematic of the emiT detector illustrating the alternating electron and proton detector segments. The darker
shaded proton detectors indicate the the paired-ring at z = ±10 cm. The cross section view illustrates, in a greatly exaggerated
manner, the effect of the magnetic field on the particle trajectories and average opening angle. A P2E3 coincidence event is
shown.

FIG. 2: Intensity log plot of SBD-scintillator coincidence data
showing proton energy vs delay time. Events near ∆t = 0
are prompt coincidences due primarily to beam-related back-
grounds.

thickness is sufficient to stop electrons at the decay end-

point energy of 782 keV. The proton and beta detectors

were periodically calibrated in situ with gamma and beta

sources respectively. Details of the apparatus are pre-

sented elsewhere [8, 15, 17].

Data were acquired in a series of runs from October

2002 through December 2003. Typical count rates were

3 s−1 and 100 s−1 for single proton and beta detectors,

respectively, while the coincidence rate for the entire ar-

ray was typically 25 s−1. Of the raw events, 12% were

eliminated by filtering on various operational parameters

(e.g. coil currents) and by requiring equal counting time

in each spin-flip state. A beta-energy software threshold

of 90 keV eliminated detection efficiency drifts due to

changes in PMT gain coupled with the hardware thresh-

old. This was the largest single cut, eliminating 14% of

the raw events. A requirement that a single beta be de-

tected in coincidence with each proton eliminated 7% of

events. All cuts were varied to test for systematic effects.

The remaining coincidence events were divided into

two timing windows, a preprompt window from -12.3 µs

to -0.75 µs that was used to determine the background

from random coincidences, and the decay window from

-0.5 µs to 6.0 µs as shown in Fig. 2. The recoil proton

with an endpoint of 750 eV is, on average, delayed by

∼ 0.5 µs. The average signal-to-background was ∼ 30/1.

The energy-loss spectrum produced by minimum ionizing

particles in 300 µm of silicon is peaked at approximately

100 keV and, being well separated from the proton en-

ergy spectrum, yielded an estimated contamination be-

low 0.1%. The final data set consisted of approximately

300 million accepted coincidence events.

A detailed Monte Carlo simulation was used to esti-

mate a number of systematic effects. The program Pene-
lope [18], which has been tested against data in a variety

of circumstances of relevance to neutron decay [19], was

embedded within a custom tracking code. All surfaces

visible to decay particles were included. The Monte Carlo

was based on the measured beam distribution upstream

and downstream of the fiducial volume [15] and incorpo-

rated the magnetic field and electron energy threshold.

A separate Monte Carlo using the package SIMION [20]

with the detailed geometry of the proton cells was devel-

oped to model the proton detection response function.

Achieving the desired sensitivity to D in the presence

of the much larger spin-asymmetries due to A and B
depends critically on the measurement symmetry. To the

extent that this symmetry is broken, corrections must be

applied to the measured result. These corrections are

listed in Table I and are discussed below. To extract D,

coincident events are first combined into approximately

efficiency-independent asymmetries

wpiej =
N

piej

+ −N
piej

−
N

piej

+ + N
piej

−
, (2)

where N
piej

+ is the integrated number of coincident events

in proton detector pi = 1...64, beta detector ej = 1...4,

with neutron spin + (−) aligned (anti-aligned) with the

guide field. For uniform polarization, P, the asymme-

tries, wpiej , can be written in terms of decay correlations

as

• 3 Hz singles per proton 
Surface Barrier detector

• 0.55 Average coincidence 
rate per pair

• 25 Hz average coincidence 
rate

• S:B = 30:1 (after filter)

12

Filtering and cuts:

12% - Data collected with acceptable operational parameters (magnetic fields, currents, spin state, ...)

14% - β-energy threshold set to 90 keV, to minimize detection efficiency drifts arising from PMT gain drifts

7%   - Require single β detector in coincidence with single proton event

Final data set ~ 300 million accepted coincidence events.

	
 Coincidence Events & Filtering



For a symmetric uniform detector,

Define a parameter,

w
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N
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+ − N
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N
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21 July 2011emiT – Search for T-violation 13

Efficiency independent ratio,

w is sensitive to D, but also to A, B

Instrumental constant

∝

∫
pe × pp

EeEp

dΩadΩ2dVbeam

	
 emiT “Blind” Extraction of D
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ẑz 

P1

E 1

E 1

FIG. 1: A schematic of the emiT detector illustrating the alternating electron and proton detector segments. The darker
shaded proton detectors indicate the the paired-ring at z = ±10 cm. The cross section view illustrates, in a greatly exaggerated
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FIG. 2: Intensity log plot of SBD-scintillator coincidence data
showing proton energy vs delay time. Events near ∆t = 0
are prompt coincidences due primarily to beam-related back-
grounds.

thickness is sufficient to stop electrons at the decay end-

point energy of 782 keV. The proton and beta detectors

were periodically calibrated in situ with gamma and beta

sources respectively. Details of the apparatus are pre-

sented elsewhere [8, 15, 17].

Data were acquired in a series of runs from October

2002 through December 2003. Typical count rates were

3 s−1 and 100 s−1 for single proton and beta detectors,

respectively, while the coincidence rate for the entire ar-

ray was typically 25 s−1. Of the raw events, 12% were

eliminated by filtering on various operational parameters

(e.g. coil currents) and by requiring equal counting time

in each spin-flip state. A beta-energy software threshold

of 90 keV eliminated detection efficiency drifts due to

changes in PMT gain coupled with the hardware thresh-

old. This was the largest single cut, eliminating 14% of

the raw events. A requirement that a single beta be de-

tected in coincidence with each proton eliminated 7% of

events. All cuts were varied to test for systematic effects.

The remaining coincidence events were divided into

two timing windows, a preprompt window from -12.3 µs

to -0.75 µs that was used to determine the background

from random coincidences, and the decay window from

-0.5 µs to 6.0 µs as shown in Fig. 2. The recoil proton

with an endpoint of 750 eV is, on average, delayed by

∼ 0.5 µs. The average signal-to-background was ∼ 30/1.

The energy-loss spectrum produced by minimum ionizing

particles in 300 µm of silicon is peaked at approximately

100 keV and, being well separated from the proton en-

ergy spectrum, yielded an estimated contamination be-

low 0.1%. The final data set consisted of approximately

300 million accepted coincidence events.

A detailed Monte Carlo simulation was used to esti-

mate a number of systematic effects. The program Pene-
lope [18], which has been tested against data in a variety

of circumstances of relevance to neutron decay [19], was

embedded within a custom tracking code. All surfaces

visible to decay particles were included. The Monte Carlo

was based on the measured beam distribution upstream

and downstream of the fiducial volume [15] and incorpo-

rated the magnetic field and electron energy threshold.

A separate Monte Carlo using the package SIMION [20]

with the detailed geometry of the proton cells was devel-

oped to model the proton detection response function.

Achieving the desired sensitivity to D in the presence

of the much larger spin-asymmetries due to A and B
depends critically on the measurement symmetry. To the

extent that this symmetry is broken, corrections must be

applied to the measured result. These corrections are

listed in Table I and are discussed below. To extract D,

coincident events are first combined into approximately

efficiency-independent asymmetries

wpiej =
N
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+ −N
piej

−
N

piej

+ + N
piej

−
, (2)

where N
piej

+ is the integrated number of coincident events

in proton detector pi = 1...64, beta detector ej = 1...4,

with neutron spin + (−) aligned (anti-aligned) with the

guide field. For uniform polarization, P, the asymme-

tries, wpiej , can be written in terms of decay correlations

as
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FIG. 2: Intensity log plot of SBD-scintillator coincidence data
showing proton energy vs delay time. Events near ∆t = 0
are prompt coincidences due primarily to beam-related back-
grounds.

thickness is sufficient to stop electrons at the decay end-

point energy of 782 keV. The proton and beta detectors

were periodically calibrated in situ with gamma and beta

sources respectively. Details of the apparatus are pre-

sented elsewhere [8, 15, 17].

Data were acquired in a series of runs from October

2002 through December 2003. Typical count rates were

3 s−1 and 100 s−1 for single proton and beta detectors,

respectively, while the coincidence rate for the entire ar-

ray was typically 25 s−1. Of the raw events, 12% were

eliminated by filtering on various operational parameters

(e.g. coil currents) and by requiring equal counting time

in each spin-flip state. A beta-energy software threshold

of 90 keV eliminated detection efficiency drifts due to

changes in PMT gain coupled with the hardware thresh-

old. This was the largest single cut, eliminating 14% of

the raw events. A requirement that a single beta be de-

tected in coincidence with each proton eliminated 7% of

events. All cuts were varied to test for systematic effects.

The remaining coincidence events were divided into

two timing windows, a preprompt window from -12.3 µs

to -0.75 µs that was used to determine the background

from random coincidences, and the decay window from

-0.5 µs to 6.0 µs as shown in Fig. 2. The recoil proton

with an endpoint of 750 eV is, on average, delayed by

∼ 0.5 µs. The average signal-to-background was ∼ 30/1.

The energy-loss spectrum produced by minimum ionizing

particles in 300 µm of silicon is peaked at approximately

100 keV and, being well separated from the proton en-

ergy spectrum, yielded an estimated contamination be-

low 0.1%. The final data set consisted of approximately

300 million accepted coincidence events.

A detailed Monte Carlo simulation was used to esti-

mate a number of systematic effects. The program Pene-
lope [18], which has been tested against data in a variety

of circumstances of relevance to neutron decay [19], was

embedded within a custom tracking code. All surfaces

visible to decay particles were included. The Monte Carlo

was based on the measured beam distribution upstream

and downstream of the fiducial volume [15] and incorpo-

rated the magnetic field and electron energy threshold.

A separate Monte Carlo using the package SIMION [20]

with the detailed geometry of the proton cells was devel-

oped to model the proton detection response function.

Achieving the desired sensitivity to D in the presence

of the much larger spin-asymmetries due to A and B
depends critically on the measurement symmetry. To the

extent that this symmetry is broken, corrections must be

applied to the measured result. These corrections are

listed in Table I and are discussed below. To extract D,

coincident events are first combined into approximately

efficiency-independent asymmetries

wpiej =
N

piej

+ −N
piej

−
N

piej

+ + N
piej

−
, (2)

where N
piej

+ is the integrated number of coincident events

in proton detector pi = 1...64, beta detector ej = 1...4,

with neutron spin + (−) aligned (anti-aligned) with the

guide field. For uniform polarization, P, the asymme-

tries, wpiej , can be written in terms of decay correlations

as
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The weighted average of the 4 paired rings,                                          χ2 = 0.73 (3 DOF) 

Apply corrections yielding the final result;

Calculate v for “paired rings” : the average of the values of v from the 
sixteen proton-cells at the same |z|, i.e. ±2, ±6, ±10, ±14 cm

Duncor = 0.72± 1.89

D = (−0.96± 1.89(stat)± 1.01(sys))× 10−4

φAV = 180.013° ± 0.028° 

D̃ =
v̄

P K̄D
K̄ D = 0.378 = ẑ ·

 
K̃pi eR

D − K̃pi eL

D
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 emiT: Final Result (Accepted to PRL, arXiv: 1104.2778  )
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3

wpiej ≈ P · (AK̃piej

A + BK̃piej

B + DK̃piej

D ), (3)

where the K’s are obtained from Eqn. 1 by integrat-

ing the normalized kinematic terms over the phase space

of the decay, the neutron beam volume, and the accep-

tance of the indicated detectors [8]. K̃A ∝ �pe/Ee� and

K̃B ∝ �pν/Eν� are primarily transverse to the detector

axis but have roughly equal longitudinal components for

coincidence events involving the two beta detectors op-

posite from the indicated proton detector; E1 and E2 for

the decay shown in Fig. 1. The K̃D’s, however, are pri-

marily along the detector axis and are opposite in sign for

the two beta detectors. Thus for each proton detector we

can choose an appropriate combination of detector pairs

that is sensitive to the D-correlation but that largely can-

cels the parity-violating A and B correlations. One such

combination is

vpi =
1

2
(wpieR − wpieL), (4)

where eR and eL label the electron-detector at approxi-

mately 135◦ giving a positive and negative cross-product

pp × pe respectively; P2E3 vs P2E2 as shown in Fig. 1.

Proton cells at the detector ends accept decays with

larger longitudinal components of K̃A and are more sen-

sitive to a range of effects that break the detector sym-

metry. We therefore define v̄ as the average of the values

of v from the sixteen proton-cells at the same |z|, i.e. ±2,

±6, ±10, and ±14 cm. Each set of detectors corresponds

to paired-rings with the same symmetry as the full de-

tector, e.g. the shaded detectors in Fig. 1. We then have

D̃ =
v̄

P K̄D
, (5)

where K̄D = 0.378 is the average of ẑ · (K̃pieR

D − K̃pieL

D )

determined by Monte Carlo and D̃ indicates that this

is the measured value. The experiment provides four

independent measurements corresponding to each of the

four paired-rings.

Eqn. 5 is based on the following: 1) accurate back-

ground corrections, 2) uniform proton and electron detec-

tion efficiencies, 3) cylindrical symmetry of the neutron

beam and polarization, and 4) accurate determination of

K̄D, P , and spin state.

Backgrounds not properly accounted for contribute

two systematic errors: 1) multiplicative errors due to di-

lution of the asymmetries, and 2) spin-dependent back-

grounds that can lead to a false D. Errors in background

subtraction, as well as possible spin-dependent asymme-

tries in this background, have a small effect. The mul-

tiplicative correction to the value of w due to backscat-

tered electrons was determined using the Monte Carlo.

TABLE I: Systematic corrections and combined standard un-
certainties (68% confidence level). Values should be multi-
plied by 10−4.

Source Correction Uncertainty

Background asymmetry 0a 0.30
Background subtraction 0.03 0.003
Electron backscattering 0.11 0.03
Proton backscattering 0a 0.03
Beta threshold 0.04 0.10
Proton threshold −0.29 0.41
Beam expansion, magnetic field −1.50 0.40
Polarization non-uniformity 0a 0.10
ATP - misalignment −0.07 0.72
ATP - Twist 0a 0.24
Spin-correlated fluxb 0a 3× 10−6

Spin-correlated pol. 0a 5× 10−4

Polarizationc 0.04d

K̄D
c 0.03

Total systematic corrections −1.68 1.01

a Zero indicates no correction applied. b Includes spin-flip
time, cycle asymmetry, and flux variation. c Included in the
definition of D̃. d Assumed polarization uncertainty of 5%

The uncertainty given in Table I reflects the 20% un-

certainty assigned to the backscattering fractions due to

limitations of the detector and beam model and due to

limited knowledge of backscattering at energies below a

few hundred keV. Proton backscattering, though observ-

able, produces a negligible effect on D̃.

In principle, the values of w are independent of the

absolute efficiencies of the proton and electron detectors;

however, they do depend on any energy dependence of

the efficiencies through the factors �pe/Ee�. Spatial vari-

ation of the efficiencies breaks the symmetry assumed in

combining proton-cell data into paired-rings. Beta en-

ergy thresholds were observed to vary less than 20 keV

across the detector, implying the almost negligible cor-

rection given in Table I. Proton detector efficiency varia-

tions however, were more significant. Lower energy pro-

ton thresholds varied across the detector and over the

course of the experiment. These thresholds combined

with the spin-dependence of the accelerated proton en-

ergy spectra can result in a significant error in the value

of w, though the effect on the the value of vpi is largely

mitigated because the low-energy portion of the proton

energy spectrum is roughly the same for the eR and

eL coincidence pairs. To estimate the proton-threshold-

nonuniformity effect on D̃, spin-dependent proton energy

spectra were generated by Monte Carlo for all proton-

detector-electron-detector pairings and convoluted with

model detector response functions based on fits to the

average proton-SBD spectra. The average fit parame-

ters were varied over a range characteristic of the ob-

served variations during the run. Representative thresh-

olds were then applied to determine the effect on the D̃.

a Zero indicates no correction applied.
b Includes spin-flip time, cycle asymmetry, and flux 
variation.

c Included in the definition of ~D.
d Assumed polarization uncertainty of 
5%
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 emiT II: Summary of Systematic Effects
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 Proton Threshold Effect

Largely Cancels in v - correction: (-0.29±0.41)x10-4 (MC and fits to spectra)
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Shift of 159 eV

v
a2,b1

= PDK̃
a2

D · ẑ

v
a2,b1 =

1

2
(wa2

− w
b1)

With a threshold of 23 keV
wfalse = 0.008
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1

b

2

a

dc

43

Contribution to the D Term for events 
with                            > 0

Electron-Proton Angle      ,      (degrees)

Sin γep

γep

σn · (pe × pp)

B
Solution: Detailed Monte Carlo.

Magnetic field  changes e-p angular acceptance. 
Expansion changes average.

Aσn ·

pe

Ee

17

	
 Systematics: Effect of Guide Field
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1

b

2

a

dc

43

B
Solution: Detailed Monte Carlo.

Magnetic field  changes e-p angular acceptance. 
Expansion changes average.

Aσn ·

pe

Ee

Correction from Monte Carlo: (-1.5±0.4)x10-4 
18

	
 Systematics: Effect of Guide Field

Beam shape, etc...
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 NCNR Expansion

• Major systematics
Beam expansion/mangetic field: reduce field
ATP error also limited by beam shape

AFP spin flipper
3He Polarizer

Proton threshold requires detetector/electronics improvement

• The new NGC beam line could provide a factor of ~10 increase in neutron flux 
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 Time Reversal Invariance: emiT III ?

 ➋   Leptoquarks/Exotic Fermions/L-R symmetry + Scalar and Tensor Currents

Current apparatus could reach 2-3 x 10-5 with simple upgrades
"  ➊   Leptoquarks (Exotic Fermions/L-R symmetry?)

In principle one could measure the FSE
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Systematics: Measured Intensity Distribution (Tilt ATP)
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piej

D
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Systematics: Measured Intensity Distribution (Tilt ATP)
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Systematics: Measured Intensity Distribution (Tilt ATP)
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Two perpendicular 
asymmetries do not 
cancel

Dfalse ≠ 0Monte Carlo
15 mrad polarization tilt,
 beam displacement  5mm:
 Dfalse ~ 1×10-4
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Systematics: Measured Intensity Distribution (Tilt ATP)
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Intensity

Dysprosium foil activated by the beam
•Cross hair (Cadmium wire) is chamber axis
• Intensity plot linear over 4 orders of 

magnitude.
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φ degrees

v̄ = (3.2 ± 1.4) × 10−3

φ = (0.1 ± 0.2)◦
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Systematics: effect of guide field

25

1

b

2

a

dc

43

Contribution to the D Term for 
events with                            > 0

Electron-Proton Angle      , (degrees)

Sin γep

γep

σn · (pe × pp)

B

But we still have problems.....

Solution: Detailed Monte Carlo.


