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Symmetries........

Continuous symmetries
« Translation / Rotation (lead to conservation laws)

Discrete symmetries
« Parity (Inversion of coordinates)

« Charge conjugation (particles to anti-particles)
- Time reversal

Ve

Time reversal exchanges initial and final
states, but also complex conjugates

TFOT™ = f*(-1)

p,x] = —1ih
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SYmmetric

Continuous symmetries
« Translation / Rotation (lead to conservation laws)

Discrete symmetries
* Parity (Inversion of coordinates)

« Charge conjugation (particles to anti-particles)
- Time reversal

- Strong and electromagnetic interactions both conserve C, P, and T

» Weak interaction violates C and P, but what about combinations?
* No observed violation of CPT to date
* In 1964 CP violation observed in neutral kaons

- CP violation directly observed in kaon decay
(KTeV 1999 and NA48 1999)

« CP violation observed in the decay neutral B mesons

{

4 )

Time reversal exchanges initial and final
states, but also complex conjugates

TFOT™ = f*(-1)

All consistent with a phase in the quark
mixing matrix, i.e consistent with the
Standard Model

(Belle and BaBar Collaborations, PRL 2001) -

So this is the end of the story..... By
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- Baryon asymmetry
- Cosmic rays give (p/p) ~ 10-4
- No evidence of gammas from antiproton annihilation

A baryon asymmetry requires:
- lack of thermal equilibrium
- baryon number violation
- CP violation
(If we assume CPT, T violation is implied by CP violation)

- However, the Standard model is MANY orders of magnitude to small !!
(In the quark sector)




Baryon A C and a b DI€

- Baryon asymmetry implies C, CP (or T) violation.
but SM CP violation is MANY orders of mag. too small.

« No strong 1st order phase transition in SM.

* Neutrino mass??

So while the Standard Model is pretty darn good, isn’t complete.

« Adding new physics will generally add phases and so interference
effects can produce T violation.

There must be additional CP violation. . .
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Electric Dipole Moment (EDM) Experiments

Electron <1.6x 1027 e-cm B. C. Reagan et al.
Neutron <2.9x 102% e.cm C. A. Baker et al.
Hg <21 x 1028 e.cm?? M. V. Romalis et al.

« often make use of combinations of three kinematic variables

* require competing amplitudes with a relative phase

Kaon Decay
Hyperon Decay

Ternary Fission

Nuclear Beta Decay Experiments Lo,e ( p, X Pv) Ro o (Ge X pe) Do, e (pe X pv)
8L R=(09+22)x 103 J. Sromicki et al.
19Ne D=(4+8)x 10 A. L. Hallin et al.
Neutron D=-(2.8+7.1)x 107 T. Soldner et al. Phys. Lett. B 581 (2004)

D = (-0.6 + 1.2(stat.) = 0.5(syst.)) x 10°  emiT | Phys. Rev. C 62 055501 (2000)



Rolakized Neutron Decay

dE.dQ.dQ,




Rolakized Neutron Decay

dw B e " Pv e Dy Pe X Dv
JEaa.dq, ~ ) (1 l@EeE,, Ton (@% + TP, ))

Measurable & non-zero




Rolakized Neutron Decay

dE.dQ.dQ,

Measurable & non-zero T-0dd, P-even

O D=-28+7.1x10* TRINE




dw
dE.d.d), G(Ee) (1

Measurable & non-zero T-0dd, P-even

O D=-28+7.1x10* TRINE

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

© D |=11x107° "Ne ~2.6x10%plp, .




Rolakized Neutron Decs:

~

. me a|A|
© pe 143

DY < 1.6 x 10™°m, /pe

w/ 80 keV threshold [Dg g|<3x 107

DCS

(br + ber) IDYM| &~ 1.1 X 10™°pe/Pe(man)

A=A
gv

e " < 1.2670 +0.0035

dw o e " Pv e Dy Pe X Pu
JEaa.dq, ~ ) (1 E, on (@% +(B) YR ))

Measurable & non-zero T-0dd, P-even

O D=-28+7.1x10* TRINE

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

© D |=11x107° "Ne ~2.6x10%plp, .




Rolakized Neutron Decs:

The observables, a, A, B, etc..., allow important tests of the Standard Model V-A Theory

N

A= —2|)\|2 + [Acos¢ 140 —
1+ 3|\[2 i
= -0.1173 + 0.0013 i
1.35 i B
L— AP 0.103 + 0.004 .
a = = -0. + 0. |
1 + 3|A|? 130 —
_ [Al“ — [A|cose =< 125 —
1+ 3|\|? i
=0.981 + 0.004 i}
. 1.20 —
T-odd (P-even)
triple correlation: 115 —
| Alsing ] D
p— 1 A2 1-107‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
_I_ 3‘ ‘ -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
sine



Standard Model
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Kobayashi-Maskawa Phase < 1072

1.

2. Theta-QCD < 10™

3. Supersymmetry < 107 -10°
4. Left-Right Symmetry < 10°-10°
5. Exotic Fermion < 10°-10°
6. Leptoquark present limit

Table 1. Constraints on D based on other T-odd observables.
Limits 2-5 are from EDM measurements in mercury . no
Schiff Moments?*

d
e
v ) Super-symmetry
Theory D . ela \%

o L-R symmetric

Lepto-quarks

u+2/3



/7 e

W'/’
d
d >t
u >
Theory D
1. Kobayashi-Maskawa Phase < 107
2. Theta-QCD < 10™
3. Supersymmetry < 107 -10°
4. Left-Right Symmetry < 10°-10°
5. Exotic Fermion < 10°-10°
6. Leptoquark present limit

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

u+2/3

Lepto-quarks

(for D)

Lepto-quarks

(for EDM)



D-Coefficient Limit
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On (pe X pp)

Electron Detector

Difficulties Advantages
« proton endpoint 750 eV (requires acceleration) - Delayed coincidence
* Neutron lifetime (requires intense source) - Simple physics

* Tight control of magnetic fields




Pe
%ectron Detector

Difficulties
* proton endpoint 750 eV (requires acceleration)
* Neutron lifetime (requires intense source)
* Tight control of magnetic fields

Advantages
* Delayed coincidence
« Simple physics




iEheINationalllnstitute of Standards and Technology
Genterfor Neutron Research (NCNR)

Neutron Source
—reaotor— cold neutron

~ S NG6 physics
’ \ B — end station
LH2 cold S -

thermal source
instruments

neutron
interferometer




ns at NCNR (NIST)

Biological Shield

Cold source-at NCNR
N ~

Neutrons partially thermalize in a cold source e neutron temp ~ 40 K

e NCNR, quuid hydrogen (eff. 20K) ® neutron energy = 3.4 meV

iy~ -1
e Slow neutrons have larger probability of : neutron :cllelomty -81009m_1s P
decaying in the detector neutron flux (typ. = 10° s~ cm™)




Neutron Reflection
« Neutrons with glancing angle < Oc are reflected costl. = n n = 1 —
Guides transport the neutrons away from the reactor (reduce backgrounds)

« 98N, B¢ = 2 mrad/A
e6cm X 15 cm X 60 meters

14
E



Neutron Reflection
« Neutrons with glancing angle < Oc are reflected costl. = n =

Guides transport the neutrons away from the reactor (reduce backgrounds)

« 98N, B¢ = 2 mrad/A
e6cm X 15 cm X 60 meters

Magnetic materials

V. uB

o If IV/El = |[uB/El only one neutron polarization will be reflected. n — 1 — E + f
Supermirrors

e Interference from multilayers of magnetic and non-magnetic material reflect
neutrons of one spin but not the other.

e Varying layer thickness extends the effective critical angle for reflection over a
greater energy range



Supermirror Polarizer
Spin Flipper

~ Spin Transport Solenoids

Li-6 Beam Dump

Guide Coils

Be-Coated Neutron
Guide Tubes

Neutron Collimation

Grad. coils

J00cm w-
Detector

. Fluxgates




Supermirror Polarizer
Spin Flipper

Guide Coils

~ Spin Transport Solenoids

Li-6 Beam Dump

Be-Coated Neutron
Guide Tubes

Magnetic Field Y (mG)




ah‘n]ﬂr PDetectc of 0

Proton Detector
(2 x 8 Array)

S.4cm

Neutron Beam

A\ \ O} YY)

‘ |-—32 cm

S50 cm

Contribution to the D Term for
events with ¢, - (p. X p,)>0

T SinVep

an 100 130
Electron-Proton Angle Vep, (degrees)

e Statistical precision requires highest possible coincidence rate

e High continuous neutron flux (1.7 x 108 cm2 s-1 at “C2”
collimator)

e Symmetrical, segmented detector to minimize or cancel
instrumental asymmetries that could yield false coincidences

e Detector geometry to maximize sensitivity to Do, e(p, x p,)
(minimize sensitivity to other terms in decay distribution)




ah‘n]ﬂr PDetectc of 0

Proton Detector
(2 x 8 Array)

S.4cm

Neutron Beam

A\ \ O} YY)

‘ |-—32 cm

S50 cm

Contribution to the D Term for
events with ¢, - (p. X p,)>0

T SinVep

an 100 130
Electron-Proton Angle Vep, (degrees)

e Statistical precision requires highest possible coincidence rate

e High continuous neutron flux (1.7 x 108 cm2 s-1 at “C2”
collimator)

e Symmetrical, segmented detector to minimize or cancel
instrumental asymmetries that could yield false coincidences

e Detector geometry to maximize sensitivity to Do, e(p, x p,)
(minimize sensitivity to other terms in decay distribution)

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




Ep < 750 eV
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Focusing efficiency reaches 90%
(Voltage Dependent)

Required detector area reduced by ~ 80%

Surface barrier detectors

+ 20 pg Au (less energy loss)

- 300 mm? active area

+ 300 um depletion depth

* Room temperature leakage current ~ yA
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Focusing efficiency reaches 90%

(Voltage Dependent)

Required detector area reduced by ~ 80%

Surface barrier detectors

+ 20 pg Au (less energy loss)

- 300 mm? active area

+ 300 um depletion depth

* Room temperature leakage current ~ yA




position of mu-metal
j<—— 38cm >l< 50 cm% magnetic shield
: =1 lucite light guide .
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* 0.1 ns timing resolution (Pulse arrival time may be used to determine position)
 Thresholds (70-80 keV) (Software cut on geometric mean)
* Resolution ~18% at 1 MeV

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

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




S D etector: Interior View

Cold Finger




emillk Detector: onThe Floor

AP Proton Detector Cooling

WAT ‘g?( : Fms’ ,
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A %—3 Gradl tCoHs




[Data’Selectic

Hardware

- Beta energy > 30 keV (SPE)

- Beta events separated by > than 5 s (single tube)

- Coincidence between beta paddle ends within 100 ns (photon transit time)
* Proton energy > 10 keV

Software

* High voltage and leakage current (nominally 28 kV, 0.32 pA)

* Detector bias voltage and leakage current (nominally 65 V, 0.05 pA)

* Spin Flip (greater than 2 ms from flip)

 Cryo-panel fill

- Magnetic fields <5 mG from nominal value (~ 1mrad)

- Proton energy ~ 10 - 30 keV (somewhat channel dependent)

- Beta energy ~ 35 - 950 keV (geometric mean of both phototubes)
- Proton - beta delay greater than 0.1pus and less than 10pus

- Background subtraction from widow between 0.1us and 10us pre-prompt

-

Coincidences are then binned on spin state enabling calculation of the various ratios
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Proton Energy (keV)

llll]llllIllll]llllIllll]lllllllll]lllllllll]llllIllll]lllllllll]lllllllll]lllllllll]llll

-2 -1

0

1 2 3 4 5 6
e-p Time (us)

+ 3 Hz singles per proton Surface Barrier det
+ 0.55 Average coincidence rate per pair

+ 25 Hz average coincidence rate

+ Essentially no high voltage noise (Modified focusing assembly)

+ Signal to noise better than 100/1

+ Clear separation of cosmic Landau peak




Proton Energy (keV)

llll]lllllllll]lllllllll]llll llll]llllIllll]llllIllll]lllIIllll]lllllllll]lllllllll]lllll

-3 -2 -1 1 2 3 4 5 6
e-p Time (us)

- 3 Hz singles per proton Surface Barrier det - Essentially no high voltage noise (Modified focusing assembly)

- 0.55 Average coincidence rate per pair * Signal to noise better than 100/1

- 25 Hz average coincidence rate « Clear separation of cosmic Landau peak




gmﬂ_r' ssignal extraction

Efficiency independent ratio,
al al
Nil ‘|‘NE1

wal

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

Define a parameter,

1
,Ua2,a1 _ (’UJ
2

For a symmetric uniform detector,

a2 al)

w

v*%% = PDKY - 2

Proton Detector

I Electron Detector




@ﬁﬁ]ﬁ ssignal extraction

Efficiency independent ratio,
al al
Nil ‘|‘NE1

wal

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

Define a parameter,

1
aZ2,al _ —
v 2(w

For a symmetric uniform detector,

a2_w

al)

Proton Detector

I Electron Detector




SYSEEMAtiCS: Overvie

® Polarization, Flux, Clock Variations (proportional to D)

@
(AK, + BK,)PD

 Beam flux stable to about a percent D fa1se(A(I)) = P

avg

AP
- Spin flip efficiency 95+5% Dfalse(AP) = T(AKA + BK ;) PD

O Initial polarization misalignment and spin precession

* Average over polychromatic beam washes out effect

© Electron backscattering
- approximately 3% of events at 135°

® Spin state dependent proton energy spectrum

+ Energy shift of up to 100 eV due to recoil and focusing effects

® Misalignments (with detector symmetry - in general takes two working in conjunction)




tematics: spin dependent energy spectrum

Neutron Beam

Center Detector

—— SpinDown (aligned spin)
—— SpinUp (aligned spin)

Monte Carlo Calculations

End Detector

800 —

—— SpinDown (aligned spin)
—— SpinUp (aligned spin)

400 600

Proton Energy (eV)

| rrrTrTTTTT | rerrTTTTTT | T TTTT | T 1T | L
400 600
Proton Energy (eV)




tematics: spin dependent energy spectrum

Neutron Beam

Center Detector

—— SpinDown (aligned spin)
—— SpinUp (aligned spin)

Monte Carlo Calculations

End Detector

800 —

—— SpinDown (aligned spin)
—— SpinUp (aligned spin)

400 600

Proton Energy (eV)

| rrrTrTTTTT | rerrTTTTTT | T TTTT | T 1T | L
400 600
Proton Energy (eV)




tematics: spin dependent energy spectrum

Neutron Beam

Ep <750 eV
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tematics: spin dependent energy spectrum

Neutron Beam

Ep <750 eV

Monte Carlo Calculations =+

|
|
|
|
|
|
|

I ||'||'|I‘I II'I||I ”
|| lll' |II '||||I|': f |: |' |“I' 'll‘l

‘ ‘HI;W
‘ |\||| Focusing Cells




Neutron Beam

: Monte Carlo Calculations




SYStematics: spin dependent energy spectrum

|

15 20 25 30 35 40x10°3
Proton Energy (eV) ADC bin

Monte Carlo Calculations Data




§}V tematics: spin dependent energy spectrum

Shift of 159 eV
—— Spin Down
— Spin Up

10 15 20 25 30 35 40 45
Proton Energy (keV)




SYStematics: spin dependent energy spectrum

Shift of 159 eV

With a threshold of 23 keV

Wialse = 00079

10 15 20 25 30 35 40 45
Proton Energy (keV)




atics: spin dependent energy spectrum

Large Angle Shift (channels)

0.0 0.5
Small Angle Shift (channels)

10 15 20 25 30 35 40
Proton Energy (keV)

o




Counts

103
102
10

10%

T(E,E')

I nli 2 _ I 2
:ﬁexp((E E>—|—U )xerfc(E E+J/>\)

2\ A 2)2

V20

® Calculate shift x N: for each detector

® Monte Carlo predicts expected counts
® Calculate vs

® Average over full detector

Dralse < 1 X 10-4

| | | F
I 1 1 1 1 I 1 1 1 1 I
100 150 200
ADC Channel




@ﬁﬁ]ﬁ ssignal extraction

Efficiency independent ratio,
al al
Nil ‘|‘NE1

wal

w is sensitive to D, but also to A, B
Define a parameter,
aZ2,al __ 1

v §(w

For a real detector,

a2 al)

w




§}V tematics: Asymmetric Transverse Polarization (Tilt ATP)

1
UaZ,al _ §P0'n .




§}V tematics: Asymmetric Transverse Polarization (Tilt ATP)

, } . .
0" = ZP6, - (D(ED) + A(KY) + B(Kj))
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dystematics: Asymmetric Transverse Polarization (Tilt ATP)

, . . .
w929 = —p6 . (D(K%) + A(KS) + B(K%))

N\

2

Monte Carlo / Dfalse 0
15 mrad polarization tilt,

beam displacement 5mm: Two perpendicular
Diaise ~ 1x104 asymmetries do not

cancel




Systematics: Asymmetric Transverse Polarization (Tilt ATP)

Intentional field rotation
(Maximal polarization misalignment)

= (—89.9+0.2)°
= (0.8+1.5) x 107°

¢ = (0.140.2)°
v =(3.2+14) x 1073




Systematics: Asymmetric Transverse Polarization (Tilt ATP)

Intentional field rotation
(Maximal polarization misalignment)

= (—89.9+0.2)°
= (0.8+1.5) x 107°

¢ = (0.1£0.2)° //\_

0= (3.2+1.4) x 1073




aCICS: Measured Intensity Distribution (Tilt ATP)

Dysprosium foil activated by the beam
D * Cross hair (Cadmium wire) is chamber axis.

* Intensity plot linear over 4 orders of magnitude

Intensity

¢ degrees
. _ ¢ = (0.1+0.2)° //\_

02 | 5= (3.2+ 1.4) x 10~

0.0

0.2 -

0.4

-150 -100 -50 0 50 100




tEMAatiICS: Measured Intensity Distribution (Tilt ATP)

22 days of data (7% of total)

¢ = (112 £ 6.7)°

| |
-150 -100 0

-50 0 5
¢ degrees

Implied misalignment;
Large angle: 4 + 0.5 mrad

Darp = (5.7+£2.6) x 107°

Small angle: 5 + 0.5 mrad
I :> (preliminary cuts)

v=(3.2+14)x10"?

from previous slide




@onclusions

-

- Currently blind: checking cuts/finalizing systematics
« Over 350 million coincidence events collected

* Preliminary treatment of systematic effects
indicate all are below 1 x 104

« Spin Dependent Spectra < 1 x 104

« Twist ATP < 1x10°%

« Electron backscattering < 1 x 10

* Tilt ATP < 6x106

« Spin depen. background < 1 x 106

* Flux variations < 2x104+D
* Polarization variations < 2x104-+D
* Flip clock < 1x1012-D

Expected statistical sensitivity of D ~2 x 104
- Data analysis VERY near completion

Which, because of nuclear matrix elements involved will be the
most sensitive test of T (D) invariance in beta decay (e.g. °Ne)




EUtlre

Possibilities

Leptoquark Models

o €miT Il statistical sensitivity

Sensitivity to D

oI

NG6 proven count rate

0 200 400 600 800
Days Running

T
1000

-

N

Current apparatus could reach 5 x 10-5 with reasonable upgrades

O Leptoquarks/Exotic Fermions/L-R symmetry

In principle one could measure the FSE

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




tUkerRossibilities

Physics Program: _
« UCN n lifetime Proposed New Guide Hall

- Neutron spin rotation (conceptual design)

- Absolute neutron fluence (1)

- Precision radiative decay Fundamental
- aCORN Physics
«emiT Il MDM/EDM
* Proton asymmetry _
- Improved proton trap lifetim Cold Neutron Imaging
* Nab Quantum Information
]
S =
) .' J

R
Ve
.
N M B

j |

B Existing (or in progress)
New Cold Source B Proposed
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gmﬂ_r' ssignal extraction

Efficiency independent ratio,
al al
Nil ‘|‘NE1

wCL

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

Define a parameter,

va2,b1 _ %(waZ L wbl)

For a real detector,




gmﬂ_r' ssignal extraction

Efficiency independent ratio,
al al
Nil ‘|‘NE1

wal

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

Define a parameter,

va2,b1 _ %(waZ L wbl)

For a symmetric uniform detector,

Ua,2,b1 _

Proton Detector

I Electron Detector




enr ﬁ]ﬁ ssignal extraction

Efficiency independent ratio,
al al
Nil ‘|‘NE1

wal

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

Define a parameter,

1
va2,b1 _

Proton Detector

I Electron Detector




dw L Pe * Dv Pe Pv Pe Xpl/
JE.d0.d0. = G(FE.) (1+aEeEV + 0, - (AE_e +BE_,, + D EL, )) 9
A\ = ga e~ P _ _1.2695 + 0.0029

gv

B 2 2

a = 1 |)\| =-0.103 + 0.004 A — —9 P\‘ i |)\|COS¢=—0.117310.0013

1+ 3[A2 1+ 3|\

AP = |A|cosg 1

=885.7+£0.8

=0.981 £ 0.004 Tn X
1+ 3|\22 " g3 + 343




Conclusions:

« Successful run carried out from June 2002 - December 2003
« Over 350 million coincidence events collected

* Preliminary treatment of systematic effects
indicate all are below 1 x 10-4

 Twist ATP < 1x104
« Electron backscattering < 1x 105
* Tilt ATP < 6x10°6
- Spin depen. background < 1 x 106
* Flux variations < 2x104-D
* Polarization variations < 2x104-+D
* Flip clock < 1x1012.D

Expegied statistical sensitivity of D ~ 2 x 104

Which, beogyin ol Bl glRecmald lemanisiiuelygd will be the
most sensitive test of T invariance in beta decay.
Pieter Mumm, DNP 2005, Sept. 22, 2005



Systematics: Characterization of the neutron beam

0.2 mm; Down ->)

Vertical (1 pxI

500

400 —

300

20004

100 —

Center of Detector
Centroid (246.,251)
Envelope = 300

60
40
20

. Horizontal (1 pxl = 0.2 mm; East ->)

Improved method of measuring neutron flux

Dysprosium foil activated by the beam
+ Cross hair (Cadmium wire), indicates chamber axis.

Scan foil
* Intensity plot linear over 4 orders of magnitude
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emil: completed filtering of primary data set

* Possible misalignment of the the guide field (fluctuations below 3-5 mrad)
* Poor operation of SB detectors/detector system (reduction of some systematic uncertainties)
* Equal counting times in each spin state (and we want the spin state to be well defined)

* Uniform/defined beta events (multiplicity and energy)

Raw events 361.4 x 106

Decay events 244.8 x 10°
Background events 3.7 x 10°
Beta energy 35.6 x 10°
Field monitoring 30.3 x 106
Beta multiplicity 17.8 x 108
Fission monitors 3.4 x 105
Detector bias 2.5 x 108
Coil currents 2.7 x 10°
High voltage 1.2 x 10°
Spin flip 0.4 x 108

Pieter Mumm, DNP 2005, Sept. 22, 2005



Systematics: Characterization of the neutron beam

500 —
,\ SR Improved method of measuring neutron flux
A Envelope = 300
S 400 e Dysprosium foil activated by the beam
Q am « Cross hair (Cadmium wire), indicates chamber axis.
£ .
E Scan foil
s "7 « Intensity plot linear over 4 orders of magnitude
I}
B
E 200 —
S

100 || 40 S Polarization asymmetry is equivalent to

20 I
, Horizontal (1 pxl = 0.2 mm; East ->) a beam shift...
_ Measuring polarization
A + Second supermirror after the spin flipper
S 35
g ]
E 4 P _ Do —Poy
E i B SMIA T @ @
‘C‘,! oN ~ S®orF
w25 | 08
L ]
5 1 o7 S spin flipper efficiency
‘_(; 20 OFF/ON indicates spin flipper state
S 0.6 PSM polarizing power of the supermirror
L s PA polarizing power of the analyzing mirror
] 0.5

- _ ) i 40
PPN I (2= 0122 T 56 e Pieter Mumm, DNP 2005, Sept. 22, 2005



emil: signal extraction |
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Neutron aractic and Do : DUR

Neutron beta-decay

Neutron lifetime
Penning trap - PRC 71, 055502 (2005) - 886.3 +/- 4 s
Ultracold neutron-based measurement in progress

Time reversal - PRC 62, 055501 (2000) - D<2x 10® 2003 run: statunc<?2 x 10

Electron-antineutrino correlation coefficient ("a")

Nucleon-nucleon interactions

Neutron spin-rotation in liquid 4He (Markoff 1996) 6pnec = (0.8 +/- 1.4) x 106 rad/m
New measurement in progress

Nucleon structure: Neutron charge radius (interferometer)

Three and four body nuclear physics (interferometer):

Scattering lengths of hydrogen, deuterium, and SHe
PRC 70, 014004 (2004); 67, 044005 (2003); PRL 90, 192502 (2003)

Spin-dependence of 3He scattering length

Polarized 3He neutron spin filters: NPDGamma at LANL/SNS
Decay correlation coefficients (A, B, C)




Systematics: Spin dependent proton energy spectrum

Proton ADC

Proton ADC

Spin Asymmetry as a Function of Proton Detector
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Systematics: Spin dependent proton energy spectrum

Spin Asymmetry as a Function of Proton Detector
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olatizediNeutron Decz

The observables, a, A, B, etc..., allow important tests of the Standard Model V-A Theory

gaA | _;
A= |22 e <1.2670 +0.0035
gv
§ B
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< 125 i
| Alsing ]
D=2 : :
1 + 3‘)\‘ 120 —
1.15
i D
1'107‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

sine



Systematics: Magnetic Field Alignment and Monitoring

A& %D 4 4 black: before emiT 2 (Jun 02)
red: after emiT 2 (Dec 03)

El X X E3

Field maps were performed both
before and after the emiT 2 run.

Triple axis magnetometer
(carriage moves in Z axis on aligned rail)

Y Field (mrad)

5 maps per set -- central,
3 cm up, down, east, west

rail alignment good to ~2 mrad absolute

Off-beam-axis magnetometers used during
runs to continously monitor field integrity

Z position (cm)



Systematics: Magnetic Field Alignment and Monitoring

Triple axis magnetometer

I =
/]
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76 3

U

3 L
3cm 74‘5 jJ J -

E4 12:00 AM 6:00 AM 12:00 PM 6:00 PM
3/13/03

El X X E3

X
Magnetic Field Y (mG)

B Triple axis magnetometer Considerable magnetic noise
- Overhead crane
 Other experiments

Cuts made on fields
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Systematics: Electron Backscattering

Proton paddle A - Beta coincidences
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Systematics: Electron Backscattering

Proton Channel - Beta 3 Coincidences

MC study in progress ;| eyl paEdie  nsec | pameo
SEEORE RS @s) (45)

. . . . 243 E A Data
Adding realistic backscattering into the . : : |8 Monte Carlo
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Electron Calibration

numbers are time difference in ns (approx)
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Electron Calibration
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gentenforNeutron Reses :

y ‘, _; NG-6 high flux

=t NG-6U 0.89 nm (UCN)

-z, NG-6M 0.495 nm (metrology)
vl@=c | NIOF - Neutron Interferometer

and Optics Facility

—

/

~

Neutron physics program:
25 postdocs
2'] grad students
so far 19 Ph.D.s
30 undergrads
20 1nstitutions

Plans for a significant upgrade are underway




Neutron aractic and Do : DUR

Neutron beta-decay

Neutron lifetime
Penning trap - PRC 71, 055502 (2005) - 886.3 +/- 4 s
Ultracold neutron-based measurement in progress

Time reversal - PRC 62, 055501 (2000) - D<2x 10® 2003 run: statunc<?2 x 10

Electron-antineutrino correlation coefficient ("a")

Nucleon-nucleon interactions

Neutron spin-rotation in liquid 4He (Markoff 1996) 6pnec = (0.8 +/- 1.4) x 106 rad/m
New measurement in progress

Nucleon structure: Neutron charge radius (interferometer)

Three and four body nuclear physics (interferometer):

Scattering lengths of hydrogen, deuterium, and SHe
PRC 70, 014004 (2004); 67, 044005 (2003); PRL 90, 192502 (2003)

Spin-dependence of 3He scattering length

Polarized 3He neutron spin filters: NPDGamma at LANL/SNS
Decay correlation coefficients (A, B, C)




Electron Calibration
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Coincidences Proton Paddle 4 and Beta 1

° Detector symmetries
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Coincidences Proton Paddle 4 and Beta 1

° Detector symmetries
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Coincidences Proton Paddle 4 and Beta 1

° Detector symmetries
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MMmetries: overview

-

Discrete symmetries Time reversal exchanges initial and final
. Charge Conjugation StateS, but also CompleX ConjugateS

* Parit _ &
-Timleyreversal Tf(t)T ' = f (_t)

- Strong and electromagnetic interactions both conserve C, P, and T
« Weak interaction violates C and P, but what about combinations?

* No observed violation of CPT to date
* In 1964 CP violation observed in neutral kaons

» Direct CP violation observed in kaon decay
(KTeV 1999 and NA48 1999, CPLEAR)

* Recently, CP violation observed in the decay neutral B mesons
(Belle and BaBar Collaborations)

This is all consistent with a phase in the quark mixing matrix,
i.e consistent with the Standard Model




tematics: spin dependent energy spectrum

Any proton energy threshold can result in a spin asymmetry
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Systematics: Asymmetric Transverse Polarization

Get status report on SALSA

CLEAN at NIST (what is this guy doing, can | help?)

Ask Dan for a comparison with CDMA, CLEAN should

be able to do forward backward (Look up this talk) Give equation for Datp in terms of
How advantageous will this be in this case? beam 2nd moment.

NUSEL at Virginia Tech Maybe also give K’s for size

Wick is going out for a tour in June (Schedule this?) estimate Datp

(figure out who gave the talk on the neutrino detector, compare to below

ask John/Karsten about prospects)

-end-

emiT systematics: Backscattering spin dependent ~10-4!

NDE

How much does the fit effect result?

(what percentage of spectrum is extrapolated?

compare fit values

Get V calculation going!

Must have vs in normal running for defense.

2nd beam moment-> ATP (can | get a nice expression for this?)
scattering by 3He

NEW 2D plot

Pieter Mumm, Thesis defense, May 18, 2004



