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Precision Tests of the Standard Model

Neutron Decay Alphabet Soup

o Angular correlations:
T o peEe(Eo — E2)? [1 +afl 4 b 4 (5,) - (Ag +BLE + DEXE )]

o Lifetime: Ti =W

Decay Observables

H udu Ve
e A, a+ 17—V, A interactions e
e B, b — S, T (BSM) interactions
e D — T-invariance?
e (b, D=0in SM)

Fundamental Symmetries CP & T

o Weak force violates Parity / ‘ \
(left-handed) ‘, |
o Time? : ‘ J

o Charge-Parity? L < Los Alam
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Ultracold Neutrons

Class Energy Source

Fast > 1 MeV Fission reactions / Spallation

Slow eV — keV Moderation
Thermal 0.025 ev Thermal equilibrium

Cold peV — meV Cold moderation
Ultracold | < 300 neV Downscattering

How cold is Ultracold?

e Temperature < 4 mK

e Velocity < 8 m/s

e Usain Bolt ~ 12 m/s

Sensitive to Lab-Accessible Potentials
o Gravitational (V = mgh): 100 neV / meter
« Magnetic (V = —/i- B): 60 neV / Tesla
%8Ni: 335 neV

o Material (V = %;Nb)

DLC: 250 neV
Cu: 170 neV

A
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LANSCE UCN Facility %

UCN Sourcel

e 800 MeV p + W — spallation; poly moderated CN + SD, — UCN
e 50 UCN/cc at shield wall

SD2 VOLUME | FLAPP

GRAPHITE

He-COOLED W
SPALLATION TARGET

» Los Alamos

1Rev. Sci. Instrum. 84, 013304 (2013)
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UCN Experimental Program
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UCNA Motivation ferr

[B-asymmetry A in neutron decay

T o peEe(Eo — Ee)? [1 +aff +bEe +(5) - (A + B 4 DX )]
_ oA, e — &
» Ay = =255 Most sensitive to A = a

e With 7,,: fix A and extract CKM matrix element V, g4

nuclear neutron nuclear pion
0+—>0+ mirrors
0.003F 3 3 B 3
= | It 1l |lw—
c
g 0.002~ 4 g - L
gooeer 1 r ] femmm-—m
@
g | )| |egm----
5 o001} 4 4 4 J
_______

- Experiment El Radiative correction I:l Nuclear correction

¢ 28~ 0.1% + 67 ~ 0.355 — V,,q at 0.02% level

o Compare to: superallowed Fermi 07 — 0 decays:

Vg at 0.02% level! .
- Los Alamos
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UCNA Experiment

Detector 1 Detector 2

B field

Polarized neutron  Decay electron

spin
flipper

UCN
Beamline

n

g]ﬁ

W(E) < 1+ 2(P)A(E)cost
o 1T field: (cos) = +1

e P: limit depolarization

muon
vetoes

" 7.
. 1-Tesla Electron
Spectrometer
il

/Los Alam
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UCNA Experiment 24

Superconducting solenoidal

magnet (1.0-Telsa) Copper Mwpc »
Detector housing Decay volume { Plastic scintillator
E]
\ P E oSO OO /EIZZIZIX&XIZI P lz/
TS ¢ = T

~ ,//
— =
= /& mzm%,
i 7.0-Tesl,
0.6-Tesla field  Copper Guide |: '] e \ PMT

4 ! Polarizer / Light guide
expansion region Spin fli
/ . pin fipper Be Coated Mylar
Diamond-coated T Fol
quartz tube UCN from
SD2 source

¢ Reduce backscatter: low Z, field expansion

e Plastic Scintillator: 3 energy

¢ MWPC: § position info, suppress backgrounds, backscatter
reconstruction

e Super-ratio: cancel loading/detector efficiencies A
S(E) = N(E){ (N(E), A(E) = 1-+/S(E) !:%%ﬂ'?m'ﬂ,‘;’é

— N(E); (N(B); 1+4/S(E)



UCNA Results: 2010 data set fer

A e
2015 = 0.978
E UCNA 9
F RKEO Il b
2010/~ D oo " E UCNA
H E E 0.976
% 2005 3
= PERKEO Il 3 0+—0*
S = 3 3
a 2000 ILL-TPC 3 x5 0.974
5 F = =——o— E|
5 1905 = |
2 PDG 2
1o80F- = 09721 9012 )
1985 PERKEO | 3 | e
C 1 1 1 L L 0.97
0124 0122 0.2 -0.118 -0.116 -0.114 -0.112 -0.11  -0.108
[-Asymmetry A, 1.27 1.275 1.28 1.285
94

e Mendenhall et al. Phys Rev C 87 032501(R) (2013)
e 20M (-decay events
o Ag = 0.11972(55)4:2:(98)sys

» Los Alamos
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UCNA: 2011-2012 data sets and beyond fors

Improvement of UCNA Systematics (preliminary)

Statistics
Depolarization
Backscatter
Angle effect

Energy
Reconstruction

Total Sys.
Total

+/- 0.46
+0.67 +/- 0.56
+1.36 +/-0.34
-1.21 +/-0.30
+/-0.31

+/-0.82
+/-0.94

+/- 0.40

+0.7 +/- 0.1
+0.56 +/-0.15
-0.8+/-0.2
+/-0.08

+/-0.28
+/-0.5

+/-0.28 Decay rate!
+0.7 +/- 0.1 Shutter+ ex situ
+0.56 +/- 0.15 Thin windows
-0.8 +/-0.1 Windows+APD
+/-0.08 Xenon + LED

+/-0.22
+/-0.35

» Los Alam:
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UCNB Motivation ~4q

v-Asymmetry B in neutron decay

Tt X PeEe(Bo — B [L+afl + b3 + (5) - (A +BE + DR )]

e SM: B=2 1(+3)\2 (much less sensitive to A than A, a)

« BSM™: B o By + = (b5°M — bBM)

1073 level precision:

002 002
Iy =0 < 107 Iol < 10~ I U (k]

£5
&5

002
—000I0  —0.0005 00000 0.0008 0000 00010 00008 00000 0.0005 00010

Er 1 /l.
s L
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UCNB Experiment

Classic Approach

e Count NPP = N*+ = aligned vs. antialigned with o,

N~ (E)-NTH(E
* BewlE) = N—=(5rwrri)

o % = % 0.1% in 1 month at 10Hz decay rate
e Cold neutron beam experiments: B = 0.9807 =+ 0.0030(0.3%)

Isolating b,: Ratio of asymmetries?

Beke  (r=1at T. =236 keV)

o r="5g
Q-+ — Qi
ap(E.) = == — XH= Qe— — Q+
p(Ee) Q-+ + Qi ae(Ee) = ﬁ
. 2 +— ++
?ABe+B(1—T> 1
P——F— r<l1 =—-————"<PABe
_ 2(1+b72) 2 (1 + b%)
ABe(1-L)+2B i
( 3r2) 3r r>1
2(1+b§—:)
e Ratio z—‘;: Remove dependence on b term A
e N =108 — b, ~ 10~3: order of magnitude improved sensitivity - Los Alamos

NATIONAL LABORATORY

1B. Plaster, in prep (2014)




UCNB Experiment

CHALLENGE: Detecting protons

Protons

e max E < 800 eV

e slow timing: 10 us to
1 ms after decay

e Very low energy:
detector deadlayer and
noise important

State of the art Si detectors

and betas in coincidence

Electrons

e max E = 800 keV
o fast timing: 10 ns

e problem: backscattering
— partial energy signal,
direction

e 2 mm thick, 12 cm diameter
active area

e Thin (~ 100 nm) deadlayer
e 128 pixels
e Characterization: Salas-Bacci

NIM A (2014) )
» Los Alam:
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UCNB Experiment

Magnetic
Field B,
0.6B, V
Electric
Potential -/ \
-30kV
X X XXX POz
— —
R W&gﬁx_xﬂ
UCN absorbing b DLC-coated
electrode H Cu decay vol
Si Detector 3 Graded gamma-
Polarizer/AFP shield

Magnet

System Requirements

o Installed in existing UCNA spectrometer (1 T field)

o Detectors biased -30kV to accelerate protons

o Fast timing to resolve electron backscatter

o Fast, low noise, 128-ch preamps < Los Alamos

NATIONAL LABORATORY
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UCNB: Current Status

Preamplifiers

e Successful demonstration with

8-ch: <15 keV noise

demonstrated, ~ 3 keV energy

resolution

24-ch: Now 20 ns rise time

B-decay (Fall 2014) —
assemble 128 ch model

1 139 Ce
127 keV

am 205
ADE G el

27 keV (20 keV after E loss)

Neutron beta-decay proton-electron coincidences detected

Run 1974 Event 17160 Board 0 Ch 0

500

1ADC signal

”, electron

i

proton
M

1 x10®
10

4 6
Time (seconds)

AFP ON counts (2 hrs)

28KV Bis

Protons
\! Blgd o UCH)

Stable operation at 1 T and -30 kV for ~100 hours

u
e, : :
o IA'WI-N-‘MWH\N*"”W'\J. e
uc %

af | 160/164 keV
i

e

A
s IB Alamos
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UCNB partnership with Nab ~q

(- Segmented
[I \In/D:Si detector
U, (upper HV)
TOF region
(field r,'B,) FET boards
Detector

~am flightpath skipped

magnetic filter
region (field B,)

decay volume
(field 7y B,)

cam
~1m flightpath skipped

Segmerf@d “ © U, (lower HV)
si dcmf@rﬁ-:l
e Planned for Spallation Neutron Source at Oak Ridge National Laboratory

Tt X PeEe(Bo — B [L+ a2l + b2 + (5) - (A +BE + DR )]

o Will measure a (similar sensitivity to A as A) and b (zero in SM)
e No polarized neutron requirement

e Same detector/preamp technology
- Los Alamos
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New effort to measure nEDM at LANL v

Why EDM

time-reversal 1.00E-19
‘ ' # v 1.00E-20
1.00E-21
1.00E-22
1.00E-23
EDM nonzero — T symmetry violation

Matter-antimatter asymmetry? Source of o
CP violation? tooe2s

SM prediction: d, ~ 10732 — 1073 e-cm
Current Limit: d, < 2.9 x 10720 e-cm s
( I L L) 1.00E-27

Constraints on EDM: best constraints on
many BSM models

Institutions:
= ORNL-Harvard
A BNL-MIT
© ORNL-ILL
# ILL-Sussex-RAL

Electro- \ . ® LNPI St Petersburg
magnetic \ &

Weinberg
multi-Higgs

susy

Leftright
symmetric

1950 1960 1970 1980 1990 2000 2010

A
s IB Alam
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New effort to measure nEDM

Room temperature EDM

Ramsey's separated oscillatory field

method (similar to most precise result

at ILL)

EDM — frequency shift when E-field

reversed
Goal: 8d, ~ 107%" e-cm
ILL result: ~1 UCN/cc

Requirement for improvement: 100
UCN/cc

at LANL ®v

Electrodes

Precession chamber T T

— —

u
-

UCN detector

UCN—>

- L
NATIGNAL LABORATORY
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LANL nEDM UCN Density Improvements ®v

UCN Source

e Improved UCN source transition to guides

e Drive mechanism moved outside UCN
volume

e Improvements to moderator cooling

o Geometry of source near W target

Proton Beam

e High current bursts every 30 s (presently
every 5 s): Limit loss in SD»

NEDM Cell (ILL » 3%

Transport to Experiment pidiert

e Current geometry suboptimal: Improve |
couplings, guide quality -

-,
» Los Alam:
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UCNT

Beam vs. Bottle

o Beam experiments: neutron

flux?
e UCN bottle experiments: loss
in the walls?

Magneto-gravitational Trap

o World's largest permanent
magnet array

See A. Saunders talk next!

Neutron Lifetime [s]

T T T T

895 ® Beam
M
i "
L Nico etal
8901 Byme etal.
[ Mampe
etal Steyerl
885 etal

Serebrov  etal
etal

T
= UCN

‘ue et al.

AP B

Arzumanov
etal

| | L 1 1
1990 1995 2000 2005 2010

Year of Publication

|
2015
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UCN Experimental Program v

UCNA 2011/2012 analysis and future gains

e Uncertainty table: DNP 2014
e Unblinding: Winter 2014
o Confirm rate gains: Fall 2014

UCNB development (with Nab)

o Fall 2014: Test of new 24 ch preamps, new DAQ
o Fall 2014: Measure [3-decay spectrum, detector systematics

e Spring 2015: Fabrication of 128 ch preamps, mount, new detector
connectors

LANL nEDM

o Fall 2014: Finalize new source design and begin fabrication

o Fall 2014: construct and test HV prototype chamber 2

NATIONAL LABORATORY

e Summer 2015: Install new source
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