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Theory Synopsis (from Cirigliano’s talk)
Motivation Strong

CKM unitarity test is an unmatched constraint on
(V,A) BSM physics

Extracting V 4 from neutrons or mirror nuclei can
check nuclear structure corrections for 0*—0* decays
(this comparison is also sensitive to exotic couplings)

Fierz terms b (and b,) offer a window on LHC and
post-LHC sensitivity, need —10-3 level and below to
Improve (current best constraints on S from 0*—0%,
T from combined nuclear beta-decay data set)

A high precision value for the neutron lifetime is a
critical input for BBN predictions for “He

Interest in recoil order terms and symmetries of
charged current



Beta Decay Observables
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Beta Decay Parameters

Jackson, Treiman and Wyld (Phys. Rev. 106 and Nucl. Phys. 4, 1957)

basic decay rate B—v correlation  Fierz term
d°W rG%|V al? ” 2\ Do, I'm
— = = E. (A, — E, 1 "+ b——
dE,d0.dS,, (27) ( JEL I+ as E.5, ~E
+ Q A2 4 B2y pleX P +
I T E, "E, E.E, a
~ o W
[3 asym v asym 1'—violating

US program has on-going or planned efforts to measure:

(1) Decay rates and B-spectra (GgV,4, &, b)
(2) Unpolarized angular correlations (ag,, b)

(3) Polarized angular correlations (44,B,,b, b))

(4) New program to measure circular polarization asymmetry



Useful Decay Systems

Requirements for fundamental symmetries:

—

Small nuclear structure corrections (e.g. isobaric analog states)
— Calculable recoil order effects (low A, theory input important)

Experimentally tractable

—

Nuclei:
« many decay systems to check systematics of experimental

technique and structure corrections
« systems available to optimize sensitivity for particular physics
(selection rules, endpoint energy, transition moments, A value)

0*—0™* superallowed decays, mirror decays,
& pure GT decays

Neutron:
* no multi-nucleon, nuclear structure effects

* very clean decay, many observables
* Direct relevance for astrophysics (BBN, solar fusion, etc...)



At least 10 US Laboratories involved, 34 US groups
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Superallowed Decays: Overview

e Current limits already exceed scales accessible
by high luminousity LHC

e \Work ongoing with incremental progress on
Inputs to data-set, led by Hardy and Towner and
TAMU group

e Central focus of current work iIs tests of the
structure dependent corrections

e Effort in Europe concentrating on mirror decays
and the neutron (Ganil group: ion trapped 3°Ar,
other species targeting —0.05% in V 4, HUJI:
optically trapped 1°Ne)



Superallowed Decays

Figures and plots courtesy of John Hardy

Decay between O* isobaric analog states: only vector coupling
contributes and SM matrix elements known very precisely known, so
measurement of absolute decay rate provides the vector coupling

Inputs:
Decay rates, Branching Ratios, Q Values
& Theoretical Corrections

Q Values — trapping groups in US
LEBIT (NSCL), CPT (Argonne) and (Brodeur at ND)

Most precise value for V4 | Vi = G,/G, = 0.94900 + 0.00042

Test of CKM unitarity: | Vie* V.. + V,, = 0.99992 + 0.00048




V g Status

V,, =0.97417 + 0.00021| ]|

Vud
9750 | : } l

9800 -

9700 k= ! 1 ] 1 d
nuclear neutron nuclear pion
0+t—>»0t mirrors

003 F 3 F = = = = -

N N B b el

el

£ .002 | n L d L= -4 |- o

s 1T 1 l=====-

t pr——

w ———————

-

= 001 1 F -1 1 F .
. I B | —

Experiment - Radiative correction - Nuclear correction

T=1 systems: ongoing incremental improvements...
(Hardy and Towner)

Intensive ongoing investigations for isospin symmetry-breaking
corrections

e.g. =1 mirror cases



Structure Dependent Corrections:

T=1, O"— O* Decays

INCLUDING RADIATIVE AND ISOSPIN-SYMMETRY-BREAKING CORRECTIONS

After all corrections, should

be the same number!
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Some Tests of Structure-Dependent Corrections
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Test of accuracy: expected ft values almost identical for mirror decays,
compare measure ft values for 38Ca to 32K to those predicted by

candidate theory

Very large corrections expected 4.6(5)% and measured 5.3(9)% in 3°Cl|

Phys. Rev Lett. 107, 182301 (2011)



Angular Correlations in Nuclear
Systems

« lon trap measurements of the beta-neutrino correlations, ag,
« Laser trap measurements of Ag, ag,

* Spin-asymmetry
Highest precision:

lon recoil spectrum measurements of ag, before 1999: 1% 6He, 5% n
n - pe v, % % —0.1017 + 0.0051 Stratowaetal. 1978
19Ne — 19Fetvy, % % 0.00 + 0.08 Allen ¢ al. 1959
354r — 19Cle v, ; ; 0.97 + 0.14 Aienetal. 1959
6He - ¢Lie ™V, 0 1 —0.3343 4+ 0.0030 Johnsonetal. 1963
23Ne — 28Nae™ v, ; g —0.33 + 0.03 Johnson et al. 1963



Overview (post-2000) of B-v correlation projects

(nuclei)

Parent Technique Team, laboratory Remarks

“He Spectrometer ORNL a = —0.3308(30)

2Ar Foil; p recoil UW-Seattle, ISOLDE @ = 0.9989(52)(39) at and
) MOT SFU, TRIUMF a =0.9981(30)(34) below
2INa MOT Berkeley, BNL a =0.5502(38)(46) 1% level
“He Paul trap LPC-Caen., GANIL a=—0.3335(73)(75)

"He Paul trap LPC-Caen, GANIL Analysis under way

SLi Paul trap; B ANL a=-0.3307(60)(67)
“SAr _ Paultrap  LPC-Caen, GANIL  First data June 2011

P Ar Penning trap  Leuven, ISOLDE First data June 2011

"“Ne Paul trap LPC-Caen, GANIL Ready to take data

‘He EIBT Weizmann, SOREQ In progress

*He MOT ANL, CENPA In progress

Ne MOT Weizmann, SOREQ In progress

‘2 Ar Penning trap  Texas A&M In preparation

N.S. & O. Naviliat-Cuncic, Physica Scripta T152 (2013) 014018

Brussels, 3-5 Sept. 2014 - Solvay Workshop on Beta Decay Studies in the Era of the LHC - Nathal Severijns



Angular Correlations in Nuclear
Systems

« lon trap measurements of the beta-neutrino correlations, ag,

- Laser trap measurements of Az, agz, All éxperiments target 0.1%
precision and sensitivity to LHC

] . scale effects or recoil order terms
How to improve precision:

 Produce highly localized, “massless” source
lon and optical traps ideal

 Reduce/eliminate scattering effects from grids, Common elements

—
apertures, detectors of current expts

Use position sensitive reconstruction, low mass,
low Z components

» Eliminate backgrounds Note: actually measure
. . . a
Two-stage trapping, pure samples, coincidence dp, = ﬁvr
signals, event reconstruction — 1+ mbf b

lteration and R&D essential: Evaluate performance—eliminate sources of
systematic error— rachet up source strength—improve limit



Angular Correlations: Summary

8Li GT lon trap dg,y 0.1% 1% ANL-LLNL

32Ar F lon trap ag, 0.1% 0.1% TAMU

37K FIGT MOT ﬁﬁ 0.1% TRINAT-TAMU
®He GT MOT ag, 0.1% 0.01% UW/CENPA-ANL
6He GT spectr <0.1% UW/CENPA-ANL
6He GT spectr 0.1% NSCL

8Li (ANL-LLNL): Current @, precision — 1%, 8B neutrino spectrum and recoil
terms with (8B & 8Li) also planned

32Ar (TAMU): Under construction, in operation early in LRP period
Ideal configuration for beta energy measurements (ag, and spect)

37K (TRINAT-TAMU): In situ polarimetry precision at 0.5%, target for 4; 0.1%

SHe (UW): most intense 6He source developed, 6b < 0.1%
--B spectroscopy R&D: RXB and project 8

6He (NSCL): spectroscopy by implantation

Spin-asymmetry (NSCL): under construction, very strong constraints on RHC



Angular Correlations in lon

Impact and competing measurements
* 8Li decays (GT) in an rf-trap (ANL-LLNL)

Integrated @, constrains T— °He similar (cross-check vital), B
neutrino spectrum and 8Li/8B recoil order study unique

* 32Ar (F) decay in an open Penning trap (TAMU)

Integrated @y, constrains S— %MK (TRINAT) provides similar S
constraints, high B field, open trap for b from spectroscopy unigue
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B~ — v, Correlation in lon-trapped 8Li (LLNL-ANL)

Figures from N. Scielzo
8Li Production - 7Li(d,p)3Li

8Li > 8Be* + B+ v

\9 o+ o

Isobar TOF Mass
Separator, Selection

Q=13 MeV (broad
8Be* state at 3 MeV)

B-Decay
Paul Trap
__L|

Large Bore

t;, = 0.840 sec Magnet

LN2 Cooled
Deuterium GEF)
Target

Beam Stop &
Variable Degrader

25 MeV 7Li Beam
Thesis Defense - June 2013 From ATLAS
‘) 12

Production: ATLAS facility at Argonne National Laboratory,
utilizing FRI1B technology

2% > 2%, AT=1 decay essentially pure Gamow-Teller

« only axial vector and tensor contribute
e Fermi admixture is only (5.0+1.5)x10* (R.B. Wiringa et al., PRC 88, 044333 (2013)).




SLi Decay

“Pure” Gamow-Teller decay

a.SM - '1/3 'ﬁﬂﬂi {i Down

N N N Emntries 1764
Reconstruct p,q..i; from p, + p, 5.;..]5_ Mean 1213 tenspr
RALS 1394
400 **/ ndf 136.5 /148
E Prob 0.7254
00| TS0, no0116% + 0.005761
DSSD electrode =

Residual

] 200 o
0t Energy Difference (ke\’)

O /C 4 2= 0.001840.0036514¢ +0.0041 45
ag, = —0.3321 + 0.0036

M.G. Sternberg, PhD Thesis, UChicago (2013)
He buffer gas cools to 0.1 eV, trap ~ 1mm  M.G. Sternberg et al., to be submitted to Phys.
Rev. Lett. (2014)
2

¢ <0.001, improved beta detection for measurement of b ~0.01

Ca

Immediate goal:

Longer term: 8B neutrino spectrum, CVC and recoil order terms (8Li/®B)



B — v, Correlation in 32Ar Decay in an Open
Penning Trap

Figures from D. Melconian -
0, T=2 | [T
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Generic decay scheme: Z B St
decay to particle-unstable level m. _—

] 7=2

Delayed proton inherits kinematic i
information of beta-decay leptons
-- Doppler shift of proton energy
sensitive to dg,

20g, 24Si, 285, 32Ar, 36Ca, 40T

Reasonable production rates
at TAMU facility!
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32Ar Decay

VOLUME 83, NUMBER 7 PHYSICAL REVIEW LETTERS 16 AugusTt 1999

Positron-Neutrino Correlation in the 0% — 0% Decay of ¥*Ar

E.G. Adelberger,' C. Ortiz,> A. Garcia.> H. E. Swanson,! M. Beck,! O. Tengblad,> M. J. G. Borge.” 1. Martel,*
H. Bichsel,' and the ISOLDE Collaboration*
' Department of Physies, University of Washington, Seattle, Washington 981951560
2Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556
nstituto de Estructura de la Materia, CSIC, E-28006 Madrid, Spain
P Division, CERN, Geneva, Switzerland CH-1211
(Received 24 February 1999)

The positron-neutrino correlation in the 0 — 0% B decay of **Ar was measured at ISOLDE by
analyzing the effect of lepton recoil on the shape of the narrow proton group following the superallowed
decay. Our result is consistent with the standard model prediction. For vanishing Fierz interference we
find ¢ = 0.9989 = 0.0052 = 0.0039, which yields improved constraints on scalar weak interactions.

Statistics limited...

World’s “Most Open” Penning Trap Geometry

Source dim ~mm

Mehlman et al., NIM A712, 2@ (2013)

Position-sensitive detector

End Cap Compensation Hing
Electrode  Electrode

Compensation

Electrode

Improving on Adelberger et al...

* “Big Sol” — high purity production
« Full event containment: large guiding
fields inside and outside trap
» Coincidence tag
180mm ¢ High statistics (~1 mo. Counting, 0.1%)
» Tag branch with protons for b -- good
geometry for beta-spectroscopy

Initial goal: 0.1% in dpg,
Longer term: 0.1% in b

End Cap



Angular Correlations in Optical Traps

Measurements of Ag, ag,: impact and and competing measurements

e 37K (mixed F/GT) Mirror decays in a MOT (TRIUMF-TAMU)
Complementary work on ion-trapped 3°Ar at Ganil (current data
~0.25%), °Ne possible at HUJI starting at end of 2015, similar
constraints from neutron

« SHe (GT) decay in a MOT (UW/CENPA-ANL)

5He is of strong interest for at least 4 groups, including WI, Ganil
(0.6% measurement under analysis), NSCL, UW-ANL. Optical trap
development and aspects of their beta spectroscopy R&D unique

Bn, bn, bGT ~01%

{/"

®He limits for bg1~0.1% oo _
put T coupling well above /
LHC scale G y /[
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Ag in 3’K decay in an optical MOT (TRINAT)

lon = beam le— 15 cm —

Figures from
D. Melconian

~“Electrostatic
- 4 hoops
/

B detecto

Collection chamber Detection chamber

TRINAT experiment measures ag, in 3™K decay, and 4 in 3’K decay

'

-1.225(7)3 320 )
. . . STK Bt
Melconian group working with TRINAT to measure v
the beta-asymmetry, Ag, in 3K s o0
Mirror decays are mixed F/GT:: lifetime + angular
correlation provide vector coupling strength and V4 s2r  azsariaps
STAr
\.

Need the sample nuclear polarization! Lifetime precision
dW o« 1 4+< P > BAg improved to 0.08%



Deduce P based on model of excited state populations:
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Fundamental symmetries studies with ¢He

Slides courtesy of A. Garcia

*Simple decay (~100% to ground state)
*Pure Gamow-Teller decay

*Half-life ~1 sec — appropriate for trapping °Li

25

*Noble gas — no worries about chemistry
sLight nucleus — ab-initio calculations

Compare to neutron:

sLarge Q-value — good for seeing effects of n \
* No backgrounds from neutron captures

e Pure GT transition (simpler decay, no

polarization)

Now ~1010 atoms of °He/s at Seattle via “Li(d,3He)®He

6

He
*H beam
—_—> L I
Val
0.5-mil
Ta foil

Temp.
rmonitor

electrical |
isolation

Most intense source
of 6He in the world at
CENPA.

lithium cup

heater collimator

cooling 3
5 S

Uy R
o e F

undamental symmetries with
6He
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5He and ab-initio calculations

Gamow Teller operator is simplest and good to test [_Scaler6 Histogram 2us dead | LI

1 06 Mean 5259
RMS 2434

calculations. Several "ab-initio’ calculations show

Counts

agreement at the few percent level:
10°

Schiavilla & Wiringa PRC 65, 054302 (2002) 10°
Navratil & Ormand, PRC 68, 034305 (2003)

Previn et al., PRC 76, 064319 (2007) 1o’
Veintraub et al., PRC 79, 065501 (2009) -

10

« Two previous experiments | -
disagreed by 9 ms. Resolved the 815, 8 & _ L
discrepancy. - S5 u f_v 5
123 § 5 9
* Result in combination with ab- £ 810{ =< 3 qé 5t
initio calculations shows that 2 ] 1 < 2 ©
extraneous quenching of g, is at S 805+ . I Z i
most about 2%. < <
£ 800+ EI .
Knecht et al. 795- | '%1 -
Phys. Rev. Lett. 108, 122502 (2012) 1970 1980 1990 2000 2010
Phys. Rev. C 86, 035506 (2012). Year

Fundamental symmetries with
6He



®He trapping and “little " :
6He “little a” collaboration

P. Muller, A. Leredde Argonne National Lab
X. Fléchard, E. Liennard, LPC, CAEN, France

. - O. Naviliat-Cuncic, NSCL, MSU
' s A. Knecht, PSI, Switzerland
RF Y. Bagdasarova, A. Garcia, R. Hong, M. Sternberg, D.
discharge . Storm, H.E. Swanson, F. Wauters, D. Zumwalt
University of Washington
transversal P —
cooling Zeeman - }* . 3

slower magneto-
optical trap

Based on experience from ®He, 8He charge
radius measurements by ANL group:

L.-B. Wang et al., PRL 93, 142501 (2004)
P. Mueller et al., PRL 99, 252501 (2007)

Present work (little a):

« Several ongoing upgrades. Expect trapping about 1000 atoms with small bkgd.
« Expect first results (@ to ~1%) by end of 2014.

« Calibration of apparatus parameters: E field, geometry, efficiencies, instabilities.

Goals 3 years:
Determination of d to ~0.1%

Fundamental symmetries with 27
6He
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SHe “little b”: aiming for 104 He “little b” discussion group
. . P. Muller, A. Leredde Argonne National Lab
Two ideas look plausible A. Knecht, PSI, Switzerland

A. Hime, B. Vandevender, PNNL

Y. Bagdasarova, A. Garcia, R. Hong, P. Kammel, J.
Kofron, G. Rybka, M. Sternberg, D. Storm, H.E.
Swanson, F. Wauters, D. Zumwalt University of

RxB spectrometer: Washington
cross sectional . .
) view K, Project-8 like system :
: Ay
X y — Pick up cyclotron I
{ radiation to Amplifier
i = VAV o

In shallow trap B,=1T

6He ion trap after B filter e’s gyrate almost
(10° 1/s) (10° 1/s) V\/f—:
. 7 perp. to B field. ABm 386

B(T)A
4.0
3.0
2.0
1.0

Intense production at CENPA (decay density
up to about 10° decays/s cm3!) and ®He as
> gas make it well suited for P8-like approach.

t[2)|spplacement in RxB direction proportional Asner et al., Arxiv1408.5362v1, Aug. (2014)

Fundamental symmetries with
6He



Towards a measurement of b in °He decay

i ilint_ i M. Hughes, X. Huyan, K. Minamisono, W. Mittig, O. Naviliat-
S“des Courtesy Of O N&Vlllat CunCIC Cuncic. S. Paulauskas (NSCL-MSU); P. Voytas (Uni.

] ] Wittenberg); T. Ahn, M Brodeur, J. Kolata (Notre Dame); G.
= Short term: Observe the contribution of the WM | Ban. X Flechard, E. Lienard (LPC-Caen, France)

form factor in the beta energy spectrum. Linear

contribution estimated to be 0.6%/MeV. 46 MeV/nucleon

after degrader

= Exploratory measurement at NSCL with ions
implanted in Nal and Csl scintillators
(completely contained events, suppress

Csl-runl145-segs:0,1,2

backscattering). ok
= ~108 events collected; analysis underway to :
investigate beam-induced background and 3

electron bremsstrahlung; (first pass: separated
beam is absolutely pure and beam induced el st g M M)
activation ~3x smaller than ambient

background).

(AT-TPC, NSCL,
. Mittig et al.)

= Next step: use a TPC with ®He ions stopped
inside the TPC and track electrons in a
magnetic field. Planned tests with AT-TPC
(NSCL) to compare MC simulations. Goal 65 ~
0.1%.



Asymmetry-polarization correlation

M. Hughes, X. Huyan, K. Minamisono, O. Naviliat-Cuncic. S.
Paulauskas (NSCL-MSU)

= NSCL is constructing a positron polarimeter to
be installed at the BECOLA low energy beam

N. Severijns and O.Naviliat-Cuncic,

|ine Annu.Rev.Nucl.Part.Sci. 61 (2011) 23
B detector 0.20
\ 200
L Mgo o P
y detector E 3
o 0.10 <
Low energy beamT .'E S
a 300
g 0.05
= Will measure the relative longitudinal 400
. . . . . 500
polarization of positrons emitted from spin -
polarized nuclei (candidates !Na and 3K, ‘010 R
optically pumped). s
» Phase I: energy integrated measurement. = Will provide the most stringent
» Pase II: differential measurement vs positron constraints on RHC mass from

energy (never performed in beta decay) beta decay



Neutron and Nuclear Mirror Decays

Motivation (1): an independent cross-check of
vector coupling strength

For mixed F/GT decays need 2 quantities to specify decay parameters

2
e.g. Mirror decays: ¢ =1+ 3 (2—“
|4

>\ Need the axial coupling constant (g4M;7)!

Obtain these from measurements 0000 SRR LI
of the lifetime and an angular | G40 19Ne 21Ng sAr
correlation: agy, Aﬁ § 6200 ft:t:i:i:::::::::::::::::::?:‘:::T
Vincenzo’s talk: need ag,, Ag at 0000 Pl } 37K
0.1% level, lifetime at 0.03% level to 0 T e a0 3 a0
for neutron to compete with 0*— 0* Mass number A
PDG2014 2009: pPnys. Rev. Lett. 102, 142302
Sapv _ 3904 28 — 0.89%, % = 0.12% Significant progress being made on
agy Ap T 19Ne, 35Ar, 37K

Vialor = 0.97425(22), |Vygln, = 0.97520(140), |V,glm = 0.97190(170)



More Motivation: Neutron Decay

e Motivation (2): (S,T) BSM physics at comparable
sensitivity to LHC (Vincenzo’s talk) requires E
dependence of correlations and/or spectrum
measurement

Neutron decays are a clean system one can push into the post-
LHC sensitivity regime (Unitarity and (S,T) constraints) with
precision below 0.1% level: important long term goal!

e Motivation (3): Lifetime critical input for BBN
predictions of 4He (dominant source of uncertainty)
— ~1s level required for envisioned BBN needs

More...

Challenge: field a diverse and sensitive enough set of experiments
to provide a robust assessment of systematic uncertainties...



Neutrons: Summary

e Angular correlations
— aCORN (ag,): ongoing at NIST CN beam, &dg, /6dg,~1%, current data at ~3%
— UCNA (4;): ongoing at LANL UCN src, SZ[;/Z3<O.3%, current data at 0.5-0.6%
— Nab (ag,, b): in preparation at SNS CN beam, éag, /6dg, ~0.1%, 6b ~ 0.3%
Nab detector R&D at LANL UCN src: UCNB (4g, By, b, b,) ~few 10 possible

International competition: aSPECT (6ag, /ag,~1%) at ILL, PERKEO Il (645/Az ~0.2%) at ILL,
Perc in preparation (54;/Az ~0.05% and other correlations) at Munich

US approach distinct, targets relevant precision, and provides robust counterpoint
to European program

e Lifetime
— NIST UCN lifetime: analyzing systematic issues
— Radiative Decav: onaoina at NIST CN
— BL2/BL3: ongoing at NIST CN, staged w/ 07 —1s in next 3y, 0f —0.2s
— UCNT: in prep at LANL UCN, staged w/ 87 —1s in next 3y, 07 —0.2s

International competition: CN beam — J-PARC TPC (0T —1s); UCN — PENeLOPE (0T~0.15)
at Munich, Ezhov, HOPE and Gravitrap at ILL (dT~0.3s), Mainz (d1~0.3s),

US research in very strong position



Unique collimator geometry
permits kinematic cuts to

resolve electron-proton relative
motion (for fixed electro energy)

proton time of flight (us)

50

454

4.0+

357

3.0+

254

20

sample of aCORN data (2013)]
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1000

aCORN

Figures from F. Wietfeldt

LN2 Dewar

High Voltage Cable for
Proton Detector Assembly

y
| — NIST upgrade: x5 at NG-C
o == Another x(1.5-2) with cold
e j source upgrade in 2016

Current analysis (from NG-6 run): 6dg, /6dg, ~3%

Move to NG-C in 2015 after current analysis compete:dag, /6dg,~1%



UCNA

Be-coated window MWPC
X DO/{XXXXXXXXXXXXXXXXX}
—{F
. . L = :‘. :0.9 = ® =
X K BRXXKZA | | XK K K
/ r Plastic Scintillator
Decay Volume
Solenoid Magnet (1.0T) .
—s——Polarizer /AFP Instrument
Diamond Film
\- .

To UCN Source

2010: 52+6 UCN/cm3

: One of the strongest UCN
-e.:24 G122 043 0416 0116 0114 0412 011 -o?oa sources In the World

f-Asymmetry A

Use UCN to address systematic issues of polarization

: ) LANL source rade:
and backgrounds in previous CN beam expts urce upg

projected gain from 2013:
Phys. Rev. C 87, 032501(R) 2013 x10 (LDRD, T. Ito PI)
A, =-0.11972(55), A=g./g9,,=-1.23756(30)

° 16 publications, 6 theses since 2009
6Ap/Ap<0.3%, current data at 0.5-0.6%



Nab

> Segmented
_-._-_-_--_-_- -
: Si detector S N S p rog ram Apparatus extends:
° . e ~Gm Zh;we tl::eam :elig:I,
* e ~2m below beam hej
_ = bru]'l (upper HV) IS u n d e rway ! (existing pit). ¢
*——o
TOF region =
T (fieldryB)

j=}

4m flightpath skippe

!

magnetic filter
//region (field B,)

/ decay volume
] ' = (field TapvBy)
eam f----- -

| B o oo Technical Baseline Peak Flt
~1m flightpath skipped

Segme@d “JIW\" U,.. (lower HV) 2
e Nab not limitex

Utilizes optimized spectrometer for proton TOF
No aperture and grid . .
Custom Si detectors e
Pulsed beam at the SNS Setup in 2016, run through end of 2017
0 S
5t1,/5@, ~0.1%, 5b ~ 0.3% 0.1% statistics in less than 1 mo

rons/em” /e MW/AY




Nab/UCNB Detector R&D: Si detector development
and the UCN spectrometer at LANSCE

Prototype Si detector

Magnetic
Field B,

0.6B, —" N
AN

Electric Vi+ 30kV

Potential /
Vs

|
|

| I

{ COOI|g I|neS / UC/N absorbing . \DLC-coated
] —iﬁ 1 electrode . Cu decay vol

Si Detector Graded gamma-

Polarizer/AFP shield
Magnet

1%

Acceleration
Electrode: -30 kV

« Large area Si detectors the key to high precision -spectroscopy and
proton detection: 2mm thick, 127 pixels, ~15 cm diam, 2.5 keV res

* Development program underway at LANL using UCN spectrometer
(ideal for Nab R&D, physics measurements possible)



Radiative Neutron Decai - RDK |

n—pte +v.+7y
> Perform precision measurement of the radiative
photon branching ratio and energy spectrum.

Magnetic

Field Line 12x BGO+APD

> Test of V-A physics and QED calculations;

measure other correlations with tagged photon (e.g.,
Fierz term); progress toward sub-1% measurement.

Slide courtesy of J. Nico

3x Bare APD Solenoids

> Detect photon and electron in coincidence followed

by delayed proton.

> Photon detection performed by 12 BGO crystals
(10-780 keV) and bare APD detectors (0.25 - 25
keV).

> Data run performed on NG-6 beam at NIST Center
for Neutron Research

Average of 12 BGO Detectors Average of 3 APD Detectors

14_”'0'4'""""'""""""""I""""' 8|&5><_1|| - e T —_—
— Theory+MC . — Theory+MC
i + Exp | ‘ . Exp
. 3L |
3 _i - : | =
\ MER I
| - SRR ]
i s"% 1 1 ! |
[ kw bt . | I by T ' |
00 200 300 400 500 . 600 . 700 80D o1l | — JILIrIc) o PN SR S|
BGO Pulse Height (511 = 511 keV) o 2 4 6 8 10 1

2 14 16 18 2
BAPD Pulse Height (5.9 = 5.9 keV)

i Electrostatic Mirror

Cold Neutron Beam

> RDK Il run and offline detector
characterization and response studies
completed.

> Extensive MC simulations of apparatus
and decays complete.

> Nearing completion of statistical
analysis and systematic effects.

> Expect final result in early 2015.
Precision on BGO of a few percent and

bare APD of about 10%

Collaboration: Arizona State, Indiana,
Kentucky, Maryland, Michigan, NIST,
Sussex, and Tulane

Support: NIST, DoE, NSF



Hosted by: Umass Amherst and the Amherst Center for Fundamental Interactions

Sept. 2014: “Measuring the
Neutron Lifetime” Workshop

895

Ma ni)e
eta
890 % Byrne et al.
L Mampe
et af
885 =

Arzumanov

® Beam

Nico et al.

|

-
m UCN _

Yue et al.

Steyerl i
etal.

Arzumanov
et al

Theam = 886.3(3.4) — 888.0(2.1)

theam = 888.0(2.1)

YN = 879.6.0(0.8)
~40 discrepancy
Phys. Rev. Lett.111 222501 (2013)

Neutron Lifetime [s]
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875k et al. ]

........ SRR R [T R
1990 1995 2000 2005 2010 2015

Year of Publication

 There are two ways to measure the neutron
lifetime: beams and bottles

* Recent beam results reinforced existing 40
discrepancy between beam and bottle

« Conclusion of Workshop: only way to resolve
this is to pursue experiments with both
methods and improved precision




NIST Lifetime (BL1)

alpha, triton Figures from F. Wietfeldt and A. Yue
detector
¥ premsmn pro‘[on
aperture 7 detector
“o) .)))mm """""""""""""""""" i
neutron beam
) i A Y
dep031 ¢ mitrror trap electrodes door open
* (+800 V) (ground)

Nico et al., Phys. Rev. C 71, 055502 (2005)

» 30 years of experience developing CN beam lifetime method
 Measurement first published in 2003

Tp = 886.3(1.2)54:(3.2)ys Updated to 7, = 887.7(1.2) 54 (1.9) 5y

« Method involves counting the decay protons from a well-defined
region inside a the Penning trap, and requires a determination of
the absolute neutron fluence (number of neutrons in trap volume)

 Dominant error: absolute neutron beam fluence



Determining absolute fluence

Neutron beam (R,,)

wavelength \
&th Ao Absorbed neutrons

€0 :HNA (0,0) 00], 2+ Qg (0,0)]

——————————— 1 0, t detection probability
Neutron absorption probability

Old way: measure area density , solid angle, and
use evaluated cross-section

New way: monoenergetic beam, measure €0 =

fluence monitor rate r, , and simultaneously the
calibrated rate in 100% absorbing, gamma
emitter, R,

Taz,t )\O

RTL )\mono



NIST lifetime: BL2 and BL3

e |Improved lifetime measurement in a staged program, based on
enabling technologies

e BL2 will use existing apparatus, with new calibration procedure
and additional statistics to push to dT~1s over next 3 years

e BL3: scale up existing experiment, explore additional absolute
counting schemes and use large segmented Si detectors to
improve proton counting systematic issues, goal 0T well below
1ls



UCNT: an Asymmetric Gravito-Magnetic Trap

UCN trap with walls paved with
~5000 permanent magnets in a
Halbach array, forming a gravito-

" \

magnetic trap for one spin state,
and avoiding losses on the "nu..,!,'ﬁrﬁm‘
material walls
Asymmetric structure: two torus
Neutrons populations are cleaned patches of different curvatures
join along middle row

to remove “quasi-bound” UCN

Neutrons stored for at least two
different storage times, t; and t,
with the measured normalized

survivors, N; and N,
t, —t;

Tn -
Ny
i (Nz)




UCNT unique features

Activated V foll
counted with B-y
coincidence

UCNT has unique features, and
IS the only UCN experiment to
combine

e Multiple sampling methods
iInclude a detector which can
be inserted fully into the trap &

« Drain to UCN detector *
* In situ V activation

Control for UCN which empty
slowly from trap through guide

UCN from—s ™

« Asymmetric structure
the source

Promotes orbit mixing for rapid
removal of quasi-bound neutrons

a2 external detector
a Trap door
actuator

* together with large volume V folil lowered into trap
(700 liters) Control for trajectories with long
High statistics emptying time and possibly

monitor spectral variations



UCNT R&D progress

V Activation Counting V Activation (UCN absorption) Scan
366 175 -
250 150 “r %} """""""" i
_| 200 125 ol + '
— i - —
] 150 =324.2(6)s [10& 3 ¢ + ToED
2| 100 5 g T
C m P
S o = B I
ol 50 50 @ 2 L
Ol e & -/ Load for 150s then trap door/GV closed.
" e . [/ | Vdown at 155s.
o N V up at 155s + Activation Time
100 -25 ;

» First measurement of storage time 860+19s (Phys. Rev. C 89, 052501 (2013))

e Order of magnitude improvement (>10° UCN per fill) with prototype new loading
arrangement over the geometry used to produce published storage curve

Also anticipate staged approach: over next 3 years, target dt1~1s, then focus on
improvement to well below 1s precision



Summary

e Essentially all groups in a cycle of construction, data-taking or
analysis, with only modest R&D investment hoped for over the

LRP period

e Motivation remains excellent, highlighting essential role of
theory
e Rigorous form factors for kaons and nucleons from lattice

e MI particle physics phenomenology
e Recoil matrix elements and nuclear structure corrections

e Neutrons: the SNS is now online and there are source upgrades
underway at LANL and NIST. Community sharpening focus on
lifetime, with both beam and bottle experiments envisioned



Testing CVC and CKM un

e Ny

itarity

via superallowed nuclear (§ decay i
J.C. Hardy and I.S. Towner :

Cyclotron Institute
Texas A&M University

L. Chen
g V. Horvat
N. Nica
M. Bencomo |




Graduate Students
lon Trap Collaborators Postdoctoral Researchers

. N.D. Scielzo, A. Czeszumska, E.B. |
Norman, S. Padgett, B.S. Wang, R.M. 61’6@)7
Yee

The University of Chicago

G. Savard, M. Burkey, S. Caldwell, J.A.
Argonne Clark, A.F. Levand, A. Perez Galvan, P.
memEEEr - Mueller, M.G. Sternberg

Open trap
F. Buchinger, J. Crawford,
R. Orford
R. Segel

- ' A. Aprahamian, S.
Il\ ' Marley, N. Paul, S.

o Strauss, K. Siegl

K.S. Sharma, G. Morgan,
T. Hirsch

UNIVERSITY

oF MANITOBA
Lawrence Livermore National Laboratory lll-

48



The Mad Trappers/Thanks

TAMU: Spencer Behling, Mike Mehlman, Ben Fenker, Praveen Shidling
+ ‘ /REU undergrads

il JERAL[OCN TR LR CO R LY B
| ST

% B = E‘ G l .?'

_ 7 i - !

e * .:175'..':.{ L '

LIICHC I

|
L

e [

TRINAT: @2 Triume M. Anholm, J.A. Behr, A, Gorelo,
“ L. Kurchananov, K. Olchanski, K.P. Jackson

ﬁ? D. Ashery, I. Cohen G. Gwinner
Fuding/Support:

WERLOZ,

"“ DOE DE-FG02-93ER40773, Early Career ER41747

also NSERC, NRC through TRIUMF, WestGrid, Israel Science Foundation
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NSCL Projects:
®He spectroscopy

M. Hughes, X. Huyan, K. Minamisono, W. Mittig, O. Naviliat-
Cuncic. S. Paulauskas (NSCL-MSU); P. Voytas (Uni.
Wittenberg); T. Ahn, M. Brodeur, J. Kolata (Notre Dame); G.
Ban, X. Flechard, E. Lienard (LPC-Caen, France)

UW-ANL Projects
5He electron-neutrino corr.

spin-asymmetry

M. Hughes, X. Huyan, K. Minamisono, O. Naviliat-Cuncic. S.
Paulauskas (NSCL-MSU)

®He spectroscopy

6He “little a” collaboration

P. Muller, A. Leredde Argonne National Lab
X. Fléchard, E. Liennard, LPC, CAEN, France
O. Naviliat-Cuncic, NSCL, MSU

A. Knecht, PSI, Switzerland

Y. Bagdasarova, A. Garcia, R. Hong, M. Sternberg, D.

Storm, H.E. Swanson, F. Wauters, D. Zumwalt
University of Washington

SHe “little b” discussion group

P. Muller, A. Leredde Argonne National Lab

A. Knecht, PSI, Switzerland

A. Hime, B. Vandevender, PNNL

Y. Bagdasarova, A. Garcia, R. Hong, P. Kammel, J.
Kofron, G. Rybka, M. Sternberg, D. Storm, H.E.
Swanson, F. Wauters, D. Zumwalt University of
Washington




aCORN Collaboration

current 19 Sept 2014
Tulane University: Guillaume Darius, Christina De Angelis, Taufique Hassan, Fred
Wietfeldt**
NIST: M. Scott Dewey*, Michael Mendenhall, Jeff Nico
Indiana University: Ed Stephenson®
Hamilton College: Brian Collett, Gordon Jones*
DePauw University: Alex Komives®
University of Tennessee: Jonathan Mulholland

*# gpokesperson
* co-PI



The UCNA Collaboration

California Institute of Technology
R. Carr, B. W. Filippone, M. P. Mendenhall, A. Perez-Galvan, S. Slutsky
Idaho State University
R. Rios, E. Tatar
Indiana University
A. T. Holley, C.-Y. Liu, D. Salvat
Institut Laue-Langevin
P. Geltenbort
Los Alamos National Laboratory
M. Blatnik, T. J. Bowles, L. J. Broussard, S. Clayton, S. Currie, G. Hogan, T. M. Ito, M. Makela, C. L. Morris,
R. W. Pattie, J. Ramsey, A. Saunders (co-spokesperson), S. Seestrom, S. Sjue, W. Sondheim, T. Womack
Michigan State University
C. Wrede
North Carolina State University/TUNL
C. Cude-Woods, E. B. Dees, S. D. Moore, D. G. Phillips Il, B. M. VornDick,
A. R. Young (co-spokesperson), B. A. Zeck
Shanghai Jiao Tong University
J. L. Liu
Texas A&M University
D. Melconian
University of California, Los Angeles
K. P. Hickerson
University of Kentucky
M. Brown, S. Hasan, B. Plaster
University of Winnipeg
J. W. Martin
Virginia Polytechnic Institute and State University
X. Ding, M. L. Pitt, R. B. Vogelaar



Funding proposal for the neutron decay spectrometer Nab at SNS

Precise Measurement of A = G4 /Gy and Search for
Non-(V—A) Weak Interaction Terms in Neutron Decay

R. Alarcon®, L.P. Alonzi”, S. BaeBler®*, S. Balascuta®, J.D. Bowman®', M.A. Bychkov®,
J. Byrne¢, J.R. Calarco®, T.V. Cianciolo®, C. Crawford®, E. Frlez”, M.T. Gericke®, F. Gliick",
G.L. Greene', R.K. Grzywacz!, V. Gudkov!, F.W. Hersman®, A. Klein®, M.C. Lehman®,
J. Martin!, S.T. McGovern®, S. Page®, A. Palladino®, S.I. Penttila®* D. Pocani¢® T,
K.P. Rykaczewski®, W.S. Wilburn*, A. Young™ the Nab Collaboration]|

»Department of Physics, Arizona State University, Tempe, AZ 85287-1504

b Department of Physics, University of Virginia, Charlottesville, VA 22904-4714

© Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831

4 Department of Physics and Astronomy, University of Sussex, Brighton BN19RH, UK
“Department of Physics, University of New Hampshire, Durham, NH 05824
tDepartment of Physics and Astronomy, University of Kentucky, Lexington, KY 40506
£ Department of Physics, University of Manitoba, Winnipeg, Manitoba, R3T 2N2 Canada
LIEKP, Universitit Karlsruhe (TH), Kaiserstrafie 12, 76151 Karlsruhe, Germany
tDepartment of Physics and Astronomy, University of Tennessee, Knozuville, TN 37996
IDepartment of Physics and Astronomy, Univ. of South Carolina, Columbia, SC 29208
kLos Alamos National Laboratory, Los Alamos, NM 87545

'Department of Physics, University of Winnipeg, Winnipeg, Manitoba RSB2EY9, Canada
" Department of Physics, North Carolina State University, Raleigh, NC' 27695-8202



NIST Beam Neutron Lifetime (BL2, BL3)

NIST
M. S. Dewey, D. M. Gilliam, M. P. Mendenhall, J. S. Nico, A. T. Yue

University of Tennessee, Knoxville
N. Fomin, K. B. Grammer, G. L. Greene, J. Mulholland

Tulane University
C. DeAngelis, F. E. Wietfeldt

Indiana University
E. Anderson, W. M. Snow

Hamilton College
B. Collett, G. L. Jones



Steven Clayton for the UCNT collaboration

S. Clayton, M. Makela, C. Morris, J. Ramsey, A. Saunders, S. Seestrom,
P. Walstrom, Z. Wang (LANL)

D. Bowman, S. Penttila (ORNL)

E. Adamek, W. Fox, A. Holley, M. Hozo, C.-Y. Liu, N. Callahan, D. Salvat,
J. Vanderwerp, B. Slaughter, K. Solberg, M. Snow (Indiana U.)

B. Vogelaar (V. Tech)
K. Hickerson (UCLA)
A. R. Young, B. VornDick, E. B. Dees, C. Cude (NCSU)

PSI2013



A little more specifically. . .

Test SM via the angular distribution of 7 decay: the often-quoted
Jackson, Treiman and Wyld (Phys Rev 106 and Nucl Phys 4, 1957)

basic decay rate B—v correlation  Fierz term
W G2| V42 X ~ 5. Tm
— F u peEe(Ao_Ee)Zg 1_|_ aﬁy (& Ve _|_ b e
dE,dQ.dSY, (2)5 E.E,, E.
-~ go—"
;“ — &
\
_ ovP+Icy P __ —lcs|* —|C%l?
Uy = G, I, P Uy = IG5 F [C4P
Lo ovP + GV - (G — |CsP

POV + ICHE + [Cs? + |CyP?
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A little more specifically. ..

Test SM via the angular distribution of 3 decay: the often-quoted
Jackson, Treiman and Wyld (Phys Rev 106 and Nucl Phys 4, 1957)

basic dgsay rate B—v correlation  Fierz term
W G2 Va2 S ~ 5. Tm
— - eEe Ao S Ee 1 v - b =
T, @y Pl Je\it anpp- + o g

(1) Pe Pv | yPe X Db

1A B,—+D

+ 7 3 e+ VEV—F E.E, +
N S—— - ~" o

3 asym v asym T—violating

_ =2 3(1+2%) _ p(1-y?)
Ag = T [(1—:1:3;) 5(1+y?) g(HZz)}

Pv where z ~ (M1, /Mg)* — (
and y ~ (Mr/Mg)* + ¢

are right-handed current parameters
that are zero in the SM
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