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Neutron Beta-decay

 Types of Lorentz-invariant couplings
— P is small for non-relativistic particles
— S, V: Fermi transition (AJ=0)
— A, T: Gamow-Teller transition (AJ=%1,0)
— No evidence of Sand T.
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Mirror Symmetry is Broken!
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THE EXPERIMENTAL CLARIFICATION
OF THE THEORY OF g-DECAY!

By E. J. KovorinskI AND L. M. LANGER
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INTRODUCTION

Fermi advanced his successful theory of B-decay in 1934. It has since
then undergone development in which two general directions may be dis-
cerned. One has been a broadening of the scope of the theory, the other a
narrowing of its initial ambiguities.

The Fermi type of interaction was invented expressly for nucleonic
B-processes but now promises to apply to all known processes involving the
direct interaction of four fermions (spin 1/2 particles). The known fermions
are: the electron (et), the neutrino (v), and antineutrino (¥), the nucleon
(N or P) and the p-meson or muon (ut). The direct interactions among these
for which evidence exists are listed in Table I. This review is primarily con-
cerned with the (-processes only. The relation of the others to B-decay is
briefly summarized in the section on the Universal Fermzi interaction.

TABLE 1

THE FERMI-TYPE PROCESSES

B-emission [N—Pte™+5
\P—=N+et+p
Orbital capture: P+et—N4+»
p-decay: ut—et+2y
p-capture: Pipu=—N+w

The other direction of development has been toward a progressive experi-
mental clarification. Fermi provided criteria for a 8-coupling which are not
quite sufficient to give it a unique form. An arbitrary linear combination of
five interaction forms (symbolized by S, V, T, 4, and P) is consistent with
the a priori provisions of the Fermi theory. The experimental effort has been
to reduce this arbitrariness. As we shall interpret the evidence here, the

correct law must be what is known as an ST P combination. This remains
for the present a phenomenological result. No principle has been suggested
so far (cf. THE A PRIORI THEORETICAL BASIS) which escapes con-
tradiction by the experiments as interpreted here.

TABLE 11*
SELEcTION RULES

]
[ Occurring
Ord . Nuclear Matrix Element. for Selection Rules on
er Ja Interaction Nuclear Spin, T
Type
Allowed S1(or /B) S,V AI=0
(noparity Se(or [B3) T, A AI=0, +1 (not 0—0)
change)
! Jrlorfav) | P4 AT=0
Once | Jr S,V | _
Forbidden Ta V,T ‘(”:-%'_fo;
(parity ‘ JoXr T, A ‘ ne
change) r
: Jé-r T,4 AI=0
[ S;,-=__[cr;x,-+a,-x;—§d-ra,-, T, A { AI=0, il, +2
i (not 00, 3—4%, 021)
| frsr I P4 | AI=0, %1 (not 0-0)
Twice R;i =_fx.-x,- — 37255 S,V _ 1
Forbidden| Ai; = fasx;+ajxi—de-rs;;.  V, T (no'?g-:g’ ;i._l,'z. 642_”)
(no parity T;i=_f[d)(r]¢x;+ [er],-x.- T, A $ 3R
change)
Ja'r V,T AI=0
JaXr v T AT =0, 1 (not 0—0)
al=0, 1, £2, +3
Siik =Ja.‘3£,'xl;—‘ s ‘ T A (not 00, §—1, 33, 11,031,
i 02)

f !
* Actually, the operator enters all the matrix elements arising from the S, T, and

P interactions. It is ignored to permit contraction of the Table. It has no effect on
selection rules, but may affect sizes which are treated as unknown here anyway.

The chief information gained from spectra other than RaE and the
“‘unique'’ spectra, is that the Fierz-type of interference is absent. Its absence
in allowed spectra forbids combining S and V or T and 4. That, alone, nar-
rows the alternatives to STP, SAP, VTP, and VAP. Next, the like absence
of Fierz-type interference in once- and twice-forbidden spectra eliminates
S4, AP, and VT combinations. Hence, from such arguments alone, one is
left with only STP, or VP, or VA. Then VP must be discarded because it
does not yield Gamow-Teller selection rules. However, STP is favored over

VA only by the evidence of RaE. ZlﬂBi
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Fic. 1. Vertical cross section (normal to the neutron beam)
through the detector system of the experiment measuring the
correlation of the neutrino momentum and the neutron spin.

‘TaBLE II. Predicted values for @ and (.

S+T» - S-T V+A V—A4s
vLb Vr 172 br 7 Vr VL Vr
@ —1 +1 —0.07¢ 0.07 +1 -1 0.07 —0.07
® —0.07 0.07 -1 +1 —0.07 0.07 —1 +1
a The relative signs in this row are those of the couplings present;ie,, V—A4 means C4/Cv = —1.14.
b &) means left (right) handed antineutrino; i.e., ?L(r) corresponds to Ci/Ci’ = —1(41).

© The uncertainty of +0.05 in x introduces an uncertainty of =4-0.02 in this number, 0.07, wherever it appears.



Beta Decay Parameters

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

basic decay rate B—v correlation  Fierz term
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US program has on-going or planned efforts to measure:

(1) Decay rates and B-spectra (G;V,, ¢ b)
(2) Unpolarized angular correlations (a;,, b)

(3) Polarized angular correlations (4;,B,,b,b,)

(4) New program to measure circular polarization asymmetry



In SM, V-A interaction

1-2°
a=———,
1+34°
2
PYAYS
1+ 34
Im(4)
1+34°

A:an important parameter to
Input into the solar neutrino
estimates

b=0

|
1+ 342

D=2

Yerozolimsky, NIMA 2000

1.00—

-0.110

Exp. a=-0.10170.0051

i :
.|1,|=1_25511n_n{119

|hJ=1.250+0.0017

-1.260



V 4 for CKM Unitarity Test

f. Phase space factor=1.6886 W &
(Fermi function, nuclear mass, size,
recoil) o ¥
AV
\ »

’,ﬂ
1/t,= fG2|V 4|2m 5(1+3g,2)(1+RC)/2n3

mwz

F(Q%)

/ e[
- 4m ), QQ2

+ mwz
From u-decay: 0.6 ppm (MulLan 2011)

Marciano & Sirlin, PRL 96, 032002 (2006)
‘ Vo [Pe 4908.7 +1.9s
ud 2

To be comparable to the theoretical uncertainty: 4 x10%
requires experimental uncertainty: AA/A = 4AA/A < 2 X103
and At/t =4 x104.
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V.y:T,& G,/G,

1,=886 s (NIST beam lifetime)

0.98
0973:_ G 0*=>0* nuclear decays:

' - Vud =0.97425(8)exp(1())nuc|(18)RC
0.976}—

Neutron:

T,= 880.0(0.9) s

g, = 1.2701(25)

- Vud = 0.9774(5)m(16)gA(2)RC

Unitarity

< 0.974

0.972

This is 2 ¢ discrepancy between
the neutron and super-allowed
decays.

0.97

0.968

[y
[ N
(Y-

.25 To bring these two into
agreement, we need
R. Pattie Thesis (2012) * Shiftg,=1.275

 Oralonger 1,=886s
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Present

 Neutron lifetime measurements disagree.

e Neutron asymmetry measurements disagree.
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The History of Neutron Lifetime Measurement

Solid circle: beam
Open square: bottle

PDG 2004-2010: 885.7+£0.8s
PDG 2011: 881.0+1.5s
PDG 2013: 880.0+0.9s
PDG 2014: 880.3+1.15s

1930 1960 1970 1980 1990 2000 2010

Lear 16




Meanlife (s)

Discrepancy: Beam vs Bottle

894 H T [ [ | H
The discrepancy between beam and bottle
892 — experiments is about 4 standard deviations| —
890 _ _
o
888 |- ® Yue| 7
886 1 -
Il |t,(beam)=888.0+20s
884 |- ~
i 1
880 »-
s7s | |t (bottle) = 879.78 £ 0.56 s [Arzamanoy].
876 | | | l H
1990 1995 2000 2005 2010 2015

Measurement Date

courtesy: Scott Dewey



Future

Resolve the Neutron lifetime discrepancy.

Resolve the Neutron A measurement.

mprove both to 1e-4 level of precision.

BSM searches
— By testing the V-A structure.

18



Neutron Lifetime

The Two Pillars: Beam vs Bottle Techniques

19



The Beam Method

Proton Counter
Rﬂg Ldet
Cold Neutrons r = P
-> H
Velocity profile: ¢(fv) Rp gmvm
Decay Volume Thin 1/v
neutron
counter

20



The NIST Beam Lifetime Experiment
(BL1, BL2)

alpha. triton Tn — — N mn / N n

detector
.
precision B 46T brofon
eI detecmr
‘ . O 1.5,1\633""' s -
ST neutrml beam
deposit MIITor trap electrodes door open
* p (+800 V) (ground)

e A quasi-penning trap electrostatically traps decay protons, which are guided
to detector via a B field, when the door electrodes are lowered to the
ground potential.

* Neutron monitor measures incident neutron rate by counting n+°Li=> o+t.

21
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The Alpha-Gamma device

Andrew Yue, UT Ph.D. thesis (2013), Advisor: Geoff Greene

Neutron monitor

I
|
R,, determined by absolute y counting : HPGe detector
from1%B(n,y)’Li reaction |
|
i
| Totally absorbing
| 10B target foil
]
|
|

;.-.-.uﬁw:-F..---------



| Measure the absolute activity of an alpha source

7 Use this source to determine solid angle of alpha detector

e

Use an (n,ay) reaction to transfer the calibration to the
gamma detectors

Diamond-turned

PIPS detector

- copper aperture
stack i

L /
om r—
tack QQ ’
ssing
cer

Pu source spot




4 Measure neutron rate

Thin foil replaced with thick '°B foil

- all neutrons absorbed

- observed gamma rate and established
gamma efficiency determine incident
neutron rate

886.3 + 1.2 [stat] = 3.4 [sys] seconds Nico et al 2005
887.7 £1.2 [stat] £1.9 [sys] seconds Yue et al 2013




The Bottle Method: fill-store-count

Q Number
e _ —(tz—tq)
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A. Serebrov et al., Phys. Rev. C 78,

035505 (2008)

Dubbers & Schmidt, Rev. Mod. Phys., 83, 1111 (2011)



UCN<t: Magneto-Gravitational Trap

e Magnetic trapping: Halbach array of permanent magnets along
trap floor repels spin polarized neutrons.

 Minimize UCN spin-depolarization loss: EM Coils arranged on the
toroidal axis generates holding B field throughout the trap

(perpendicular to the Halbach array field).
UCNT

PM Array B along IAZ Guide Coils B along E

Local Surface Coordinates

Walstrom et al, NIMA, 599, 82 (2009)






2015 upgrade: “Active” in-situ UCN Detectors

n+1B 27l +a

140F |, .

120

100

80

60

40

20

0 500 1000
Pulse height

Z. Wang et al., NIMA 798, 30 (2015).

L

1500 200(

V-foil replaced with a 1°B/ZnS detector
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Active Dagger Opera

Dagger

Dagger Counts/s

| Hold
& clean
g38 1‘ 5
E
Q9
600:_ Holding %
N Period £
500~ \ gj
n €
4005_ Trap Door S
300:_ Closed
E Cleaning Period
200 l
100F,
0 [ R R A R A TR P AAM 1 |\u .
0 100 200 300 400 500 600
Time (s)

tion

S
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Phase Space Evolution is evident in data that used dagger
cleaning

Blue points are short holding time, Red are long holding time (shifted and scaled)
No Dagger Cleaning Dagger Cleaning

100 sec, n =8 100 sec, dagger clean n =8

100000 100000

10000 10000

—

1000 1000

Mﬁ
100 100
,F!-ﬁ . | ¥
[t
ﬁl.llef’ bl ¥ hb"glﬁ
o 1 o1 10 e T T
e } T = 4 gla= *kx %
I T
| ’»| F|| l\ = ‘IT* -
1 5 lqm‘ 1 bl o=
0.1 ! LJ“ 0.1
250 270 290 310 330 350 370 §90 410 430 450 250 —éiOLongagcoaled 390 410 430 450
—*—5Short —— Long scale

Data using dagger cleaning showed no counts in peak 1!

“Los Alamos UCNT




Variation in BLINDED lifetimes is roughly consistent with
uncertainty

Lifetimes from Individual Run Analysis

£90.00
885.00
880.00
875.00
870.00
865.00
860.00
855.00
850.00
845.00
240.00
100 sec, Giant, AC 100 sec, Giant, AC, DC, 100sec, AC, DC (Jan) 100 sec, AC, DClan 2005, Giant, AC 2005, Giant, 2005, AC, DC Jan 400s, Giant
peaks 1-4 peaks1,2,3,4 1step 1step peaks 1-4 1step 1step 1step
mtotal peak  WP1Corrected
x>/ DOF =25
- UCN
- Los Alamos T

MNATIONAL LABEORATORY

E5T.1943 33



Estimate of Systematic Effects

Effect

Upper Bound Direction

Current Ewval.

D. Salvat Thesis (2015)

Method of Characterization

residual gas <1x10~4 - meas RGA /cross-section measurements
depolarization <1x10™4 + calc field map, in situ detection

material loss <4 x 1071 + calc measure Cu tape loss-per-bounce
cleaning <6 x 10~ + sim vary cleaning time/depth, active cleaner
cleaner reliability <5x107% + sim verify position reproducibility
microphonic heating <1x107* + sim accelerometer measurements

dead time/pileup <1x107* + calc pileup ID /artificial dead time

gain drifts <2x 1074 + meas spectral monitoring/gain monitoring
time-dep. background <5x 104 + meas background data analysis

phase space evolution <5 x 1074 + sim vanadium time studies, active detector
UCN monitoring <3 x104 + meas measure monitor response/source stability
total <1.2x 1073 + (uncorrelated sum)

34



Superconducting multipole

— Field zero in center eliminated by
inner conductors

Filled with UCN from FRM-2
through gap in bottom

Decay products detected at
top, guided by field lines

Spectrum cleaned using
absorber lowered from top

Magnet now under construction

1.2m




Neutron Lifetime & *He abundance (Y )

CMB
Astrophysical Observations

n=6.10=x10-10

]
=]
S
-
[#]
i3]
i
L=
|
7]
|74
&
=
LH
oL
-

P 105xD/H

876 878 a8o 882 884
neutron lifetime, T,

1.0

< 0.8
5
2 0.6

o
2 0.4
3

0.2

-R. H. Cyburt, B.D. Fields, K.A. Olive, T-H Yeh, Rev. M? 8 9 101112 1 2 3 4 5 6 7
Mod. Phys. 88, 015004 (2016); arXiv:1505.01076 10°x°He/H 1019x7Li/H

- L. Salvati et al. JCAP 1603 (2016) no.03, 055;
arXiv:1507.07243




Detector 1 Detector 2

B field

77

> 4

e

/vv VYV

. e

Polarized neutron Decay electron

S reERE e

(End point energy = 782 keV)
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up: down:
N NN
Spectrometer Perkeo Il |- -2 Y| |4, -2~
precise electron spectroscopy
Principle: Scintillator Magnetic field
¢ 2x27m- Detection Photomultipliers\ \ |
¢ two hemispheres |£ N , !‘ ,
¢ backscattering suppression \ | i Decay electrons
¢ low background eutron — P —
¢ strong beam PF1: | p =
- count rate—>systematic :I
T N
. L/ Baffles
A, = ALPF A= - AAAD g |
‘ C 1+34° - | l\ -
|
7= 9’9y [ |

Method see also:
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Recent Results: PERKEO Collaboration

Electron Asymmetry A:

s00 Fo0°Y 458" z'g; [ [
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv . [;
*“":-» . 0.05 Wmﬁﬁﬁuﬂﬁﬂ%[l[f J 1“
:- d *::“:"‘ N - EE: ..._'_],31311 ]
o (E) oo }[I ]
1504 N1(E) " ]
! .07 I
— Detector
" ;lrak—[ﬁ H[
§ gj B MMWW { [
. " . :
5‘::&_'*—-..% 03 h]] I ’ ]
slo al = u' -1' 0.0z !
nnnnnnn 0.01
Neutrino Asymmetry B
ikeV)
S, E

= M e
< F Y
03 e
n.2f
0.1 M
0.0 + }
0

| FEE S Pl
0 100 200 00 00 ‘\l]

Proton Asymmetry C:

F

first precision measurement (' = x+(A + B)

A=-0.1197(6) A

PERKEO |l combined:
Ao, =-0.1193(5)

dpyy = —1.2748(13)

/

~
B=0.9802(50)
Schumann et a.
g
C=-0.2377(36)
Schumann et al.,
)
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B-asymmetry A with pulsed cold n-beam

PERKEO IllI@ILL: neutron storage ,in-flight",
2x10° polarized neutrons in one pulse
3x10% neutrons/cm3
renewed 80 times per second Colimasion s75ieq 8

—— Velocity 4 olarizer
\Selectnr

N&illltjron guide

Upstream Detector

Decay rates:
5x10% s-1 continuous unpolarized

2000 s pulsed polarized, peak Counts?

140 s! time average g signal  Bgd.

6x108 events T S |

Markisch et al. NIM A 611, 215 (2009) — M |

Results not yet unblinded v IR - ToF
2ms

PERC@FRM I

Neutron storage In-flight within guide: Improvements vs. PERKEO II:

decay rate 106 s-! per meter guide, over 8 m ,
e- on detector without edge effect

Bgd., signal, both with shutter closed
e” mirror effect negligible



Proton Electron Radiation Channel

8 m flight path maximizes statistics

6 T field pinch minimizes backscatter, field inhomogeneity
effects

To be installed in flight path at FRM-2
All systematics expected to be O(104)

e, pselector

| &", p* beam

Meutran guide

Pulsed or B Seconda
Continuo uﬁH Spentru:eters
Neutron v / — e, p
beam e Safénnid J | DEIt;!'l:tur
l:r_'.rﬂstﬂt nY beam stop
Analvzino area
Magnetic Field:
- B, =1.5T, 8m B,=6T

D. Dubbers et al., NIM A 596, 238 (2008)*1



Field Expansion Region

Decay Trap Window 4.5 m MWPC
1ght Guides
X X X (t5 PMTs)
B I ewsrae
X X X

Plastic Scintillator

Decay Volume

Solenoid Magnet (1.0 T) o
-e——Polarizer. AFP
Diamond Film Instrument
= i
7S £ TNy ’.e_—
I\ r' (A)—-”“‘ 4 “‘
- ,v\ !Y ——f ‘I 1
@ = 7 v/
p
To UCN Source
Emitted Betas Spiral

Along Magnetic Field Lines
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6-um Mylar windows
l l 3.5-mm plastic scintillator:

energy, timing
DLC-Cu decay trap /
! low-pressure MWPC

. with low-Z fill gas
(100 Jorr negpentane}

700-nm Mylar +
200-nm Be

Assembled
Detector
Package

Multi-Wire Proportional Chamber/
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Much of remaining uncertainty caused by discrepancy: precise UCNA result will overcome this

Year of Publication

B | | | | | | | | | | | | | | | | | | | | | | | | | | | | ] | ]
2015 __UCNA next step __
| UCNAn analysis This Work: 4.11954{112}% UCNA 2013 _

— Mund et al.: —0.11996(58) B
2010— " Liu et al.: —0.11966(159) Perkeo —
2005 —
- —  Abele et al.: -0.1189(7) .
2000 - Liaud et al.: -0.1160(15) =
1995 — Yerozolimsky et al.: —0.1135(14) —
1990 — —
1985 — Bopp et al.: -0.1146(19) ]
[ 1 T T R N TN T T T M T A NN TR N SN TR SO T N L
-0.124 -0.122 -0.12 -0.118 -0.116 -0.114 -0.112 011 -041

p-Asymmetry A“

Mendenhall, 2013



UCNA Error Budget Over Time

Corr. +/- Mendenhall 2011-13 data: In Source of
Uncertainty (%) | (2013) analysis improvement

Statistics +/- 0.46 +/- 0.40 +/-0.28 Decay rate!
Depolarization | +0.67 +/-0.56 | +0.67 +/-0.1 +0.1 +/- 0.05 Shutter+ ex situ
Backscatter +1.36 +/-0.34 | +0.5 +/-0.15 +0.5 +/- 0.15 Thin windows
Angle effect -1.21+/-0.30 |-0.8+/-0.2 -0.8+/-0.1 Windows+APD
Energy +/-0.31 +/- 0.43 +/- 0.08 Xenon + LED
Reconstruction

Total Sys. +/- 0.82 +/- 0.5 +/-0.22

Total +/- 0.94 +/- 0.66 +/- 0.35

Statistics: 0.28% requires 150x10° raw decays
@100 Hz, 50% duty factor, requires 13 weekends, or ~one full run cycle
(But could be split over multiple cycles)



“_ 7 = —> —>
a” Correlation: p,- p, cos,,

— E,..= 750 keV
B R E o 7 E = 600 keV
= - 450 ke
2 I cosO,=1 — A1 |/1 R
s o _ 7 [ | Eu = 300 keV
B l.ﬂ - _ 1 +

i 1 A - - -
g / /// ] \ ] Plzz = P§+P§+QPEPH COS By
E s sp.=0 R ,
=
g 1 ' = 150 keV
g B ] | '
"E \ cos 0, = -1 E
g.(mu — 200 400 w00 800 yiad [A.UE
’ electron kinetic energy £_.., [keV]
[
S

2

{r.r:. . late protons /!

E"_ : b Upper HV Segmented

g St detector

34" .

T oakF i TOF region — —
B : | | 4 m Might Nab at SNS:
0 200 400 600 800 .
C magne i .
beta kinetic energy (keV) . nauial  Construction
a~ 0.2%
aCORN at NIST:

2013: ~3% (stat), ~2-3% (syst)
Current Run: ~1%

Lower HV | m flight path omitted
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Global Fit - Theory Uncertainties

(p(pHlay"din(p)) = up(p) lf] (qrzl,\”u - iff::,g- ](r“"q,. + ..f‘;;?— )q‘“ Un(p),
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‘Rfit” Scheme: 7/ 0, =[0.1,01] 3
107 / =
¢ 3
Noxn 5 g s " .
exp i . N 2 E 10 i g, =0
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Reach for new physics

A single parameter yields A,
multiple measurements yield V
and beyond

CKM unitarity

— Do neutrons and superallowed beta
decays agree?

o
)

A
—
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Search for right-handed currents
(250 GeV limit from n decay)

Scalar and tensor couplings from B
and b
— Cirigliano 2012 0
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Lett—right mass ratio squared ¢

|Vud‘2 T us‘2 +|Vub‘2 :1

excluded 16.26.3

allowed Y

-03 -02 -0.1 0 0.1

Left—right mixing angle ¢

Holeczek et al., Acta Phys.Polon. B42 (2011) 2493-2499

arxiv 1303.5295 (2013)
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