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History of world averages in neutron decay
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1. Tremendous progress: lifetime error diminished byofa200.
2. At all times, errors underestimated by factor ~3.

The public notices only the continuing 3 sigma disaney.

Difficult experiments: typically 1 of 10heutrons decays in apparatus.
Every lost neutron may contribute to background.
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Neutron-decay

quarks leptons
3¢ b t Tt v (high energy -

T

2% s ¢ ou v, physics)

st d—u e v, neutron decay

Neutron decay involves all members of the first family

Neutron lifetime is long: 7= 15 min
p-endpoint energy is lowk, = 782 keV
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Neutron/decay theory on thguarklevel

Universality of the weak interaction: d-ute +p,
The matrix element fof-decay (point-like) of the down quadkis:

Mqu:u‘k = CF/\/_ “y,u (1 = Vs d—”( L= Y5) Ve —I

It is the same as fg#-decay for instance of the leptan
Mmuml = {GF/\/_Z-)[V#FJ/)L(I B ,‘u’—”( Y (L= ’J/w)?" —I

with P-violating left-handed projection (1)) v, e.g. of spinon..

Fermi coupling constant Gr/V2 = Lg% [(myc?)
with weak coupling constant  , — c-/mnﬁw =~ 0.65
e = (4ma)'/? = 0.31
from muon decay Gr/(hic)? = 1.1663788(7) X 107> GeV 2
now 15 times better (PSI): PRI06, 041803 (2011)
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Neutrondecay theory on theucleonlevel

Neutron is a complicated strongly interacting objeq

:Q - pte +i,

but matrix element needs only slight modifications:

MIIGLI[I'I."!II — (\_;'g Vua‘l:f}{y,u{] £ Ayi)
Kp, — Ky ; _
+ W{Iﬁ_pq‘ )f-z:|[€y'“(1 — Vs)V, |
Wlth df ! ud \ us
1. CKM matrix elementV,_ (5"') = (Vcd Ves
b’ Vi Vi

Vu b d
1{; L‘ j? ) ( l&‘ )
‘f th b

2. ratio of axialvector to vector form-factors (irethmit g> — 0)

A=|g,/g,| €| real under time reversal invariancg,rear 1 (PCAC)

3. small (~ 1%) weak magnetism, for Conserved Vectorg&ba(CVC):
from anomalous magnetic moments- «, = 1.793+(-1.913) = 3.706
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[-decays In baryon octet

Strangeness ChargeQ = +1 Q=1,+%S
A Q
S=0 Q=
S=-1
S=-2 ¥ .

-1 % 0 +% +1 lIsospin,
Al,= 1 for AS#0: AQ=AS

[-decay parameters are related to each oth&Wy);.,., Symmetry
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Neutron lifetime

ol = — (”F“CJPCEIV 12(1 + 3A2%)f
'n 2?]"3 (ﬁ{)j TFIY ud > g

phase space factor f = 1.6887(2)

49087+ 1.9 s
v P+ 3A2)

Lifetime depends on the quark mixing eleméptand ond = g,/g,,.
(Error from radiative corrections)
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Neutron decay correlations

4 Vectors are observable in -decay—- p+ e+ v, ,namely:

6y Py PeOe (B, =P, ~ Pe)
o, 6 scalar two-fold correlains:
e—v correlationgp, L[],
F-asymmetry Ac, LD,
Vv, -asymmetry Beo LD,
e -helicity Go, [P,
H -coeff. Ho, [,
N -coeff No, L&
4 scalafl -violating triple-correlatian

. Do-n |:|(pex p[/ )
Standard Model: All correlation Lo O x
coefficients depend only oh=g,/g, o Lpx P, )

Ro.Ue, % p.)
.. xp,) (+ 5 four-, flvedld)
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Example:fdecay asymmetry

Correlation between neutron sgig,)

and electron momentup)
leads to angular distribution:

C

pe)dﬂ.e
W

'

e

dT (1 + Ao, -

C

= (] + AP, U—e COSH)HQE

!
D=

Electron

Neutrino

with parity violating asymmetry parameter:

LA+
T 14347
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Neutron decay in standard model

In the standard model only 2 parameters are needecaid A = g,/g,).
but many observables are accessible (ultimately 2 dozen).

Measured so fat;, a, b, A, B, C, D, N, R, radiative decay (Khafizov et al., tomorrow)
Under preparation: boungidecay e helicity, weak magnetism, ...

— many tests beyond the Standard Model are possible

Details in DD and M.G. Schmidt:
"The neutron and ist role in cosmology and particle ptg/s
Rev. Mod. Phys33, 1111 (2011)
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n-lifetime in beam

i, = A, = N, 7,

o, triton
detectors
v B=46T plgtgn
4 a0 detectcrl
depomt
Mmirroer trap door open beam
D (+800V) electrodes  (ground)

Measuring lifetime by counting neutrons
and trapped protons at NIST

Nico et al, PR C71, 055502 (2005)
7, = (8863+35) s

Alushta 21.05.2012 Neutron Beta Decay 14



n-lifetime in trap

A. P. SEREBROV et al.

Nu(T) = N,(0) exp(—T / Tsorage)

I/T:-:tnmgre = 1/1"” T I/Tlmﬁ

Storage of ultracold neutrons (UCN)
confined by walls and by gravitation.

FIG. 1. Schematic of the gravitational UCN storage system:

SerebrO\et al’ PI_ B 605’ 72 (2005) |—input neutron guide for UCN, 2—inlet valve, 3—selector valve

(shown in the position in which the trap is being filled with neutrons),

’L'n — (8785 i 08) S 4—foil unit, 5—vacuum volume, 6—separate vacuum volume of
the cryostat, 7—cooling system for the thermal shields, 8—UCN
storage trap (with the dashed lines depicting a narrow cylindrical trap),

PICh|maIel’et al, PL 8693, 221 (2010) 9—cryostat, 10—trap rotation drive, 11—step motor, 12—UCN
detector, 13—detector shield, and 14—vaporizer.
7.=(880.7+1.8) s '

L. Bondarenkaet al, tomorrow afternoon

Alushta 21.05.2012 Neutron Beta Decay 15



n-lifetime in variable trap

The UCN loss ratg is only due to wall collisions.

Uz g T s
Vary y by some means and extrapolate to zeré.smrage,(, ,), I ﬁmtage( )
1 860
1.160x10° 2 different trap sizes
1.155x10° /\ 865
1.150x10° - Tf 870
- -3 o
Extrapolatlon{ Lt C_— 5 differentAE | g75
AE by 5 s L 1.140010® peennrnp oy
0 1.135x10° e
world average t =885.7(8)s
o 1.130X10 72 Frrreee e e 4 885
A
0o 0123456780910
v(s)
. ] FIG. 19. Neutron lifetime from the latest UCN storage experi-
(More ony in LyChaglnls ment. Shown is the UCN disappearance rate 1/7gqee Vs the
talk thls afternoon) (normalized) loss rate y o 1/7): see Eq. (6.27). For y = 0, the

linear fit gives Tgree = 7, = 878.5 = 0.8 s. Open dots are for
the larger trap, full dots for the smaller trap, each for five different
UCN energy bands. The extrapolation is over A7 = 5 s. Shown is
also the PDG 2010 average. From Serebrov er al., 2005 and 2008b.
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Year of publication
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Results: error scaled up b
PDG 2001-2010 r,= (8857 0.8)s8= 1
Serebrov 2005 r.= (87&5 0.8)s
Pichlmaieret al . 201G, = (880 .9 s

(PDG 2011 r = (8817 1.4)S= 2.6)

n
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n-correlations in-beam

H. Abele, TU Vienna: "The neutron ABC"
with PERKEOQO:

1. fasymmetry

Mund et al, submitted to PRL

arxiv 1204.0013 [hep.exp] (2012)
A=-0.1200+ 0.0006

2. Neutrino asymmetry
Schumanret al, PRL 99, 191803 (2007)
B =+ 0.983+ 0.005

3. Proton asymmetry

Schumanret al, PRL 100, 151801 (2008)
C=-0.239£0.003

n-polarizationP, = 0.997+ 0.001

(Here all errors rounded to 1 digit)

Photomultiplier Tubes J (? § ii

Seintillation Detector

.-~ for Electrons
= 1

IMagnetic Fisld Lines .\
A

=3, \ 1l EE‘&EY Volume
n—S_I:_)_ln {
1 : -
Neutron Bea L J |
=
-L Caoils in Split Pair
Configuration
Carbon Foil ; J i =
on high Voltage M 100 mm
Neutron
polarization
1.001-000_' —r—t v 1+ t ¥ F & 1 r T &t & v '_'3’
= * 8= ;
(s = TEL:
0.995 [
L k3 E }
0.99o0e0f i i i
I = 55bar { 1 1' I T ]
o 0.985 + 40bar 1T 3
X s 21bar l ]
[ v 15bar
0.980 [ + 10bar
I | « 067 bar
0.575 I = gpectrum
poo e v o v o0y e e w0, g
0 2 4 6 8 10 12 14 16 18 20

neutron
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Typical asymmetry spectra
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Detector 1

SasymmetrnyA o ﬁ%ﬁ%ﬁmﬁumﬁi}?l{ﬂﬂm”

5 004l o,
é‘ 4 IIITIE I :
003f .

0.02 R

0.01r I{

= 0.6

bt

Asymmetry -C
@

Proton asymmetrg

0.0F

ol

300 400 500 600 700 800
Energy [keV]

_()‘ ] I | | I | | L1 | | 1
0 100 200

Electron enenf,

Alushta 21.05.2012 Neutron Beta Decay

20



[-asymmetnA in-trap

LANSCE/Los Alamos

Liu et al, PRL105, 181803 (2010) Sotenoid Maoner (L0 [

A=-0.1197+ 0.0016

P, = 1-00t3.{1{152
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To UCN Flux and/for
Polarization Monitor

OLi-doped Epoxy

. MWPC
Light Guides
4 {to PMTs)

__Ff-’l e
s
— | '/

Plastic Scintillator
Decay Volume

, ~—AFP
Diamond Film
el |

-

Polarizer Solenoid (7 Ty ——®=

To UCN Source

t UCN
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Neutrino asymmetrs

Kuznetsowet al, PRL75, 7942 (1995)
B =0.9821+ 0.0025

Alushta 21.05.2012

tn

FIG. 2. Experimental apparatus. (1) Electron detector, (2)
proton detector, (3) vacuum chamber, (4) decay region, (5)
cylindrical electrode, (6) TOF electrode, (7) spherical electrode,
(8) spherical grid, and (9) LiF diaphragm.
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Electron-neutrino correlatioa

In pile (TRIGA)
Stratowaeet al, PR D18, 3970 (1978)
a=-0.1017+ 0.0051

p-trap
Byrneet al, JPh G38, 1325 (2002)
a=-0.1054% 0.0055

' BATE ' ' MIRROR’ ELECTRICAL
ELECTROOE ELECTROOE |FEED THROUGH

| lmb
BEAM N _ - iF - T le=RE . aI]BEAH sT0P
‘|-I‘ 3 —] gy 1
. TRAP ELEMINTS L[
= ) DETECTOR TRIM MAGNET
€ e H A

{-30k¥) NEUTRON
COUNTING
ARRAY

CRYOMAGNET

Electron spin — neutron spin correlatidh

Kozelaet al, PRL102, 172301 (2009)
N = 0.056+ 0.012
SeeR-coeff. below
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History of fasymmetryA

-1.255 T T
History of errors I
. I
_1.285 YEROZOUIMSEY
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A = g,/g, from various sources

Alushta 21.05.2012

-1.26 |

Pty | 4
L}

L 4

"j‘])ga 4 Am 40. A A ot B (T+DTPDGTUJ oo« With V4 from nuclei

Mtahlllt-d quantity (y¢ 4 from hyperon decays (baryon octet)
PRL 92, 251803 (2004)
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Time reversal violatindd andR coefficients

Triple correlation D¢ [p,% p,)

Soldneret al, PL B581, 49 (2004)
D =-.0003+ 0.0007

Mummet al, PRL107, 102301 (2011)
D =-.0001+ 0.0002

In A = [ga/gy|€°: - 2
q) = 180.02+ 0.03 Amagnetcous

L] ,Ilf‘ L]

/ Plastic scintillators

Triple correlation Ro o % p,) =

Kozelaet al, PRL102, 172103 (2009) i
R=-.006+0.013

*LiF collimator ®LiF beam dump
2m
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All with trapped ultracold neutrons (UCN):

Permanent-magnet UCN trap PNPI/ILL
Ezhov et al., NIM A611, 167 (2009)

Superconducting magnet trap, UCNe, NIST
O’Shaughnessy et al., NIM 811, 171 (2009)

Superconducting magnet UCN trap, TU-Munich/FRM I

Zimmer et al, NIM A 440, 548 (2000)
Materne et al., NIM A611, 176 (2009)

+ Ino's talk this morning
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Upcoming correlation experiments

aSPECT/U. Mainz
Baelleret al, EPhJ A38, 17 (2008)
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Comparison with nucledst-values

3100
3090
3080 { l i
g:-3070{ } ¢ HHH ﬂ
3060 Neutron
. ¢
Fp = 27%(hc)’ In2 _. 3050 % o| 594 ¢
S lwme2Ys (2 2 =
C (”“ ) GFI Vﬂf” 3040 % %) ¢ Nuclei corrected
g ¢ Nuclei uncorrected
3030
0 10 20 30 40
Z of daughter nucleus
Fr=3071.81 =0.83 s (nuclear Fr)
Fluveeror = fRH1 +3A%)7,In2 = 3068 = 3.8 s (neutronFt)
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Comparison with muon decay data

Neutron-decay:
coefficient: A B CabD N R
relative error: (4, 30, 9, 40, 6, 120, 80)x10

Comparable to muon-decay parameters:
coefficient: pn & o0 XY
relative error: (4, 34, 35, 6, 80, 80)%x40
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Fore- correlation and Fiertz terim

Nakh/SNS
Patani et al, NIM A 611, 211 (2009)

Alushta 21.05.2012

Nab

= ::___"'
] £ . ___D
¢ ".I .

(]

A

Neutron Beta Decay

NAB EXPERIMENT AT SNS/FNPB

____Segmented
Si detector

— &

f.-'ﬁ? (upper HV)

TOF region
— (field ryB,)

magnetic filter

f,f'regian (field B,)

decay volume

= (field r,,°B,)

—

& U, (lower HV)
§  —— | | .
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Perkeo Il

B. Markischet al, NIM A 611, 216 (2009)
n-decay rate 50 000 sgc
for unpolarized, continuousbeam

B-Field
Upstream Detector Downstream Detector

e

Collimation system

Velocity i Spin o £ E EEEEEEEEEEEEEEEEEEEE: 1 P,
. Polarizer = Flipper i! 1[5 /ra inanRRNRRRRARRRRRRIRRER i h N
HH 1 An 1
. i i B i
Hcﬁt{on quide Chopper /' Central Solenoid Beam stop

e gate 1
With pulsed neutron beam:

X

-

o
)

€~ countrateg

events peq?nous

N A O @

a

nﬂ

2 4 6 8
time of flight [ms]
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PERC

LONG COLD-NEUTRON GUIDE
By X B
- E——
EMERGING
MOVING NEUTRON —3z NEUTRON DECAY
CLOUD PRODUCTS e p”

PERC = Proton-Electron-Radiation-Channel

10f/s neutron decays per meter length within long neutroneguid
magnetic extraction of decay products (FRM-II).

Under construction, Heidelberg-Vienna-Mainz-ILL-Mahi

Alushta 21.05.2012 Neutron Beta Decay
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PERC apparatus

Decay volume, 8m e, p selector
" - + -
Neutron guide e, p" beam
./"
y’
I
f/] Solenoid / Detector
Vacuum vessel n, v beam stop

Analyzing area

A
v

12 m

D. Dubberset al
NIM. A 596, 238 (2008)
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1. Is Standard Model really — A?

Possible weak-interaction Hamiltonians:

ScalarxScalarg),
VectorxVector V),
TensorxTensorT),

Axial vectorxAxial vector ),
PseudoscalarxPseudoscaky. (

From all available data: Severijnset al .,
95/ 9,|<7% and|g, /g|< 8% (95% C.L RMP 78, 991 (2006}
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Limits on Fierz interference terms

Fierz: number oh -decaydl = N, 4(1\% b

e

b =0 in standard model

N' — N
-Asymmetr =
B-Asy yA N TN
— Ab W, = total »
1+(m, /W,)b e energy .

0.04

From neutron3-asymmetry spectrum:

Ib| < 0.19, 95% C.L.

0.02

0

Fierz term b

-0.02

Two Fierz termd, b' in neutrino asymmetrig:

—-0.04

B+ (m,/W,)b’ o

-0.06 -0.04 -0.02 0 0.02  0.04 0.06

Fierz term &'
L+ (m/W.)b Fierz limits from all data
39

B =
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Limits on Scalar and Tensor amplitudes

From alln-decay dat#\, B, C, z:

Left-handedS, T  (from n-Fierz interference ternts, b))

—0.23< gg/gy <0.08, —0.02<gr/g4 <0.05

(95% C.L., left-handed, Fierz interference). (i
Right-handed

lgs/gvl <0.15, |gz/gal <O.
(95% C.L., neutron, right-handed)

Dubbers and Schmidt
RMP 83, 1111 (2011)

Reprints: send me an email with your post address
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2. Is Standard Model really 100% left-handed?

<
S}

=
[—
n

excluded 16.25.35

[Ne]
Lh
=

Mass m> (GeV) of right—handed W

=
]
O

Left—right mass ratio squared o
o
[u—

0 \ 1\
-03 -02 -0.1 0 0.1 0.2
Left—right mixing angle ¢

Limits from neutron decay

Mass of right-handetl;-boson: Neutron limit: > 250 Ge\Ws,
(both 90% CL) High-energy limit: > 715 Ge\¢?
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3. Is CKM-matrix unitary?

With nucleaV,,
Prow: M, [+ V. +V,9= 0.9999 0.0006

With neutronV,,
rOW Vud f+ Vus 1+ \Vubﬂ_ 1 Oow GHG

High-energyresults

2"row: VPV V.= 1.1 0.07¢
column: |V, F+V,F+N,f = 1.002 0.005
2"column: V 1+ V. ¥ V.= 1.098 0.07¢

Unitarity bound constrains low-energy Ciriglianoet al,
effective Lagrangiato A >11TeV at 90% C.| NP B 830, 95 (2010)

Alushta 21.05.2012 Neutron Beta Decay 42



Summary

Many observables in neutron decay
Many tests of the standard model possible
Many upcoming experiments
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