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Abstract The status of neutrofi-decay experiments is reviewed, and its implicaion the
Standard Model of particle physics are discussed.
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1. Introduction

There are two main reasons for our interest inipeeceutron decay data. First, all
semileptonic weak interaction processes (i.e., linng both quarks and leptons) occurring in
nature today must be calculated from measured oreutecay parameters. Examples range
from proton or neutron weak cross sections needesbsmology, astrophysics, and particle
physics, over pion decay and muon capture, to sachdane problems as precise neutrino
detector efficiencies.

Second, in neutron decay many tests on new phigsipsnd the Standard Model (SM) are
possible, relevant both in particle physics andtudies of the very early universe. According
to conventional wisdom, the SM and its vector-asaator (\-A) structure are extremely well
tested. However, if one looks closer then one fith@s there is still much room for couplings
with other symmetries, like scalar S or tensor Uiptmgs, or for additional right-handed V+A
couplings, with incomplete parity violation.

Neutron tests beyond the SM are possible becawse tore many more observables
accessible in neutron decay (in principle more tBaj than there are parameters (three)
needed to describe neutron decay in the SM, whielkes the problem strongly over-
determined. When we go beyond the SM there areoupOtcomplex coupling constants,
allowed in the sense that they obey basic symnsdikie Lorentz invariance.

In the language of particle physics, neutron decays rare events with a low-energy
signature in a noisy environment. Therefore theeerpental study of neutron decay is
challenging, and error margins are easily undenegtid. The precision of neutron decay data
has dramatically improved over past decades. Homyelvere are still some inconsistencies
between various neutron decay data that need tedmdved, but at a much higher level of
precision than in the past. There is a high denfandbetter neutron data for physics both
within and beyond the SM, which is the reason whygcent years, more and more neutron
decay “hunters” have joined the party.

The present review is in part based on a 2011 wegiethe neutron [1], with updates taken
mostly from the 2012 release of the Particle Datau@ (PDG) [2].



2. Neutron decay parametersin the Standard Model

NeutronS-decay
n- p+e+y (1)

has a lifetime of about 15 minutes ang andpoint energy of 782 keV. It is mediated by the
exchange of vector bosoWg* of massm, =80 GeV. Exchanged momenta << m, c can

be neglected in the corresponding propagator, whéttomes-1/ ny, and is very small. The

range of the interaction, given by the Compton vevgth A. =h/ m, c of the W-boson, is

very short.

Neutron decay then is described as a point-likerattion between two charged weak
currents. In the VA electroweak SM, the weak current is composeddaor part V, which
is the same as for the electromagnetic interactowl, an additional axialvector part A of
opposite signThe S~decay matrix element at zero momentum transfer ihe

— GF Kp —K, _
Meutron—EVud[p(V,J(lﬂys)+—2M 0,94 Nl g,0-y)v]. (2)

The strength of the weak interaction is given b/ fBermi constant
G, / (h0)®=1.166 378 8(7% 10 GeV, 3)

as determined from the newly measured muon life{i@deThe Fermi constant is related to
the weak coupling constard,, = e /sind, = 0.6 of the SM asG. /2 =% d? / (m, ¢)?,

)1/ 2

with the weak anglé,, and with the elementary charge= (47zr)" © = 0.31 and fine-structure

constanta.

The next parametar,q in EQ. (2) is the leading element, close to oriehe unitary CKM
guark mixing matrix, which rotates the quark magemstates], s, b in flavor space to the
weak-interaction eigenstatds s', b,

d) (Ve Vs Vwf d
S |=| Ve Vo Vol S| (4)
b') (Ma Vs VoD
The complicated interior of the neutron is takerea# by one free parameter
A=|A|€?. (5)
In the VA SM, one conventionally writes
A=g,1g,, (6)

with the zero-momentum form factoga andgy. Conservation of the weak vector current
(CVC) requires that the vector coupligg remains unaffected by the intrinsic environment of
the nucleon. Partial conservation of the weak sgidbr current (PAC) assumes that the
axialvector coupling, is almost conserved, that is, undefA/ the value of1 should be near
one. Under time reversal invariantés real and negative, with phage= 7.



Under CVC, not only the charges but also the higmeitipoles of the electroweak
hadronic couplings should remain unaffected by theleon environment. The “weak
magnetism” term in Eqg. (2), with nucleon malsk then is determined simply by the
difference between proton and neutron anomalousategmoments

K,—k,=3.706. (7

Hence, within the SM, under neglect Biviolation, and withGg from muon decay, the
matrix element Eqg. (2) has only two free parameteanely, the first element,q of the
CKM matrix, and the ratid of axialvector to vector amplitudes.

There are two further allowed but rare neutron ded@annels, radiativg-decay under

emission of an inner bremsstrahlung photon. p"+ € +_+), and bound#decay of a
neutron into a hydrogen atom - H +V,, but these processes are beyond the scope of this
review.

3. Theneutron lifetime

With the matrix element of Eq. (2) one arrives aeatron decay rate
- c (MeS)° ., 2 2
ri=—"1 G [V @+ AN, 8
n 2]73 (hC)7 F | udl ( X ( )
with a phase space factbr 1.6887(2) from [4]. After corrections for radia effects and
weak magnetism, the lifetime becomes [5]

(4908 7+ 1 9) ¢
T, = .
V,of @+ 31%)

9)

The ratiod =g, / g,, on the other hand, can be obtained from the meamsants of one of

the many neutron-decay correlation coefficients.

We start with the neutron lifetime, which can beasweed by two principally different
methods, namely, with cold neutrons “in-beam”, athwiltracold neutrons (UCN) “in-trap”.
The in-beam method uses electrons and/or protont#ednfrom a certain neutron beam
volume filled with an average numb@, of neutrons. The charged decay particles are
counted in detectors installed near thieeam at a rate of

no=n=N, /7. (10)

To deriver, one compares the ratg (or np) to the rate, in a thin neutron detector at the end
of the beam. The neutron detection efficiency ddpeain the neutron cross-sectignand the
effective thickness of the detector material, whiohst very precisely be determined.

The UCN in-trap method uses stored ultracold nestrén these experiments, one counts
the number of UCN that survived in the neutron lbottver successive storage periods of
variable durationd, with constant initial neutron numbisf(0),

N_(T) = N, (0) & "', (11)



with the UCN disappearance rate
T, T

storage n r loss

After each such measurement, the neutron trap iedand refilled with UCN. The UCN
loss rate 17,ssis due to neutron interactions with the wallstad trap, whereas collisions with
atoms of the rest gas can usually be neglectech Weé trapped-UCN lifetime method, no
absolute particle counting is needed, because #amesidence timgrageCan be obtained
from a fit to the exponential neutron decay law)(Mith Nn(T) measured successively for
several different storage tim&sThe important task is to eliminatgssfrom Eq. (12).

Lifetime experiments both with UCN storage and wetild neutrons in-beam have been
done in recent years, often with contradicting issirhough things now seem to clear up.
The 2012 PDG average of the neutron lifetime happmked by six standard deviations as
compared to the earlier PDG averages, which hadbeeh updated for about ten years, the
new lifetime value being

7, =(8801+ 11) ¢ (13)

where the error includes a scale factoBef1.8. Figure 1 shows the lifetime results thaeen
the PDG-2012 value. For the UCN storage experimehes arrows in the figure show the
ranges of extrapolation fromrageto 7. Although a larger part of these extrapolations is
based on geometric quantities like the length ef titap that were sufficiently well under
control, a general aim should be to keep theseagalation intervals as short as possible.
Main changes in the 2012 lifetime average are:aiteeptance of data point 5 from [6]; the
new data point 7 from [7]; and the revised dataapdifrom [8].
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(2000) (shown is the revised 2012 value); ;
5 Serebrowet al (2005); 7 Pichimaieet al. :
(2010). The vertical arrows show the BOg
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open squaresaf, to the corrected;, (m),
see Eq. (12). The grey horizontal bar is the
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4. Neutron decay correlations

The B-decay of slow neutrons involves
four vector quantities accessible to
experimental investigation: the momepta
andp, of the electron and the proton, and
the spinso, ande, of the neutron and the

electron. The neutrino momentum cannot
be measured in experiment, but must be
reconstructed a9, =—(p, + p,) from the

measured electron and proton momenta.
The simplest such correlations are given
by the scalar products of typd p, (&,

ap,p,, etc.,, of any two of these four

vectors. This gives the six correlation
coefficients arranged in a self-explaining
way in Fig. 2.

In the SM, all these coefficients depend
solely on the value ofA=g,/g,. The

PDG 2012 averaged =-1.2701+ 0 002!
with scale factorS= 1.9 is derived from
six different measurements of the neutron
[-decay asymmetrn)A. When therein we
replace the Abele 2002 value by the
A value reported in 2012 [9] we obtain

A =-1.2724+ 0 002! (neutron), (14)

with S=2.3. While earlierf~asymmetry
measurements needed large corrections
of 15% and more, the new measurement
with the PERKEO instrument requires only
a 310 correction that is smaller than the
guoted error.

Fig. 3 shows the values of derived
from all available measurements. Besides
the six Bfasymmetry values that enter
Eq. (14), the figure shows the (not yet
significant) values of1 derived from the
correlationsa, B, and the newly measured
proton asymmetryC [ A+ B. We further
show the value ofd derived from the
neutron lifetime, Eq. (13), using Eq. (9)
with V.4 taken from nuclear'@. 0" super-
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Fig. 2 Schematic arrangement of twofold
correlations between momenga and/or
spins o in the Fdecay of slow neutrons,
with: fasymmetryA, neutrino-asymmetry
B, electron-antineutrino correlationa,
electron helicityG, and spin-spin and spin-
momentum coefficientsl andH.
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Fig. 3 The ratioA of axial vector to vector
coupling constants as derived from:
neutron Basymmetry Ajogs t0  Azoiz
neutrino asymmetryB; proton-asymmetry
C; electron-neutrino correlatioa; neutron
lifetime 7, (Mu4 derived from nucleap>
decays); hyperon correlationsF +D.
Horizontal grey bar: average and overall
error withS= 3.



allowed decays. Finally, we show the value= F + D derived from weak hyperon decays

that take place within the same baryon flavour-3d{3et as does neutron decay, and which
are becoming competitive. The hyperon weak deceydirsked to each other and to neutron

decay by current algebra. The grey horizontal hawns the overall average

A =-1.2738 0001 (all data,S =2.0). (15)

Next, from any three different vectors outmf p,, o,, and o, one can form four triple
products, alll violating, namely

Do, [p. % p,), Lo Wp.xp,), Re s, xp,), Vo, o, xp,). (16)

Limits on these quantities exist f@ and R. The present limitD =(-1.2+ 20)x 10*
translates into a phase betwegrandgy of

¢ =-180.018+ 0 026, (17)

which means that, within error,A is real and T is conserved. With
R=0.008+ 0.015(stath 0 005(sy:, the first correlation coefficient involving eleoh spin
was measured. The newest publicationdoandR are in Refs. [10] and [11], respectively.
There are five more neutron decay quantities thailve four and fivefold products, but these
are probably not worthwhile pursuing.

Several new neutron decay instruments are undestrcmtion or in the test phase, for
details see [1]. Such new experiments are highllgamee in order to corroborate the existing
neutron decay data.

Summing up, experimental results exist on ten & thore than 20 neutron decay
parameters that are accessible experimentally, lyaorerz, a, A, B, C, N, D, R, b, b'. For the
Fierz amplitudes andb’, vanishing in the SM, only upper limits have betived. The
quality of the neutron data (except for the lifeginis well comparable to the quality of muon
decay data, as is discussed in [1].

5. Tests of the Standard Model with neutron decay

Neutron decay data test the Standard Model in wariwmays. We mentioned good
agreement ofl = ga/gy derived from neutron and from hyperon decay, ippsut of current
algebra. Another test is the good agreement bettvee € KM matrix elements derived from
neutron decay,

V4| =0.9742+ Q 001: (neutron), (18)
with the values derived from pion decal/,(|= 0.9728 0 003) and from superallowed
nuclear 00" Bdecays |qud| =0.97425 00002). The measured values ¢f,f can be
used to test the unitarity of the first row of BEM matrix [V ,f+N f+ M, f= . With M|
from neutron decay, Eq. (18), and the other elemgaim high-energy physics, this gives

IV, f+N,. f+M,f= 1000& 000z (neutron). (19)



For unitarity tests of the other rows and columhthe CKM matrix, see Ref. [1].

We next turn to the question whether the basic sginnof the electroweak interaction is
really V-A. The most general Lorentz-invariant weak Hamiloncan be constructed from
five types of scalar products, namely, Scalarx3d&@® VectorxVector (V), TensorxTensor
(T), AxialvectorxAxialvector (A), PseudoscalarxPdescalar (P), with 10 complex coupling
constants. Neutron decay is not sensitive to psaadiar P amplitudes, due to its low energy
release, so we limit discussion to possible S aramplitudes. In fact, no one knows why
nature seems to have chosen thé\Wariety, and, contrary to common belief, testsleding
S and T amplitudes are not very stringent.

One mode of access to S and T amplitudes is giyehebFierz interference amplitutian
[decay. The Fierz term enters unpolarized energgtsp asdl” [ 1+ [m, / (E,+ m.)] L, with

electron kinetic energl. It describegs-gv andgr-ga interference, i.eh is linear in bothgs
and gr. For a purely left-handed weak interactioiy,=2(S+34°T) /(1+ 31?), with
S=qg /g, andT =g, /g,. Itis difficult to determineb from the shape of unpolariz¢#
spectra, but Fierz interference terms necessanilgrell measured decay correlations, too.
The neutrino asymmetnyB, for instance, contains two Fierz ternis and b’, with
b'=2A(2AT-S- T) /(1+ 31?). From a joint evaluation of the coefficierAs B, andC, we
find the limits —0.3<b,b'< 0.5 at 95% confidence. If one includes the ratio afitren and
nuclear superallowed-values 7,/ 7, ,, this 95% C.L. limit on the Fierz amplitudes

improves considerably to
|b]< 0.0%, |b'|< 0.0z (20)

From this we derive the 95% C.L. limits on the aioplesgs, gr for a left-handed S-T
sector
-0.23< g5 / 9, < 0.0, -0.02< g, / g, < 0.0% (left-handed). (22)

S and T couplings could as well be right-handedwimch case the Fierz terntsand b’
vanish. Right-handed S and T amplitudes enter dhelation coefficients only quadratically,
with 95% limits

los / 9,1< 0.15, |g; / g,|< 0.1C (right-handed). (22)

Today, many models beyond the SM start with arigftt symmetric universe, and the
left-handedness of the electroweak interactionearias an “emergent property” due to a
spontaneous symmetry breaking in the course ohaetransitions of the vacuum in the early
universe. This should lead to a mass splittinghef ¢orresponding gauge boson, namely, the

left-handedw; and the right-handedh,, with massesn, mg, and 0 =(m / m,)* <<1. If the
mass eigenstat&y; andW, do not coincide with the electroweak eigenstateandWs, then

W =W cog + W sig , W, =-W sin{ + W cog , (23)

with left-right mixing angled. The neutron decay parameters then depend notaonp,q|
and A, but also ond and {. Using all correlation and lifetime measurememis, obtain the
exclusion plot of Fig. 4, in good agreement witle t8M expectatiord={=0. The 95%
limits on the masax, of the right-handetlvk and the mixing angl€ are derived as



m, >250 GeV, - 023 < 00. (24)

which is becoming competitive with limits from higimergy searches, for details see Ref. [1].
In summary, there are many observables in neutecayd which permit important tests of
the Standard Model, and there are many upcomingrarpnts that will sharpen these tests.

Fig. 4 Exclusion plot for the parameters of the manift . "
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