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Neutron-Lebensdauer
History plots 1
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Figure 1: A historical perspective of values of a few particle properties tabulated in this Review as a function of date of publication of the
Review. A full error bar indicates the quoted error; a thick-lined portion indicates the same but without the “scale factor.”
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Neutron-Zerfall
Fermis Goldene Regel:       

Zerfallsrate = (Lebensdauer)–1 = 2π/ℏ × Übergangswahrscheinlichkeit
× Zahl der Zustände

Γ =         1 / τ = 2π/ℏ × |Matrixelement|2 × Phasenraumfaktor
Physik                          KinemaGk

Beim Neutronzerfall n ➞ p e– ν̄ :

Figure 1: Neutron beta decay in the Standard Model.

1 Neutron lifetime
The neutron is one of the most important constituents of matter. It is abso-
lutely crucial for the existence of atoms heavier than hydrogen. Surprisingly,
although discovered nearly a century ago [2], the neutron may be hiding a
deep secret related to its decay. The precise value of the free neutron lifetime
is an open question, with the two types of experiments (bottle and beam)
providing substantially di�erent answers [3, 4].

In the commonly accepted description of fundamental interactions, the
Standard Model of particle physics [5, 6, 7, 8, 9], the neutron predominantly
beta decays to a proton, electron and antineutrino (see, Fig. 1). The radiative
corrections to this process, involving extra photons in the final state, have a
branching fraction Br(n æ p e ‹̄e“) ¥ 10≠2 [10]. The neutron can also decay
to a hydrogen atom and antineutrino with Br(n æ H ‹̄e) ¥ 4 ◊ 10≠6 [11].
Given that those are the only neutron decay channels within the Standard
Model, a proton in the final state is always expected.

A theoretical estimate of the neutron lifetime from beta decays is [12, 13]

·
theory
n = 4908.6(1.9) s

|Vud|2(1 + 3⁄2) , (1)

where Vud is the first element of the Cabibbo-Kobayashi-Maskawa matrix and
⁄ is the ratio of the axial-vector to vector current coe�cient in the neutron
beta decay matrix element. Using the average values adopted by the Particle
Data Group [14]: Vud = 0.97420 ± 0.00021 and ⁄ = ≠1.2724 ± 0.0023, the
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In the decay probability, proportional to |𝑀𝑛→𝑝|
2

𝜌, the density of final states ρ determines the 

spectra and angular distributions of the outgoing particles, for reviews see (43,44). 

3.2. The observables 

The neutron's β spectrum, shown in Figure 1a, has an endpoint energy E0 = 0.782 MeV, while 

the proton's endpoint energy is only 751 eV. Integration of the spectrum over electron energy E 

gives the neutron decay rate  

𝜏𝑛
−1 = 𝐺F

2(𝑚𝑐2)5

2𝜋3ℏ(ℏ𝑐)6 𝑉𝑢𝑑
2 (1 + 3𝜆2)𝑓(1 + 𝛿R

′ )(1 + ΔR),    3. 

with a phase-space statistical factor f, and radiative corrections 𝛿R
′  and ΔR, to be explained in 

Section 5.2.1. 

a)   b)  

Figure 1. Observables in neutron decay. a) Measured and calculated β energy spectrum, 

from Reference (50). b) Recipe for the construction of double and triple scalar products in 

neutron decay correlations. The experimentally accessible momentum and angular 

momentum vectors 𝒑𝑒,  𝒑�̅�,  𝝈𝑛,  𝝈𝑒 are placed on the corners, their scalar products on the 

edges, and their time reversal T-violating triple products on the faces of a tetrahedron, 

shown as seen from above, see text. 

 

Besides the neutron lifetime τn, there are many other observables, which can be described by 

so-called correlation coefficients, see Table 3. The possible correlations are obtained by writing 

down all dimensionless scalars that can be constructed from the momenta p and angular 

momenta σ of the four particles involved in neutron decay. Slow neutrons are effectively at rest, 

𝒑𝑛 = 0, and the polarization  𝝈𝑝 of the slow protons is practically inaccessible. The equally 

inaccessible neutrino momenta 𝒑�̅� can be reconstructed from the measured electron and proton 

momenta. This leaves us with two vectors 𝒑𝑒, 𝒑�̅� and two axial vectors  𝝈𝑛,  𝝈𝑒. They all change 
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Neutron-Zerfall

Photonabstrahlung (≈1)
Phasenraumdichte

Zerfalls-
Asymmetrie
(zu messen!)

Das wollen 
wir wissen!

Das muss 
gemessen werden!

Figure 1: Neutron beta decay in the Standard Model.

1 Neutron lifetime
The neutron is one of the most important constituents of matter. It is abso-
lutely crucial for the existence of atoms heavier than hydrogen. Surprisingly,
although discovered nearly a century ago [2], the neutron may be hiding a
deep secret related to its decay. The precise value of the free neutron lifetime
is an open question, with the two types of experiments (bottle and beam)
providing substantially di�erent answers [3, 4].

In the commonly accepted description of fundamental interactions, the
Standard Model of particle physics [5, 6, 7, 8, 9], the neutron predominantly
beta decays to a proton, electron and antineutrino (see, Fig. 1). The radiative
corrections to this process, involving extra photons in the final state, have a
branching fraction Br(n æ p e ‹̄e“) ¥ 10≠2 [10]. The neutron can also decay
to a hydrogen atom and antineutrino with Br(n æ H ‹̄e) ¥ 4 ◊ 10≠6 [11].
Given that those are the only neutron decay channels within the Standard
Model, a proton in the final state is always expected.

A theoretical estimate of the neutron lifetime from beta decays is [12, 13]

·
theory
n = 4908.6(1.9) s

|Vud|2(1 + 3⁄2) , (1)

where Vud is the first element of the Cabibbo-Kobayashi-Maskawa matrix and
⁄ is the ratio of the axial-vector to vector current coe�cient in the neutron
beta decay matrix element. Using the average values adopted by the Particle
Data Group [14]: Vud = 0.97420 ± 0.00021 and ⁄ = ≠1.2724 ± 0.0023, the

2

√GF

√GF·Vud

= 1,75337(4)

Schwache
Wechselwirkung

= (8611,25 s)–1
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Gemessen aus 
Zerfallsasymmetrie:

λ = 1,2762(5)
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Beam
„Ultrakalte“ Neutronen werden kollimiert 
und gezählt, wie viele Protonen entstehen.

Bottle versus Beam

Bottle
Neutronen werden in eine Flasche gefüllt 
und nach einiger Zeit nachgezählt.  Neutron lifetime discrepancy 

Source:  https://www.scientificamerican.com 

Can new physics explain two different lifetimes? 
 
Not a pointless exercise: formulate a hypothesis, check 
consistency, make predictions, test.  

Neutron lifetime discrepancy 

Source:  https://www.scientificamerican.com 

Can new physics explain two different lifetimes? 
 
Not a pointless exercise: formulate a hypothesis, check 
consistency, make predictions, test.  
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Beam
Neutronen werden kollimiert und gezählt, 
wie viele Protonen entstehen.

Bo5le versus Beam

Bottle
Neutronen werden in einen Behälter 
gefüllt und ständig nachgezählt.  

systematic effects in either of the techniques. The former
could be induced by the decay of neutrons to dark-matter
particles [17], though such theories are constrained by
astrophysical and cosmological signatures [18–21] and by
direct searches for specific decay signatures [22,23].
Meanwhile, novel space-based and neutron-beam-based
techniques aim to provide complementary τn measurements
[24–27]. This motivates a blinded measurement of τn with
high statistical precision with multiple independent assess-
ments of systematic effects and uncertainties.
In this Letter, we report a measurement of τn with 0.34 s

(0.039%) uncertainty, improving upon our past results by a
factor of 2.25 [28–30] using two blinded datasets from
2017 and 2018. The new result incorporates improved
experimental and analysis techniques over Ref. [30]. This is
the first τn measurement precise enough to confront SM
theoretical uncertainties.
Experiment.—The experimental apparatus is depicted in

Fig. 1. During a given run cycle, ultracold neutrons (UCNs)
with kinetic energy E≲ 180 neV from the Los Alamos
Neutron Science Center’s proton-beam-driven solid deu-
terium UCN source [31] are transported to the UCNτ
apparatus through a combination of NiP- and NiMo-coated
guides. The UCNs are polarized by a 5.5 T superconduct-
ing solenoid, spin-flipped to the trappable, low-field-
seeking spin state via adiabatic fast-passage spin flipper
[32], and introduced into UCNτ’s NdFeB bowl-shaped
Halbach array [33] over a time tload ¼ 150 s (300 s) in the
2017 (2018) campaign. A ∼ 15 × 15 cm2 section of the
Halbach array is then raised to close the bottom of the trap,
magnetogravitationally confining the UCNs. A toroidal
arrangement of electromagnetic coils provides a 60–120 G
ambient field to prevent UCN depolarization. UCNs with
E≳ 38 neV are then removed (“cleaned”) [28–30,34]
during a period tclean ¼ 50 s; they are either up-scattered
by horizontal polyethylene sheets, or captured by

10B-coated-ZnS surfaces via the capture reaction
10Bþ n → αþ 7Li. The cleaners are then retracted, and
UCNs are stored in the trap for tstore varying from 20 to
1550 s. The surviving neutrons are then counted by the
primary 10B-coated-ZnS scintillator UCN counter [29] over
time interval tcount ¼ 210 s. The primary detector collects
the n-capture-induced ZnS scintillation light in an array of
wavelength shifting fibers, which route the light to two
photomultiplier tubes (PMTs). The counting phase occurs
in three stages, with the detector first lowered just into
the trap, but at the height of the cleaners for 40 s, then
lowered into the middle for 20 s, and finally lowered to the
bottom for 150 s. This procedure constrains both the
number of remaining uncleaned UCNs and the presence
of tstore-dependent changes to the energy spectrum of the
trapped UCNs.
The smaller cleaner (rightmost in Fig. 1) was viewed by

four PMTs, and scintillation light from the UCNs captured
by the 10B coating were counted during the cleaning
process similar to the primary counter. Further, this cleaner
was relowered during the counting phase to search for any
uncleaned higher-energy UCNs.
A buffer volume was introduced in 2018 that precleans

the loaded UCNs and smooths over any temporal fluctua-
tions in the UCN production rate while loading.
Run cycles are performed in short (tstore ≤ 500 s) and

long (tstore > 500 s) pairs. Backgrounds are measured by
performing runs with the same sequencing but with no
protons on target, with protons on target but the UCN
source valved off from UCNτ, and with the UCNτ trap door
closed. Additional background runs are acquired during
facility downtime. These latter background runs measure
the vertical position-dependent primary counter back-
ground variations, likely due to the position-dependent
probability of ZnS scintillation light reflecting from the
apparatus into the PMTs.
UCNs within the loading volume are counted by a set of

monitor detectorsM1–M4 (Fig. 1). Themonitor detectors are
10B-coated-ZnS sheets coupled directly to PMTs [35]. The
monitor detectors provide data to normalize the primary
detector counts, correcting for variations in UCN source
intensity and the energy spectrum of UCNs. Detectors at
different heights relative to the beam line have differing
sensitivity to the energy spectrum, and analyzing the full
ensemble of monitor detectors captures changes to the
spectrum. For example, heat load on the UCN source during
operation gradually reduces the solid deuterium crystal
quality, hardening the spectrum [36]. This changes the
relationship between the monitor counts and the number
of initially trapped UCNs in a given run. We periodically
melt and refreeze the D2 source to restore source quality.
The single photoelectron (PE) primary counter PMT

signals are split into low (∼1=6 PE) and high (∼1=3 PE)
threshold channels and discriminated with 16 ns dead time.
Monitor detector signals exhibit higher light yield per

FIG. 1. The UCNτ apparatus configuration for the 2018
campaign, with the volumes occupied by UCNs, cleaner surfaces,
primary detector, and monitors highlighted. The polarizing
magnet selects the high-field-seeking UCNs. UCNs are then
“precleaned” in the buffer volume, spin-flipped to the trappable
low-field-seeking spin state, and loaded into the trap. The 2017
configuration was the same as that of Ref. [30].

PHYSICAL REVIEW LETTERS 127, 162501 (2021)

162501-2
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Neutrons in the Bo5le
UCNτ-Experiment in Los Alamos (USA):

(1) Neutronen werden polarisiert und          
in ein „Halbach Array“ gefüllt (fill).

(2) Neutronen mit Ekin > 38 neV (≙ 2,7 m/s)
werden enOernt (clean).

(3) Kurze Speicherzeit (store).
(4) SzinSllator-Array wird in drei Stufen 

heruntergefahren zum Zählen der 
verbleibenden Neutronen (1,2,3).

systematic effects in either of the techniques. The former
could be induced by the decay of neutrons to dark-matter
particles [17], though such theories are constrained by
astrophysical and cosmological signatures [18–21] and by
direct searches for specific decay signatures [22,23].
Meanwhile, novel space-based and neutron-beam-based
techniques aim to provide complementary τn measurements
[24–27]. This motivates a blinded measurement of τn with
high statistical precision with multiple independent assess-
ments of systematic effects and uncertainties.
In this Letter, we report a measurement of τn with 0.34 s

(0.039%) uncertainty, improving upon our past results by a
factor of 2.25 [28–30] using two blinded datasets from
2017 and 2018. The new result incorporates improved
experimental and analysis techniques over Ref. [30]. This is
the first τn measurement precise enough to confront SM
theoretical uncertainties.
Experiment.—The experimental apparatus is depicted in

Fig. 1. During a given run cycle, ultracold neutrons (UCNs)
with kinetic energy E≲ 180 neV from the Los Alamos
Neutron Science Center’s proton-beam-driven solid deu-
terium UCN source [31] are transported to the UCNτ
apparatus through a combination of NiP- and NiMo-coated
guides. The UCNs are polarized by a 5.5 T superconduct-
ing solenoid, spin-flipped to the trappable, low-field-
seeking spin state via adiabatic fast-passage spin flipper
[32], and introduced into UCNτ’s NdFeB bowl-shaped
Halbach array [33] over a time tload ¼ 150 s (300 s) in the
2017 (2018) campaign. A ∼ 15 × 15 cm2 section of the
Halbach array is then raised to close the bottom of the trap,
magnetogravitationally confining the UCNs. A toroidal
arrangement of electromagnetic coils provides a 60–120 G
ambient field to prevent UCN depolarization. UCNs with
E≳ 38 neV are then removed (“cleaned”) [28–30,34]
during a period tclean ¼ 50 s; they are either up-scattered
by horizontal polyethylene sheets, or captured by

10B-coated-ZnS surfaces via the capture reaction
10Bþ n → αþ 7Li. The cleaners are then retracted, and
UCNs are stored in the trap for tstore varying from 20 to
1550 s. The surviving neutrons are then counted by the
primary 10B-coated-ZnS scintillator UCN counter [29] over
time interval tcount ¼ 210 s. The primary detector collects
the n-capture-induced ZnS scintillation light in an array of
wavelength shifting fibers, which route the light to two
photomultiplier tubes (PMTs). The counting phase occurs
in three stages, with the detector first lowered just into
the trap, but at the height of the cleaners for 40 s, then
lowered into the middle for 20 s, and finally lowered to the
bottom for 150 s. This procedure constrains both the
number of remaining uncleaned UCNs and the presence
of tstore-dependent changes to the energy spectrum of the
trapped UCNs.
The smaller cleaner (rightmost in Fig. 1) was viewed by

four PMTs, and scintillation light from the UCNs captured
by the 10B coating were counted during the cleaning
process similar to the primary counter. Further, this cleaner
was relowered during the counting phase to search for any
uncleaned higher-energy UCNs.
A buffer volume was introduced in 2018 that precleans

the loaded UCNs and smooths over any temporal fluctua-
tions in the UCN production rate while loading.
Run cycles are performed in short (tstore ≤ 500 s) and

long (tstore > 500 s) pairs. Backgrounds are measured by
performing runs with the same sequencing but with no
protons on target, with protons on target but the UCN
source valved off from UCNτ, and with the UCNτ trap door
closed. Additional background runs are acquired during
facility downtime. These latter background runs measure
the vertical position-dependent primary counter back-
ground variations, likely due to the position-dependent
probability of ZnS scintillation light reflecting from the
apparatus into the PMTs.
UCNs within the loading volume are counted by a set of

monitor detectorsM1–M4 (Fig. 1). Themonitor detectors are
10B-coated-ZnS sheets coupled directly to PMTs [35]. The
monitor detectors provide data to normalize the primary
detector counts, correcting for variations in UCN source
intensity and the energy spectrum of UCNs. Detectors at
different heights relative to the beam line have differing
sensitivity to the energy spectrum, and analyzing the full
ensemble of monitor detectors captures changes to the
spectrum. For example, heat load on the UCN source during
operation gradually reduces the solid deuterium crystal
quality, hardening the spectrum [36]. This changes the
relationship between the monitor counts and the number
of initially trapped UCNs in a given run. We periodically
melt and refreeze the D2 source to restore source quality.
The single photoelectron (PE) primary counter PMT

signals are split into low (∼1=6 PE) and high (∼1=3 PE)
threshold channels and discriminated with 16 ns dead time.
Monitor detector signals exhibit higher light yield per

FIG. 1. The UCNτ apparatus configuration for the 2018
campaign, with the volumes occupied by UCNs, cleaner surfaces,
primary detector, and monitors highlighted. The polarizing
magnet selects the high-field-seeking UCNs. UCNs are then
“precleaned” in the buffer volume, spin-flipped to the trappable
low-field-seeking spin state, and loaded into the trap. The 2017
configuration was the same as that of Ref. [30].
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ultrakalte Neutronen
Ekin ≲ 180 neV  (≙ 6 m/s!)

neutron and are shaped and discriminated with a threshold
that selects UCN captures and rejects background [35]. All
channels are read by a 1.25 GHz multichannel scaler. Data
are blinded as in Ref. [30], shifting τn by an unknown factor
within a !15 s window.
Analysis.—We performed three analyses A, B, and C.

Initially, no extracted values of τn were shared between
analyzers so that analyses developed separately. After
sharing blinded values, we performed run-by-run compar-
isons of extracted monitor counts, primary detector counts,
and background estimates between analyzers. The data
were unblinded when the three extracted τn values agreed
to within 0.1 s. Each analysis separately assessed system-
atic effects and potential statistical biases.
All analyses proceeded in the following stages. Run

quality criteria are developed to reject runs with poor or
abnormal experimental conditions. For each remaining
run j, primary detector events are formed. These events
and monitor counts are time binned as in Fig. 2, and rate-
dependent corrections are applied to counts in each bin.
Corrected primary detector counts djðtÞ are summed during
the counting phase to give an UCN signal Dj. A combi-
nation of the rates from background runs proximal in time
to j, as well as counts during storage and after counting, are
used to estimate background counts Bj during the three
counting stages. The monitor detector counts mk;jðtÞ
are time weighted by a function wðtÞ and summed for
0 < t < tfill to find monitor signalsMk;j. These are reduced
to a single normalization factor using a regression model
fðMk;jÞ → Nj. The quantities Dj, Bj, and Nj are then used
to find τn as discussed below.

Analyses identified and removed runs with significant
fluctuations of the LANSCE proton beam during filling and
excessive electronic noise while moving the cleaners and
primary detector.
An UCN event in the primary detector is characterized

by the presence of coincident single PEs between the two
PMTs within time tc (ranging from 50 to 100 ns among
analyzers). Thereafter, subsequent PEs are counted for a
time tw ranging from 600 to 1400 ns, and this time window
is extended if additional PEs are found in the current
window. Total counting times vary between tevent ∼ 500
and 4000 ns. Analysis A (B) requires np ≥ 8 (6) PEs in an
initial 1000 ns (600 ns) window. All analyses varied these
parameters to test the sensitivity of τn. Reference [30] used
the raw PE rates (referred to as a “singles analysis” therein)
to determine the number of UCNs, which had the advan-
tage of smaller rate-dependent effects and the disadvantage
of poorer signal to background. This treatment is inappro-
priate for the current data due to slow drifts in single PE
background rates over the course of the measurement
campaign.
This coincidence method gives signal to background for

short tstore runs as high as 103. However, ZnS[Ag]’s long
scintillation time constants makes this method subject to
rate-dependent systematic effects from dead time, pileup,
and accidental event retriggering due to delayed scintilla-
tion light. Analysis Cmaintained a time-averaged rate from
previous UCN events within a given run and varied np
event by event using the known time distribution of the ZnS
scintillation. This reduces the possibility of a previous
event contributing delayed PEs to the current event, thereby
selecting an otherwise underthreshold event. Upon time
binning events during tcount, analysis C tabulates the sum of
tevent in each bin and performs an analytic correction to the
number of counts in the bin as a function of instantaneous
event rate. Analyses A and B used the measured ZnS
scintillation time dependence and typical UCN count rates
to generate pseudo-datasets. These pseudo-data were ana-
lyzed and compared to the true number of simulated counts
to develop corrections for rate-dependent effects.
The choices of wðtÞ and fðMk;jÞ for each analysis are

given in Table I. In general, the given choices of wðtÞ
deweight counts early in the filling phase, which better
predicts the number of trapped UCNs. Indeed, because the
duration of the filling phase is several times longer than the
characteristic time for UCNs to fill the guides and appa-
ratus, a fluctuation in UCN source output occurring early
in the filling phase is less likely to influence the number
occupying the trap by time tfill. Runs are generally grouped
into week- or month-long subsets between melt and
refreezes and other discrete changes to the apparatus or
the source. The coefficients c thus vary among subsets.
Analysis B uses a principal component analysis of the
z-scored monitor signals for all monitors [37]. In practice,
two components dominate and are used in the

FIG. 2. (a) Primary detector coincidence counts from analysis A
for a typical tstore ¼ 20 s run cycle. From left to right, the dotted
vertical lines mark the time windows for filling, cleaning, storing,
and three counting stages. (b) The count rate during the run cycle
for the monitors deployed in the 2018 analysis.
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Bottle versus Beam
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Warum ist der Unterschied interessant?
Wenn es kein experimentelles Problem gibt:

Es gibt eine physikalische Ursache.
§ Bo9le zählt alle zerfallenen Neutronen.
§ Beam zählt entstandene Protonen.

Was, wenn Neutronen auch in unbekannte, 
nicht sichtbare Teilchen zerfallen?

Nicht bei jedem Zerfall (gemessen in BoYle) 
triY ein Proton auf (gemessen in Beam).

Weniger n ➞ p e– ν̄ als alle Zerfälle ergeben 
zu lange gemessene Lebensdauer!

Model 2 

Lagrangian 

Dark decay rate 

Mögliche Zerfälle in 
Dunkle-Materie-Teilchen:
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|Vud| von 0+➞ 0+-Übergängen
0+ ➞ 0+:  β-Zerfälle von Kernen mit Spin 0 und Parität + („Supererlaubte Zerfälle“).

§ Details sehr kompliziert, aber                                                                                               
grundsätzlich:

Halbwertszeit t½ ∝ ( GF
2 |Vud|2 )–1

§ 220 unterschiedliche Messungen                                                                                               
von insgesamt 15 Kernübergängen                                                                                              
mit Halbwertzeiten zwischen                                                                                                  
0.08 s und 70 s.

§ Zurzeit noch die genaueste                                                                                                   
|Vud|-BesGmmung.

Kaon decays and the Cabibbo Angle Anomaly – M. Moulson – CKM 2023 – Santiago de Compostela, 20 September 2023

|Vud| from 0+ → 0+: World data

24

f(Z, QEC)  statistical rate function
t = t1/2/BR partial half life
GV = GFVud vector coupling constant
〈τ〉   Fermi matrix element

Experimentally, measure
• BR branching ratios
• t1/2 parent half-life
• QEC transition energy

Hardy & Towner
PRC 102 (2020)

Comprehensive survey of                       
ft measurements
• 9 cases with precision < 0.05%
• 6 cases with precision 0.05-0.23%
• About 220 individual measurements 

with compatible precison
Kaon decays and the Cabibbo Angle Anomaly – M. Moulson – CKM 2023 – Santiago de Compostela, 20 September 2023

|Vud| from 0+ → 0+: World data
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with compatible precison
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FIG. 6. Status of Vud, the neutron lifetime, and λ measurements.
The λ result bands (vertical) are divided into pre-2002 [40–42] and
post-2002 [18,44–46] results, where the distinction is made using
the date of the most recent result from each experiment. The right
axis shows publication year for the individual lambda measurements
included in the calculation of the λ bands (closed markers for post-
2002, open markers for pre-2002). Note that the result of this work
(Brown et al.) is the combined UCNA result from [18] and the current
analysis, and the Mund et al. result is the combined PERKEO II result
from [43,44]. The diagonal bands are derived from neutron lifetime
measurements and are separated into neutron beam [31,32] and UCN
bottle experiments, which consist of material bottle storage [34–38]
and magnetic bottle storage [33]. The Vud band (horizontal) comes
from superallowed 0+ → 0+ nuclear β-decay measurements [39].
The error bands include scale factors as prescribed by the Particle
Data Group [39].
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APPENDIX

During β-decay running, an equilibrium population of spins
develops. We characterize this equilibrium spin population by
a depolarized fraction at time t , with t = 0 s at the beginning of
a polarimetry measurement: ξ (t) = [Ndepol(t)/Nload(t)], where
“load” indicates the equilibrium population of neutron spin
states that developed in the decay trap (mainly the spin
state chosen by the spin flipper with a small depolarized
contribution), and “depol” indicates neutrons which have the
opposite spin state (nominally depolarized). The polarization
at time t is then P (t) = 1 − 2ξ (t). We determine the fraction
of depolarized neutrons in a given β-decay run by performing
depolarization or “D” runs at the end of each 50 min. β-
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FIG. 7. Switcher signal as a function of time, during “D”-type
runs: (1) the shutter closes and the switcher state changes, permitting
UCN in the guide outside the decay volume to drain to the switcher
UCN detector, (2) the AFP spin-flipper changes state, allowing
depolarized neutrons in the guides outside the decay volume to drain
to the switcher, (3) the shutter opens, permitting depolarized neutrons
within the decay volume to drain to the switcher detector, (4) the AFP
spin-flipper returns to its initial state, allowing the initially loaded spin
state to drain from the decay volume, (5) backgrounds are measured
after the UCN population in the decay volume has drained away. The
presented data were taken in 2011 and UCN loaded into the decay
volume with the spin-flipper off.

decay run. In these runs, the loaded spin populations are
determined by direct measurement of the UCN population in
the spectrometer decay volume just before the beginning of a
depolarization measurement. Because depolarized populations
are small (smaller than 1%), the β-decay rate or the rate in a
UCN monitor attached to the SCS is sufficient to provide a
reliable measure proportional to the loaded spin population,
NSCS

load (t = 0 s), where the superscript “SCS” indicates mea-
surement with either the UCN monitor or electron detectors
in the β-decay spectrometer.

The depolarized spin population is isolated and measured
in a procedure with five steps. In step (1), we utilize a new
component for the UCNA experiment: a shutter at the exit of
the decay trap (see Fig. 1). The shutter dramatically improves
the signal-to-background ratio in our measurement of the
depolarized fraction, and permits a very clean assessment of
the systematic errors in our polarimetry analysis. At time t = 0
s, the shutter is closed, preventing UCN in the decay volume
from exiting the system. When the shutter closes, the state of
the switcher also changes, routing UCN that exit from the decay
trap through the polarizer/AFP magnet to a UCN detector
located below the switcher. The signal in the switcher detector
during a polarimetry run is depicted in Fig. 7. After the shutter
is closed, the loaded spin population in the guides between
the shutter and the switcher detector are permitted to drain to
the switcher detector, producing a large pulse in the switcher
detector. In step (2), at t = 25 s, the state of the spin flipper
is changed, permitting depolarized UCN in the guides beyond
the spin-flipper to also exit to the switcher detector. Note that,
prior to this time, the depolarized population is in a state which

035505-7

§ Bottle:                                   
|Vud| = 0.9741(4)

§ Beam:                                   
|Vud| = 0.9685(8)

§ 0+ ➞ 0+:                                 
|Vud| = 0.9737(3)
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Kaonen
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CERN
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CERN

Protonen
400 GeV
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NA62-Experiment

16



Rainer Wanke              Bachelor-Vortragsreihe 14. Mai 2024

~ 250 m

NA62-Experiment
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Proton-Target
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Protons

Kaon beam line

40 cm

► Beryllium-Stab mit
40 cm Länge und
2 mm Durchmesser.  
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𝑲! → 𝝁!𝝂 (63.56 ± 0.11) %

𝑲! → 𝝅!𝝅𝟎 (20.67 ± 0.08) %

𝑲! → 𝝅𝟎𝒆!𝝂 (5.07 ± 0.04) %

𝑲! → 𝝅𝟎𝝁!𝝂 (3.35 ± 0.03) %

𝑲! → 𝝅!𝝅!𝝅# (5.58 ± 0.02) %

𝑲! → 𝝅!𝝅𝟎𝝅𝟎 (1.76 ± 0.02) %
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u
s̅K+ K+ ➞ 3 Pionen
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Figure 1: Neutron beta decay in the Standard Model.

1 Neutron lifetime
The neutron is one of the most important constituents of matter. It is abso-
lutely crucial for the existence of atoms heavier than hydrogen. Surprisingly,
although discovered nearly a century ago [2], the neutron may be hiding a
deep secret related to its decay. The precise value of the free neutron lifetime
is an open question, with the two types of experiments (bottle and beam)
providing substantially di�erent answers [3, 4].

In the commonly accepted description of fundamental interactions, the
Standard Model of particle physics [5, 6, 7, 8, 9], the neutron predominantly
beta decays to a proton, electron and antineutrino (see, Fig. 1). The radiative
corrections to this process, involving extra photons in the final state, have a
branching fraction Br(n æ p e ‹̄e“) ¥ 10≠2 [10]. The neutron can also decay
to a hydrogen atom and antineutrino with Br(n æ H ‹̄e) ¥ 4 ◊ 10≠6 [11].
Given that those are the only neutron decay channels within the Standard
Model, a proton in the final state is always expected.

A theoretical estimate of the neutron lifetime from beta decays is [12, 13]

·
theory
n = 4908.6(1.9) s

|Vud|2(1 + 3⁄2) , (1)

where Vud is the first element of the Cabibbo-Kobayashi-Maskawa matrix and
⁄ is the ratio of the axial-vector to vector current coe�cient in the neutron
beta decay matrix element. Using the average values adopted by the Particle
Data Group [14]: Vud = 0.97420 ± 0.00021 and ⁄ = ≠1.2724 ± 0.0023, the

2

√GF

√GF·Vus
*

u

s̅

u
u ̅

K+

π0

e+,µ+

νe , νµ

Verzweigungsverhältnis K ➞ π e ν
Kaonlebensdauer 

= 67(3→ -:;)
=#

Γ!"#$%"& =

21



Rainer Wanke              Bachelor-Vortragsreihe 14. Mai 2024

2017 JINST 12 P05025

2 Design and analysis principles

2.1 Choice of detector layout

The choice of the decay-in-flight technique is motivated by the possibility of obtaining an integrated
flux of O(1013

) kaon decays over a few years of data-taking with a signal acceptance of about 10%,
leading to the collection of about 100 SM events in the K

+
! ⇡+⌫⌫̄ channel.

The 400 GeV/c proton beam from the CERN SPS accelerator enables the production of a
75 GeV/c secondary kaon beam. The advantage of using a high-energy proton beam is the reduction
of non-kaon-related accidental background due to the higher kaon production cross section. The
disadvantage of high-energy protons and, consequently, of a high-energy secondary beam, is that
pions and protons cannot be separated e�ciently from kaons. During the SPS spill of 3 s e�ective
duration, the particle rate in the NA62 positive secondary hadron beam is 750 MHz, of which
about 6% is from K

+, leading to 5 MHz of K
+ decays in the 65 m long decay region. Therefore

the upstream detectors that measure the momentum and the direction of the incoming kaons are
exposed to a particle flux about 16 times larger than the kaon flux. Note that 75% of the kaons do
not decay before hitting the beam dump at the end of the beam line. The kaon beam line properties
are described in section 3.

The scale and reference system for the experimental layout are displayed in figure 2. The beam
line defines the Z axis with its origin at the kaon production target and beam particles travelling in
the positive direction, the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system.
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Figure 2. Schematic vertical section through the NA62 experimental setup. The main elements for the
detection of the K

+ decay products are located along a 150 m long region starting 121 m downstream of
the kaon production target. Useful K

+ decays are detected in a 65 m long decay region. Most detectors
have an approximately cylindrical shape around the beam axis. An evacuated passage surrounding the beam
trajectory allows the intense (750 MHz) flux of un-decayed beam particles to pass through without interacting
with detector material before reaching the dump.

Following breaks in the vacuum to accommodate some of the beam line elements, the beam
spectrometer GTK and all detectors surrounding the decay region as well as the spectrometer
detecting the final-state particles are placed in vacuum to avoid interactions and scattering of the
beam and to obtain improved resolution for measured kinematic quantities. The time matching

– 3 –
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The choice of the decay-in-flight technique is motivated by the possibility of obtaining an integrated
flux of O(1013

) kaon decays over a few years of data-taking with a signal acceptance of about 10%,
leading to the collection of about 100 SM events in the K

+
! ⇡+⌫⌫̄ channel.

The 400 GeV/c proton beam from the CERN SPS accelerator enables the production of a
75 GeV/c secondary kaon beam. The advantage of using a high-energy proton beam is the reduction
of non-kaon-related accidental background due to the higher kaon production cross section. The
disadvantage of high-energy protons and, consequently, of a high-energy secondary beam, is that
pions and protons cannot be separated e�ciently from kaons. During the SPS spill of 3 s e�ective
duration, the particle rate in the NA62 positive secondary hadron beam is 750 MHz, of which
about 6% is from K

+, leading to 5 MHz of K
+ decays in the 65 m long decay region. Therefore

the upstream detectors that measure the momentum and the direction of the incoming kaons are
exposed to a particle flux about 16 times larger than the kaon flux. Note that 75% of the kaons do
not decay before hitting the beam dump at the end of the beam line. The kaon beam line properties
are described in section 3.

The scale and reference system for the experimental layout are displayed in figure 2. The beam
line defines the Z axis with its origin at the kaon production target and beam particles travelling in
the positive direction, the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system.
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Figure 2. Schematic vertical section through the NA62 experimental setup. The main elements for the
detection of the K

+ decay products are located along a 150 m long region starting 121 m downstream of
the kaon production target. Useful K

+ decays are detected in a 65 m long decay region. Most detectors
have an approximately cylindrical shape around the beam axis. An evacuated passage surrounding the beam
trajectory allows the intense (750 MHz) flux of un-decayed beam particles to pass through without interacting
with detector material before reaching the dump.

Following breaks in the vacuum to accommodate some of the beam line elements, the beam
spectrometer GTK and all detectors surrounding the decay region as well as the spectrometer
detecting the final-state particles are placed in vacuum to avoid interactions and scattering of the
beam and to obtain improved resolution for measured kinematic quantities. The time matching
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flux of O(1013

) kaon decays over a few years of data-taking with a signal acceptance of about 10%,
leading to the collection of about 100 SM events in the K
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! ⇡+⌫⌫̄ channel.

The 400 GeV/c proton beam from the CERN SPS accelerator enables the production of a
75 GeV/c secondary kaon beam. The advantage of using a high-energy proton beam is the reduction
of non-kaon-related accidental background due to the higher kaon production cross section. The
disadvantage of high-energy protons and, consequently, of a high-energy secondary beam, is that
pions and protons cannot be separated e�ciently from kaons. During the SPS spill of 3 s e�ective
duration, the particle rate in the NA62 positive secondary hadron beam is 750 MHz, of which
about 6% is from K

+, leading to 5 MHz of K
+ decays in the 65 m long decay region. Therefore

the upstream detectors that measure the momentum and the direction of the incoming kaons are
exposed to a particle flux about 16 times larger than the kaon flux. Note that 75% of the kaons do
not decay before hitting the beam dump at the end of the beam line. The kaon beam line properties
are described in section 3.

The scale and reference system for the experimental layout are displayed in figure 2. The beam
line defines the Z axis with its origin at the kaon production target and beam particles travelling in
the positive direction, the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system.
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Figure 2. Schematic vertical section through the NA62 experimental setup. The main elements for the
detection of the K

+ decay products are located along a 150 m long region starting 121 m downstream of
the kaon production target. Useful K

+ decays are detected in a 65 m long decay region. Most detectors
have an approximately cylindrical shape around the beam axis. An evacuated passage surrounding the beam
trajectory allows the intense (750 MHz) flux of un-decayed beam particles to pass through without interacting
with detector material before reaching the dump.

Following breaks in the vacuum to accommodate some of the beam line elements, the beam
spectrometer GTK and all detectors surrounding the decay region as well as the spectrometer
detecting the final-state particles are placed in vacuum to avoid interactions and scattering of the
beam and to obtain improved resolution for measured kinematic quantities. The time matching
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leading to the collection of about 100 SM events in the K
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The 400 GeV/c proton beam from the CERN SPS accelerator enables the production of a
75 GeV/c secondary kaon beam. The advantage of using a high-energy proton beam is the reduction
of non-kaon-related accidental background due to the higher kaon production cross section. The
disadvantage of high-energy protons and, consequently, of a high-energy secondary beam, is that
pions and protons cannot be separated e�ciently from kaons. During the SPS spill of 3 s e�ective
duration, the particle rate in the NA62 positive secondary hadron beam is 750 MHz, of which
about 6% is from K

+, leading to 5 MHz of K
+ decays in the 65 m long decay region. Therefore

the upstream detectors that measure the momentum and the direction of the incoming kaons are
exposed to a particle flux about 16 times larger than the kaon flux. Note that 75% of the kaons do
not decay before hitting the beam dump at the end of the beam line. The kaon beam line properties
are described in section 3.

The scale and reference system for the experimental layout are displayed in figure 2. The beam
line defines the Z axis with its origin at the kaon production target and beam particles travelling in
the positive direction, the Y axis points vertically up, and the X axis is horizontal and directed to
form a right-handed coordinate system.
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Figure 2. Schematic vertical section through the NA62 experimental setup. The main elements for the
detection of the K

+ decay products are located along a 150 m long region starting 121 m downstream of
the kaon production target. Useful K

+ decays are detected in a 65 m long decay region. Most detectors
have an approximately cylindrical shape around the beam axis. An evacuated passage surrounding the beam
trajectory allows the intense (750 MHz) flux of un-decayed beam particles to pass through without interacting
with detector material before reaching the dump.

Following breaks in the vacuum to accommodate some of the beam line elements, the beam
spectrometer GTK and all detectors surrounding the decay region as well as the spectrometer
detecting the final-state particles are placed in vacuum to avoid interactions and scattering of the
beam and to obtain improved resolution for measured kinematic quantities. The time matching

– 3 –

Kaon-Zerfälle im Detektor

Protonen
400 GeV K+

Beispiel:  K+ ➞ π0 e+ ν
⤷ γ γ

π0

e+

ν

γ

γ

π0-Lebensdauer ~ 10–17 s  
⇒ Fluglänge ~ µm

Kaon-
iden)fika)on

Impuls-
messung

22



Rainer Wanke              Bachelor-Vortragsreihe 14. Mai 2024

2017 JINST 12 P05025

2 Design and analysis principles

2.1 Choice of detector layout

The choice of the decay-in-flight technique is motivated by the possibility of obtaining an integrated
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leading to the collection of about 100 SM events in the K
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! ⇡+⌫⌫̄ channel.

The 400 GeV/c proton beam from the CERN SPS accelerator enables the production of a
75 GeV/c secondary kaon beam. The advantage of using a high-energy proton beam is the reduction
of non-kaon-related accidental background due to the higher kaon production cross section. The
disadvantage of high-energy protons and, consequently, of a high-energy secondary beam, is that
pions and protons cannot be separated e�ciently from kaons. During the SPS spill of 3 s e�ective
duration, the particle rate in the NA62 positive secondary hadron beam is 750 MHz, of which
about 6% is from K

+, leading to 5 MHz of K
+ decays in the 65 m long decay region. Therefore

the upstream detectors that measure the momentum and the direction of the incoming kaons are
exposed to a particle flux about 16 times larger than the kaon flux. Note that 75% of the kaons do
not decay before hitting the beam dump at the end of the beam line. The kaon beam line properties
are described in section 3.

The scale and reference system for the experimental layout are displayed in figure 2. The beam
line defines the Z axis with its origin at the kaon production target and beam particles travelling in
the positive direction, the Y axis points vertically up, and the X axis is horizontal and directed to
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Figure 2. Schematic vertical section through the NA62 experimental setup. The main elements for the
detection of the K

+ decay products are located along a 150 m long region starting 121 m downstream of
the kaon production target. Useful K

+ decays are detected in a 65 m long decay region. Most detectors
have an approximately cylindrical shape around the beam axis. An evacuated passage surrounding the beam
trajectory allows the intense (750 MHz) flux of un-decayed beam particles to pass through without interacting
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Following breaks in the vacuum to accommodate some of the beam line elements, the beam
spectrometer GTK and all detectors surrounding the decay region as well as the spectrometer
detecting the final-state particles are placed in vacuum to avoid interactions and scattering of the
beam and to obtain improved resolution for measured kinematic quantities. The time matching
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Ein bisschen spezielle Relativitätstheorie…

Klassisch: 
Energie:  E = ½ m v2 = p2/(2m)

Spezielle RelaGvitätstheorie: 
Ruhemasse und Ruheenergie sind äquivalent:  E0 = m c2 (mit m = Ruhemasse)
Gesamtenergie:  E = γ m c2 = E0 + Ekin

Impuls: p = γ m v = β γ m c
Damit: E2 = γ2 m2 c4 =  m2 c4 + (γ2 –1)m2 c4

= m2 c4 + (1–(1–β2)) / (1–β2)m2 c4 =  m2 c4 + β2 / (1–β2)m2 c4

= m2 c4 + β2 γ2 m2 c4 =  m2 c4 + p2 c2

Energie-Impuls-Beziehung für relaXvisXsche Teilchen 
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Ein bisschen spezielle RelaRvitätstheorie…

Energie-Impuls-Beziehung für relaGvisGsche Teilchen: 
E2 = m2 c4 + p2 c2

In der Teilchenphysik zumeist:  Lichtgeschwindigkeit c := 1
E2 = m2 + p2

Einheiten: [Energie] = [Impuls] = [Masse] = GeV           (auch:  [Impuls] = GeV/c, [Masse] = GeV/c2)

Beispiel:  mProton ≈ 1 GeV, pProton = 400 GeV im CERN SPS   ⟹ EProton ≅ 400 GeV = pProton!
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Ein bisschen spezielle RelaRvitätstheorie…
Radioaktive Zerfälle:
Teilchen A (Masse mA) zerfällt in Teilchen B (Masse mB) und Teilchen C (Masse mB):

A ⟶ B + C mit  mA ≥ mB + mC wegen Energieerhaltung.

Beispiel:  Zerfall in Ruhe von π0 ⟶ γ γ (2 Photonen)

mπ = 135 MeV, mγ = 0  

⟹ mπ
2 = Eπ2 = (Eγ1 + Eγ2)2 = Eγ12 + Eγ22 + 2 Eγ1 Eγ2

= p⃗γ12 + p⃗γ22 + 2|p⃗γ1|| p⃗γ2| = 4 pγ2

⟹ pγ = ½ mπ = 67,5 MeV
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Kaon-Zerfälle im Detektor

Weiteres Beispiel:  Zerfall in Ruhe von K+ ⟶ π+ X (X nicht gemessen)
⟹ mX

2 = ... längere Rechnung ... 
= ...

WichGg:  
Falls Tochterteilchen kein π+ , funkGoniert die Rechnung die Rechnung nicht mehr! 
Stajdessen muss die Masse des tatsächlichen Tochterteilchens eingesetzt werden.
➜ Die Teilchensorte muss idenGfiziert werden!

p⃗K

p⃗π
ϴπK

p⃗X, mX

26

𝒎𝒙
𝟐 ≈ 𝒎𝑲

𝟐 𝟏 −
𝒑𝝅
𝒑𝑲

+𝒎𝝅
𝟐 𝟏 −

𝒑𝑲
𝒑𝝅

− 𝒑𝑲 𝒑𝝅 ( 𝜽𝝅𝑲𝟐



Rainer Wanke              Bachelor-Vortragsreihe 14. Mai 2024

Was sehen wir?
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Was sehen wir?
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Was sehen wir, wenn wir genauer hinschauen?

Annahme:
Tochterteilchen ist ein Myon.

Annahme:
Tochterteilchen ist ein Pion.
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Wie sieht‘s aus?

§ Messung von NA62 noch nicht ferSg  (Mainzer Doktorand schuket noch…)                     
➜ Wird genaueste Messung der K ➞ π e ν-, K ➞ π µ ν-Zerfallsraten.

§ Bisherige Messungen auch schon sehr gut:

|Vus| = 0.22330(53)

§ Weitere Messung: K ➞ µ ν- und π ➞ µ ν -Zerfallsraten ➜ Ergibt |Vus|/|Vud|:

|Vus / Vud| = 0.23108(51)
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Und nun alles zusammen gepackt…:
§ |Vud| = 0.97384(26) aus β-Zerfällen

§ |Vus|        = 0.22330(53) aus K➞πeν (πµν)
§ |Vus / Vud| = 0.23108(51) aus K➞µν/π➞µν

Globaler Fit:

Kaon decays and the Cabibbo Angle Anomaly – M. Moulson – CKM 2023 – Santiago de Compostela, 20 September 2023

Status of first-row unitarity

28

Fit results, no constraint

Vud = 0.97378(26)
Vus = 0.22422(36)
χ2/ndf = 6.4/2 (4.1%)

ΔCKM = −0.0018(6)
−2.8σ

68% CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2242(10)

Kaon decays and the Cabibbo Angle Anomaly – M. Moulson – CKM 2023 – Santiago de Compostela, 20 September 2023

Status of first-row unitarity

28

Fit results, no constraint

Vud = 0.97378(26)
Vus = 0.22422(36)
χ2/ndf = 6.4/2 (4.1%)

ΔCKM = −0.0018(6)
−2.8σ

68% CL ellipse
Without scaling S = 2.6

With scale factor S = 2.6
Vud = 0.9737(8)
Vus = 0.2242(10)

Standardm
odell

|Vud|2 + |Vus|2 + |Vub|2

= 1  +  ΔCKM

≈ 0

Abweichung vom
Standardmodell
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Es bleibt spannend…
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