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Two main methods

Two Main Methods
1) Beam method

2) UCN storage method

The beam neutron lifetime method
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The “neutron lifetime puzzle” arises from the discrepancy between neutron lifetime measurements
obtained using the beam method, which measures decay products, and the bottle method, which
measures the disappearance of neutrons. To resolve this puzzle, we conducted an experiment using a
pulsed cold neutron beam at J-PARC. In this experiment, the neutron lifetime is determined from the
ratio of neutron decay counts to 3He(n,p)3H reactions in a gas detector. This experiment belongs
to the beam method but di!ers from previous experiments that measured protons, as it instead
detects electrons, enabling measurements with distinct systematic uncertainties. By enlarging the
beam transport system and reducing systematic uncertainties, we achieved a fivefold improvement in
precision. Analysis of all acquired data yielded a neutron lifetime of ωn = 877.2 ± 1.7(stat.)

+4.0
→3.6(sys.) s.

This result is consistent with bottle method measurements but exhibits a 2.3ε tension with the
average value obtained from the proton-detection-based beam method.

Introduction– A neutron decays into three particles, a
proton, an electron, and an antineutrino via weak inter-
actions. The neutron ω decay lifetime, εn, is a crucial
parameter that determines the neutron-to-proton ratio
at the onset of Big Bang nucleosynthesis (BBN) [1, 2].
The combination of the BBN model and the baryon-to-
photon ratio derived from the cosmic microwave back-
ground observations [3, 4] provides an accurate predic-
tion of the abundance of light elements, allowing tests
of physical phenomena in the early universe. Addition-
ally, the Vud term in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix can be determined using εn and ϑ, which
is the ratio of axial-vector to vector coupling constants,
gA/gV , independently of nuclear models. Revised radia-
tive corrections in 2018 [5] suggested the CKM unitarity
violation exceeding 2ϖ [6], emphasizing the importance
of the measurement of the neutron lifetime. Precise data
on εn is also valuable for testing lattice QCD calculations

of gA [7].

Neutron lifetime has been measured using two primary
methods. The first is the beam method [8, 9], where
neutron ω decay products, specifically protons in these
references, are counted relative to the number of inci-
dent neutrons, yielding an average lifetime of εbeam

n
=

888.0 ± 2.0 s. The second is the bottle method [10–
17], which measures the disappearance of ultra-cold neu-
trons (UCNs) confined in a container over time, produc-
ing an average value of εbottle

n
= 878.4 ± 0.5 s. The 9.5-s

(4.6ϖ) discrepancy between the two methods is known as
the “neutron lifetime puzzle” [18], raising concerns about
the reliability of neutron lifetime measurements.

Possible causes for this discrepancy include unac-
counted systematic uncertainties, such as protons from
neutron decay undergoing charge exchange with residual
gas [19], though this e!ect is considered negligible [20].
The 9.5-s, approximately 1% discrepancy between beam
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is the ratio of axial-vector to vector coupling constants,
gA/gV , independently of nuclear models. Revised radia-
tive corrections in 2018 [5] suggested the CKM unitarity
violation exceeding 2ϖ [6], emphasizing the importance
of the measurement of the neutron lifetime. Precise data
on εn is also valuable for testing lattice QCD calculations

of gA [7].

Neutron lifetime has been measured using two primary
methods. The first is the beam method [8, 9], where
neutron ω decay products, specifically protons in these
references, are counted relative to the number of inci-
dent neutrons, yielding an average lifetime of εbeam

n
=

888.0 ± 2.0 s. The second is the bottle method [10–
17], which measures the disappearance of ultra-cold neu-
trons (UCNs) confined in a container over time, produc-
ing an average value of εbottle
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= 878.4 ± 0.5 s. The 9.5-s

(4.6ϖ) discrepancy between the two methods is known as
the “neutron lifetime puzzle” [18], raising concerns about
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obtained using the beam method, which measures decay products, and the bottle method, which
measures the disappearance of neutrons. To resolve this puzzle, we conducted an experiment using a
pulsed cold neutron beam at J-PARC. In this experiment, the neutron lifetime is determined from the
ratio of neutron decay counts to 3He(n,p)3H reactions in a gas detector. This experiment belongs
to the beam method but di!ers from previous experiments that measured protons, as it instead
detects electrons, enabling measurements with distinct systematic uncertainties. By enlarging the
beam transport system and reducing systematic uncertainties, we achieved a fivefold improvement in
precision. Analysis of all acquired data yielded a neutron lifetime of ωn = 877.2 ± 1.7(stat.)

+4.0
→3.6(sys.) s.

This result is consistent with bottle method measurements but exhibits a 2.3ε tension with the
average value obtained from the proton-detection-based beam method.

Introduction– A neutron decays into three particles, a
proton, an electron, and an antineutrino via weak inter-
actions. The neutron ω decay lifetime, εn, is a crucial
parameter that determines the neutron-to-proton ratio
at the onset of Big Bang nucleosynthesis (BBN) [1, 2].
The combination of the BBN model and the baryon-to-
photon ratio derived from the cosmic microwave back-
ground observations [3, 4] provides an accurate predic-
tion of the abundance of light elements, allowing tests
of physical phenomena in the early universe. Addition-
ally, the Vud term in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix can be determined using εn and ϑ, which
is the ratio of axial-vector to vector coupling constants,
gA/gV , independently of nuclear models. Revised radia-
tive corrections in 2018 [5] suggested the CKM unitarity
violation exceeding 2ϖ [6], emphasizing the importance
of the measurement of the neutron lifetime. Precise data
on εn is also valuable for testing lattice QCD calculations

of gA [7].

Neutron lifetime has been measured using two primary
methods. The first is the beam method [8, 9], where
neutron ω decay products, specifically protons in these
references, are counted relative to the number of inci-
dent neutrons, yielding an average lifetime of εbeam

n
=

888.0 ± 2.0 s. The second is the bottle method [10–
17], which measures the disappearance of ultra-cold neu-
trons (UCNs) confined in a container over time, produc-
ing an average value of εbottle

n
= 878.4 ± 0.5 s. The 9.5-s

(4.6ϖ) discrepancy between the two methods is known as
the “neutron lifetime puzzle” [18], raising concerns about
the reliability of neutron lifetime measurements.

Possible causes for this discrepancy include unac-
counted systematic uncertainties, such as protons from
neutron decay undergoing charge exchange with residual
gas [19], though this e!ect is considered negligible [20].
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The “neutron lifetime puzzle” arises from the discrepancy between neutron lifetime measurements
obtained using the beam method, which measures decay products, and the bottle method, which
measures the disappearance of neutrons. To resolve this puzzle, we conducted an experiment using a
pulsed cold neutron beam at J-PARC. In this experiment, the neutron lifetime is determined from the
ratio of neutron decay counts to 3He(n,p)3H reactions in a gas detector. This experiment belongs
to the beam method but di!ers from previous experiments that measured protons, as it instead
detects electrons, enabling measurements with distinct systematic uncertainties. By enlarging the
beam transport system and reducing systematic uncertainties, we achieved a fivefold improvement in
precision. Analysis of all acquired data yielded a neutron lifetime of ωn = 877.2 ± 1.7(stat.)

+4.0
→3.6(sys.) s.

This result is consistent with bottle method measurements but exhibits a 2.3ε tension with the
average value obtained from the proton-detection-based beam method.

Introduction– A neutron decays into three particles, a
proton, an electron, and an antineutrino via weak inter-
actions. The neutron ω decay lifetime, εn, is a crucial
parameter that determines the neutron-to-proton ratio
at the onset of Big Bang nucleosynthesis (BBN) [1, 2].
The combination of the BBN model and the baryon-to-
photon ratio derived from the cosmic microwave back-
ground observations [3, 4] provides an accurate predic-
tion of the abundance of light elements, allowing tests
of physical phenomena in the early universe. Addition-
ally, the Vud term in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix can be determined using εn and ϑ, which
is the ratio of axial-vector to vector coupling constants,
gA/gV , independently of nuclear models. Revised radia-
tive corrections in 2018 [5] suggested the CKM unitarity
violation exceeding 2ϖ [6], emphasizing the importance
of the measurement of the neutron lifetime. Precise data
on εn is also valuable for testing lattice QCD calculations

of gA [7].

Neutron lifetime has been measured using two primary
methods. The first is the beam method [8, 9], where
neutron ω decay products, specifically protons in these
references, are counted relative to the number of inci-
dent neutrons, yielding an average lifetime of εbeam

n
=

888.0 ± 2.0 s. The second is the bottle method [10–
17], which measures the disappearance of ultra-cold neu-
trons (UCNs) confined in a container over time, produc-
ing an average value of εbottle

n
= 878.4 ± 0.5 s. The 9.5-s

(4.6ϖ) discrepancy between the two methods is known as
the “neutron lifetime puzzle” [18], raising concerns about
the reliability of neutron lifetime measurements.

Possible causes for this discrepancy include unac-
counted systematic uncertainties, such as protons from
neutron decay undergoing charge exchange with residual
gas [19], though this e!ect is considered negligible [20].
The 9.5-s, approximately 1% discrepancy between beam
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FIG. 3. XE distribution for 50 kPa/new SFC. Black points
represent measured data, and colored regions represent the
stacked MC distributions. From top to bottom: red (ω),
yellow (gas-scattered 5000 keV ε rays), green (gas-scattered
200 keV ε rays), magenta (ε rays scattered by the 6LiF tile
shutter), and blue (ω events from gas-scattered neutrons).

events, triggered by a ω decay electron and a 3He event
follows, by developing a dedicated MC simulation that
generates events at di!erent timings. This improved the
classification accuracy, reducing the pileup uncertainty
to +0.17/-0.07%.

Results– To mitigate human bias, a random variation
of ±10% has been applied to ε during the updated anal-
ysis, which was removed only after the analysis method
and parameters had been finalized. Data were grouped
into four conditions based on gas pressure (100 kPa and
50 kPa) and SFC type (old and new), with average neu-
tron lifetimes summarized in Table II. For each condi-
tion, uncertainties related to cut positions were evalu-
ated independently, while globally correlated uncertain-
ties were applied as common shifts. The overall neutron
lifetime result from J-PARC, combining all conditions, is
ϑn = 877.2 ± 1.7(stat.)

+4.0
→3.6(sys.). The combining average

yielded ϖ2/DOF = 15.8/3, though the underlying cause
of this deviation remains undetermined.

TABLE II. Neutron lifetime values for each gas pressure
(100 kPa, 50 kPa) and SFC configuration (new, old), with
averages. Units in seconds.

Conditions Value Stat. Cut position Other sys.
100 kPa/old SFC 870.9 3.5 +1.8/-2.8 +5.5/-4.9
100 kPa/new SFC 868.3 4.0 +1.5/-2.9 +3.8/-3.2
50 kPa/old SFC 868.2 7.7 +2.7/-0.9 +4.8/-3.9
50 kPa/new SFC 884.8 2.4 +0.8/-1.3 +3.2/-3.0

Combined 877.2 1.7 +4.0/-3.6

The main uncertainties in this measurement are sum-
marized in Table III, with the largest contribution from
the gas-scattering neutron background. The e!ect due
to the cut position uncertainties are small (0.9 s) due
to good agreement between MC simulations and exper-

TABLE III. List of uncertainties with units in seconds.

E!ect Uncertainty
Statistic 1.7

Cut position 0.9
Gas-induced background +1.1/-2.0

Pile up +1.5/-0.6
Contamination from 12C(n,ε)13C +1.7/-0.0
ε-ray scattering at LiF shutter 1.3
Unbunched neutron from SFC +1.1/-1.0

Inject 3He 1.2
3He in G1He +1.5/-1.4

3He(n,p)3H cross section 1.2
Total systematic +4.0/-3.6

imental results. The 12C(n,ϱ)13C reaction, where 12C
in the CO2 gas absorbs neutrons, produces 13C with
a 4946 keV ϱ ray and a 1.0 keV recoil. Misclassifica-
tion of these events as ω decay was evaluated using MC
simulations, with uncertainties near the energy thresh-
old included in the systematic uncertainty. The e!ect
due to scattering of ϱ rays at the 6LiF tile shutter was
modeled using PHITS3.20 [47] and NaI detector mea-
surements. This contributed to a 1.3 s systematic un-
certainty. The e!ect of unbunched neutrons caused by
SFC imperfections, leading to detection e”ciency mis-
matches for ω and 3He(n,p)3H events at the TPC edges,
was simulated to evaluate their impact and incorporated
as systematic uncertainties. The uncertainties in intro-
duced 3He and G1He-contained 3He were incorporated
into ε. For 50 kPa operations, 14N-based measurements
limited the uncertainty to 0.5 s, while mass spectrom-
eter data increased it to 1.5 s. The 3He(n,p)3H cross-
section, 5333 ± 7 barn [48] obtained by averaging two
experiments [49, 50], contributed 1.2 s of uncertainty.
The neutron lifetime obtained in this study, with sta-

tistical and systematic uncertainties combined in quadra-
ture is shown in Fig.4, along with results from previous
experiments [6]. Our value is consistent with the bottle
method but shows a 2.3ς tension with the average of the
proton-counting beam method. Combining our results
with other beam measurements gives ϑbeam

n
= 886.0±1.8,

reducing the discrepancy with the bottle method to 4.0ς.
Conclusion and outlook– To address the “neutron life-

time puzzle,” arising from discrepancies between neu-
tron lifetimes measured by the beam method (via decay
products) and the bottle method (via disappearance), we
measured the neutron lifetime from the ratio of electrons
from neutron decay to 3He(n,p)3H reactions. Unlike pre-
vious beam method experiments that detected protons,
this experiment introduced distinct systematic uncertain-
ties.
By enlarging the SFC aperture, the neutron inten-

sity increased by a factor of 2.8, enabling high-statistics
data acquisition and achieving a statistical precision of
1.7 s. Systematic uncertainties were reduced to 4 s by
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The “neutron lifetime puzzle” arises from the discrepancy between neutron lifetime measurements
obtained using the beam method, which measures decay products, and the bottle method, which
measures the disappearance of neutrons. To resolve this puzzle, we conducted an experiment using a
pulsed cold neutron beam at J-PARC. In this experiment, the neutron lifetime is determined from the
ratio of neutron decay counts to 3He(n,p)3H reactions in a gas detector. This experiment belongs
to the beam method but di!ers from previous experiments that measured protons, as it instead
detects electrons, enabling measurements with distinct systematic uncertainties. By enlarging the
beam transport system and reducing systematic uncertainties, we achieved a fivefold improvement in
precision. Analysis of all acquired data yielded a neutron lifetime of ωn = 877.2 ± 1.7(stat.)

+4.0
→3.6(sys.) s.

This result is consistent with bottle method measurements but exhibits a 2.3ε tension with the
average value obtained from the proton-detection-based beam method.

Introduction– A neutron decays into three particles, a
proton, an electron, and an antineutrino via weak inter-
actions. The neutron ω decay lifetime, εn, is a crucial
parameter that determines the neutron-to-proton ratio
at the onset of Big Bang nucleosynthesis (BBN) [1, 2].
The combination of the BBN model and the baryon-to-
photon ratio derived from the cosmic microwave back-
ground observations [3, 4] provides an accurate predic-
tion of the abundance of light elements, allowing tests
of physical phenomena in the early universe. Addition-
ally, the Vud term in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix can be determined using εn and ϑ, which
is the ratio of axial-vector to vector coupling constants,
gA/gV , independently of nuclear models. Revised radia-
tive corrections in 2018 [5] suggested the CKM unitarity
violation exceeding 2ϖ [6], emphasizing the importance
of the measurement of the neutron lifetime. Precise data
on εn is also valuable for testing lattice QCD calculations

of gA [7].

Neutron lifetime has been measured using two primary
methods. The first is the beam method [8, 9], where
neutron ω decay products, specifically protons in these
references, are counted relative to the number of inci-
dent neutrons, yielding an average lifetime of εbeam

n
=

888.0 ± 2.0 s. The second is the bottle method [10–
17], which measures the disappearance of ultra-cold neu-
trons (UCNs) confined in a container over time, produc-
ing an average value of εbottle

n
= 878.4 ± 0.5 s. The 9.5-s

(4.6ϖ) discrepancy between the two methods is known as
the “neutron lifetime puzzle” [18], raising concerns about
the reliability of neutron lifetime measurements.

Possible causes for this discrepancy include unac-
counted systematic uncertainties, such as protons from
neutron decay undergoing charge exchange with residual
gas [19], though this e!ect is considered negligible [20].
The 9.5-s, approximately 1% discrepancy between beam
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The “neutron lifetime puzzle” arises from the discrepancy between neutron lifetime measurements
obtained using the beam method, which measures decay products, and the bottle method, which
measures the disappearance of neutrons. To resolve this puzzle, we conducted an experiment using a
pulsed cold neutron beam at J-PARC. In this experiment, the neutron lifetime is determined from the
ratio of neutron decay counts to 3He(n,p)3H reactions in a gas detector. This experiment belongs
to the beam method but di!ers from previous experiments that measured protons, as it instead
detects electrons, enabling measurements with distinct systematic uncertainties. By enlarging the
beam transport system and reducing systematic uncertainties, we achieved a fivefold improvement in
precision. Analysis of all acquired data yielded a neutron lifetime of ωn = 877.2 ± 1.7(stat.)

+4.0
→3.6(sys.) s.

This result is consistent with bottle method measurements but exhibits a 2.3ε tension with the
average value obtained from the proton-detection-based beam method.

Introduction– A neutron decays into three particles, a
proton, an electron, and an antineutrino via weak inter-
actions. The neutron ω decay lifetime, εn, is a crucial
parameter that determines the neutron-to-proton ratio
at the onset of Big Bang nucleosynthesis (BBN) [1, 2].
The combination of the BBN model and the baryon-to-
photon ratio derived from the cosmic microwave back-
ground observations [3, 4] provides an accurate predic-
tion of the abundance of light elements, allowing tests
of physical phenomena in the early universe. Addition-
ally, the Vud term in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix can be determined using εn and ϑ, which
is the ratio of axial-vector to vector coupling constants,
gA/gV , independently of nuclear models. Revised radia-
tive corrections in 2018 [5] suggested the CKM unitarity
violation exceeding 2ϖ [6], emphasizing the importance
of the measurement of the neutron lifetime. Precise data
on εn is also valuable for testing lattice QCD calculations

of gA [7].

Neutron lifetime has been measured using two primary
methods. The first is the beam method [8, 9], where
neutron ω decay products, specifically protons in these
references, are counted relative to the number of inci-
dent neutrons, yielding an average lifetime of εbeam

n
=

888.0 ± 2.0 s. The second is the bottle method [10–
17], which measures the disappearance of ultra-cold neu-
trons (UCNs) confined in a container over time, produc-
ing an average value of εbottle

n
= 878.4 ± 0.5 s. The 9.5-s

(4.6ϖ) discrepancy between the two methods is known as
the “neutron lifetime puzzle” [18], raising concerns about
the reliability of neutron lifetime measurements.

Possible causes for this discrepancy include unac-
counted systematic uncertainties, such as protons from
neutron decay undergoing charge exchange with residual
gas [19], though this e!ect is considered negligible [20].
The 9.5-s, approximately 1% discrepancy between beam
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FIG. 3. XE distribution for 50 kPa/new SFC. Black points
represent measured data, and colored regions represent the
stacked MC distributions. From top to bottom: red (ω),
yellow (gas-scattered 5000 keV ε rays), green (gas-scattered
200 keV ε rays), magenta (ε rays scattered by the 6LiF tile
shutter), and blue (ω events from gas-scattered neutrons).

events, triggered by a ω decay electron and a 3He event
follows, by developing a dedicated MC simulation that
generates events at di!erent timings. This improved the
classification accuracy, reducing the pileup uncertainty
to +0.17/-0.07%.

Results– To mitigate human bias, a random variation
of ±10% has been applied to ε during the updated anal-
ysis, which was removed only after the analysis method
and parameters had been finalized. Data were grouped
into four conditions based on gas pressure (100 kPa and
50 kPa) and SFC type (old and new), with average neu-
tron lifetimes summarized in Table II. For each condi-
tion, uncertainties related to cut positions were evalu-
ated independently, while globally correlated uncertain-
ties were applied as common shifts. The overall neutron
lifetime result from J-PARC, combining all conditions, is
ϑn = 877.2 ± 1.7(stat.)

+4.0
→3.6(sys.). The combining average

yielded ϖ2/DOF = 15.8/3, though the underlying cause
of this deviation remains undetermined.

TABLE II. Neutron lifetime values for each gas pressure
(100 kPa, 50 kPa) and SFC configuration (new, old), with
averages. Units in seconds.

Conditions Value Stat. Cut position Other sys.
100 kPa/old SFC 870.9 3.5 +1.8/-2.8 +5.5/-4.9
100 kPa/new SFC 868.3 4.0 +1.5/-2.9 +3.8/-3.2
50 kPa/old SFC 868.2 7.7 +2.7/-0.9 +4.8/-3.9
50 kPa/new SFC 884.8 2.4 +0.8/-1.3 +3.2/-3.0

Combined 877.2 1.7 +4.0/-3.6

The main uncertainties in this measurement are sum-
marized in Table III, with the largest contribution from
the gas-scattering neutron background. The e!ect due
to the cut position uncertainties are small (0.9 s) due
to good agreement between MC simulations and exper-

TABLE III. List of uncertainties with units in seconds.

E!ect Uncertainty
Statistic 1.7

Cut position 0.9
Gas-induced background +1.1/-2.0

Pile up +1.5/-0.6
Contamination from 12C(n,ε)13C +1.7/-0.0
ε-ray scattering at LiF shutter 1.3
Unbunched neutron from SFC +1.1/-1.0

Inject 3He 1.2
3He in G1He +1.5/-1.4

3He(n,p)3H cross section 1.2
Total systematic +4.0/-3.6

imental results. The 12C(n,ϱ)13C reaction, where 12C
in the CO2 gas absorbs neutrons, produces 13C with
a 4946 keV ϱ ray and a 1.0 keV recoil. Misclassifica-
tion of these events as ω decay was evaluated using MC
simulations, with uncertainties near the energy thresh-
old included in the systematic uncertainty. The e!ect
due to scattering of ϱ rays at the 6LiF tile shutter was
modeled using PHITS3.20 [47] and NaI detector mea-
surements. This contributed to a 1.3 s systematic un-
certainty. The e!ect of unbunched neutrons caused by
SFC imperfections, leading to detection e”ciency mis-
matches for ω and 3He(n,p)3H events at the TPC edges,
was simulated to evaluate their impact and incorporated
as systematic uncertainties. The uncertainties in intro-
duced 3He and G1He-contained 3He were incorporated
into ε. For 50 kPa operations, 14N-based measurements
limited the uncertainty to 0.5 s, while mass spectrom-
eter data increased it to 1.5 s. The 3He(n,p)3H cross-
section, 5333 ± 7 barn [48] obtained by averaging two
experiments [49, 50], contributed 1.2 s of uncertainty.
The neutron lifetime obtained in this study, with sta-

tistical and systematic uncertainties combined in quadra-
ture is shown in Fig.4, along with results from previous
experiments [6]. Our value is consistent with the bottle
method but shows a 2.3ς tension with the average of the
proton-counting beam method. Combining our results
with other beam measurements gives ϑbeam

n
= 886.0±1.8,

reducing the discrepancy with the bottle method to 4.0ς.
Conclusion and outlook– To address the “neutron life-

time puzzle,” arising from discrepancies between neu-
tron lifetimes measured by the beam method (via decay
products) and the bottle method (via disappearance), we
measured the neutron lifetime from the ratio of electrons
from neutron decay to 3He(n,p)3H reactions. Unlike pre-
vious beam method experiments that detected protons,
this experiment introduced distinct systematic uncertain-
ties.
By enlarging the SFC aperture, the neutron inten-

sity increased by a factor of 2.8, enabling high-statistics
data acquisition and achieving a statistical precision of
1.7 s. Systematic uncertainties were reduced to 4 s by
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I N  B R I E F

The best experiments  in the world cannot agree on how 
long neutrons live before decaying into other particles. 
Two main types  of experiments are under way: bottle 
traps count the number of neutrons that survive after var-

ious intervals, and beam experiments look for the parti-
cles into which neutrons decay. 
Resolving the discrepancy  is vital to answer a number of 
fundamental questions about the universe. 

Two precision experiments disagree on how long  
neutrons live before decaying. Does the discrepancy re!ect 

measure ment errors or point to some deeper mystery?

By Geo!rey L. Greene and Peter Geltenbort
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targets used in the scattering 
experiments, enabling them to 
determine the structures of silicates 
and other more complex crystals. 
From 1937 to 1938, he briefly served 
as director of the National Physical 
Laboratory in Teddington but was 
unhappy with how much adminis-
trative duties kept him from doing 
research.

Then Rutherford died, and 
Bragg was selected to replace 
him as director of the Cavendish 
Laboratory at Cambridge. While its 
stellar reputation had been built 
on atomic physics, Bragg proved 
an able administrator and set up 
a small research group in crystal-
lography. Among his early students: 
an Austrian refugee named Max 
Perutz, who went on to use x-ray 
diffraction to unlock the struc-
ture of large biological molecules 
like myoglobin and hemoglobin. 
Perutz shared the 1962 Nobel Prize 
in Chemistry with John Kendrew 
for that work. In total, there have 
been 28 Nobel Prizes for research 
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using some form of x-ray analysis.
When World War II broke out, 

Bragg shifted focus to the structure 
of metals, as well as consulting 
for the military on sonar and 
sound ranging technologies. He 
was knighted in 1941, one year 
before the death of his father. He 
also began a long affiliation with 
the Royal Institution, eventually 
succeeding his father as a resident 
professor in 1953, and serving as 
director from 1965-1966. He died 
near his Ipswich home on July 1, 
1971 and is buried in Trinity College.

Further Reading:
Bragg, Sir William Lawrence. Artillery 

Survey in the First World War, Field 
Survey Association, 1971.

Hunter, Graeme. Light Is A Messenger: 
The Life and Science of William 
Lawrence Bragg, Oxford University 
Press, 2004.

Jenkin, John. William and Lawrence 
Bragg, Father and Son: The Most 
Extraordinary Collaboration in 
Science, Oxford University Press, 
2008.
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Holocaust Survivor George Zimmerman leaves Legacy 
to APS

G eorge Zimmerman, who 
passed away in May, led a 
life of distinguished service 

in physics and education. His wife 
of 54 years, Isa, also an accom-
plished educator, says that he was 
a remarkable man with a remark-
able story.

Born in 1935 in Katowice, Poland, 
George’s family hired a guide to 
help them escape Hitler’s regime, 
but the guide took their money and 
turned them over to the Nazis at 
the border. From there, the family 
was split up and George and his 
father were transported to the 
Auschwitz concentration camp. 
George survived by a quirk of fate—
he had contracted scarlet fever and 
was quarantined at the camp clinic.  
He was still there when the camp 
was liberated.  

After the war, he found his 
mother and was adopted by a distant 
relative. They were moved to New 
Haven, Connecticut. George went 
to Yale University and received his 
PhD in 1963 in condensed matter 
physics, after which he joined 
Boston University as a professor 
of physics and later Department 
Chairman. Until he became emeritus 
professor at BU in 2001, his research 
focused on superconductivity, 
magnetoresistance, and various 
aspects of low temperature physics. 
In the 1990s, he founded and led 

the ZerRes Corporation, which fab-
ricated specialized materials for 
high-temperature superconductor 
applications.

“George’s lab was like the 
United Nations,” says Isa. “At one 
point, he had about half a dozen 
students and they were from all 
over the world.” In addition, he ran 
a summer program for high-school 
students who had taken physics 
in their junior year. The program 
still exists, thanks to NSF funding 
and Boston University’s adoption 
of it, she says.

Isa Zimmerman has been 
an educator, with experience 
spanning 50 years and is president 
of IKZAdvisors, a STEM educa-
tion consultancy. She has been 
a superintendent, a high school 
principal and an assistant prin-
cipal, junior high school teacher, 
division director of the Technology 
in Education Program, and an asso-
ciate professor at Lesley University. 
She was senior fellow for STEM at 
the University of Massachusetts 
Donahue Institute and the UMass 
President’s Office. She was a 
member of both the Massachusetts 
and Iowa Governor’s STEM Advisory 
Councils.

As part of their estate planning 
before George passed away, he and 
Isa chose APS as one of the orga-
nizations they wanted to support 

and joined the APS Legacy Circle. 
“He was very active and cared a lot 
about the organization,” says Isa. 
“My advice is, if you are a physicist 
and want to leave a legacy for the 
future, APS is a good organization 
to work with.”

For more about George 
Zimmerman, see “The Triumph 
of Wounded Souls: Seven Holocaust 
Survivors’ Lives,” by Bernice Lerner 
(University of Notre Dame Press, 
2004).

Planned giving (aps.org/about/sup-
port/planned.cfm) is one of many ways 
you can donate to APS. Please also 
consider joining the APS Legacy Circle 
(aps.org/about/support/legacy.cfm) 
as a way to support the work of APS. 
For more information, contact Irene 
I. Lukoff, Director of Development, at 
202-209-3224 or lukoff@aps.org.

George Zimmerman
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Sorting Out the Neutron Lifetime
BY SOPHIA CHEN

F or over a decade, physi-
cists have puzzled over the 
neutron lifetime: how long, 

on average, it takes the isolated 
particle to decay into a proton, 
electron, and antineutrino. Counting 
the number of neutrons in a con-
tainer over time, they measure the 
half-life to be about 14 minutes 
and 39 seconds. Using a different 
experimental method where they 
count one of the neutron’s decay 
products, they measure the lifetime 
to be about 8 seconds longer. 

“It’s an exciting time to work 
in the field,” says Shannon 
Hoogerheide of the National 
Institute of Standards and 
Technology (NIST). In 2018, three 
independent teams of physicists 
have published new measurements 
of the neutron lifetime, which have 
improved precision but preserve 
the discrepancy. 

During a mini-symposium at 
this year’s APS April meeting in 
Denver, experts gathered to develop 
strategies for resolving the dis-
crepancy, including a tantalizing 
theory involving dark matter decay. 

But the discrepancy could still be 
the result of systematic uncertain-
ties, so some groups are working to 
make better measurements. 

“We’ve taken more lifetime data 
this year, and we’re analyzing it 
right now,” says Kevin Hickerson 
of the Ultracold Neutron Tau (UCNτ) 
experiment at Los Alamos National 
Laboratory. 

Hickerson’s method, a so-
called bottle experiment, involves 
counting neutrons over time and 
results in the shorter measured 
lifetime. He and his colleagues trap 
ultracold neutrons at a temperature 
of about a millikelvin inside a one-

meter diameter container—“the 
bathtub,” they call it. 

“We fill it with neutrons, and 
then we count,” he says. “And we 
fill it again, wait longer, and count 
again. Then we fit an exponential 
to that decay.” The three 2018 mea-
surements, one made by Hickerson’s 
group, were all bottle experiments, 
albeit with slightly different setups 
[Science 360, 627 (2018)].

The other method, known as a 
beam experiment, involves counting 
the protons that the neutrons decay 
into. At NIST, researchers send 
a beam of neutrons through an 
electromagnetic field, which traps 
and then deflects any proton decay 
products, explained Hoogerheide. 
NIST’s experiment yielded the 
most recent beam result in 2005. 
Using the same data, they updated 
those results with better cali-
bration in 2013, and her team is 
currently working to improve that 
measurement.

Researchers were particularly 
excited to discuss whether the dis-
crepancy arose from an unknown 
dark matter decay product. This 
theory, proposed by Bartosz Fornal 
and Benjamin Grinstein of the 
University of California, San Diego, 
has the neutron decaying into a 
dark matter particle 1 percent of 
the time. This particle would have 
a mass of about 1 GeV, about 100 
times lighter than the weakly inter-
acting massive particles usually 
predicted by supersymmetry. If 
neutrons occasionally became dark 
particles, that would explain why 
neutrons disappear more quickly in 
the bottle experiment than proton 
decay products appear in the beam 
experiment. “If this turns out to be 
how nature works, this would turn 
out to be a very inexpensive way 
of trying to probe dark matter,” 
says Fornal. 
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Dark Matter Interpretation of the Neutron Decay Anomaly

Bartosz Fornal and Benjamín Grinstein
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There is a long-standing discrepancy between the neutron lifetime measured in beam and bottle
experiments. We propose to explain this anomaly by a dark decay channel for the neutron, involving one or
more dark sector particles in the final state. If any of these particles are stable, they can be the dark matter.
We construct representative particle physics models consistent with all experimental constraints.

DOI: 10.1103/PhysRevLett.120.191801

Introduction.—The neutron is one of the fundamental
building blocks of matter. Along with the proton and
electron, it makes up most of the visible Universe.
Without it, complex atomic nuclei simply would not
have formed. Although the neutron was discovered over
eighty years ago [1] and has been studied intensively
thereafter, its precise lifetime is still an open question
[2,3]. The dominant neutron decay mode is β decay
n → pþ e− þ ν̄e, described by the matrix element
M¼ ðGF=

ffiffiffi
2

p
ÞVudgV ½p̄γμn− λp̄γ5γμn&½ēγμð1− γ5Þν&. The

theoretical estimate for the neutron lifetime is τn ¼
4908.7ð1.9Þ s=½jVudj2ð1þ 3λ2Þ& [4–7]. The Particle Data
Group (PDG) world average for the axial-vector to vector
coupling ratio is λ ¼ −1.2723' 0.0023 [8]. Adopting the
PDG average jVudj ¼ 0.97417' 0.00021 gives τn between
875.3 s and 891.2 s within 3σ.
There are two qualitatively different types of direct neutron

lifetime measurements: bottle and beam experiments.
In the first method, ultracold neutrons are stored in a

container for a time comparable to the neutron lifetime. The
remaining neutrons that did not decay are counted and fit to
a decaying exponential, expð−t=τnÞ. The average from the
five bottle experiments included in the PDG [8] world
average is τbottlen ¼ 879.6' 0.6 s [9–13]. Recent measure-
ments using trapping techniques [14,15] yield a neutron
lifetime within 2.0σ of this average.
In the beam method, both the number of neutrons N in a

beam and the protons resulting from β decays are counted,
and the lifetime is obtained from the decay rate, dN=dt ¼
−N=τn. This yields a considerably longer neutron lifetime;
the average from the two beam experiments included in the
PDG average [16,17] is τbeamn ¼ 888.0' 2.0 s.

The discrepancy between the two results is 4.0σ. This
suggests that either one of the measurement methods suffers
from an uncontrolled systematic error, or there is a theo-
retical reason why the two methods give different results.
In this Letter,we focus on the latter possibility.We assume

that the discrepancy between the neutron lifetime measure-
ments arises from an incomplete theoretical description of
neutron decay, and we investigate how the standard model
(SM) can be extended to account for the anomaly.
Neutron dark decay.—Since in beam experiments neu-

tron decay is observed by detecting decay protons, the
lifetime they measure is related to the actual neutron
lifetime by

τbeamn ¼ τn
Brðn → pþ anythingÞ

: ð1Þ

In the SM, the branching fraction (Br), dominated by β
decay, is 100%, and the two lifetimes are the same. The
neutron decay rate obtained from bottle experiments is
Γn≃7.5×10−28GeV. The discrepancyΔτn ≃ 8.4 s between
the values measured in bottle and beam experiments
corresponds toΔΓexp

n ¼Γbottle
n −Γbeam

n ≃7.1×10−30GeV [18].
We propose that this difference be explained by the

existence of a dark decay channel for the neutron, which
makes Brðn → pþ anythingÞ ≈ 99%. There are two quali-
tatively different scenarios for the new dark decay channel,
depending on whether the final state consists entirely of
dark particles or contains visible ones:

ðaÞ n → invisibleþ visible; ðbÞ n → invisible:

Here, the label “invisible” includes dark sector particles, as
well as neutrinos. Such decays are described by an effective
operator O ¼ Xn, where n is the neutron and X is a spin
1=2 operator, possibly composite, e.g., X ¼ χ1χ2…χk,
with the χ’s being fermions and bosons combining into
spin 1=2. From an experimental point of view, channel
(a) offers a detection possibility, whereas channel (b) relies
on higher-order radiative processes. We provide examples
of both below.
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Neutron Stars Exclude Light Dark Baryons
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Exotic particles carrying baryon number and with a mass of the order of the nucleon mass have been
proposed for various reasons including baryogenesis, dark matter, mirror worlds, and the neutron lifetime
puzzle. We show that the existence of neutron stars with a mass greater than 0.7 M⊙ places severe
constraints on such particles, requiring them to be heavier than 1.2 GeV or to have strongly repulsive
self-interactions.

DOI: 10.1103/PhysRevLett.121.061802

Introduction.—Exotic states that carry baryon number
and have masses below a few GeV have been theorized in a
number of contexts, such as asymmetric dark matter [1,2],
mirror worlds [3], neutron-antineutron oscillations [4],
or nucleon decays [5]. In general, such states are highly
constrained, because they can drastically alter the proper-
ties of normal baryonic matter—in particular, if too light,
they can potentially render normal matter unstable. We
currently understand that matter is observationally stable,
because the standard model (accidentally) conserves
baryon number. This ensures that the proton, the lightest
baryon, does not decay (up to effects caused by higher-
dimensional operators that violate baryon number).
Now, consider the simple case of an electrically neutral

single new fermion χ that carries a unit baryon number
and carries no other conserved charge. Assuming that its
couplings to ordinary matter are not highly suppressed,
because of the conservation of baryon number and electric
charge, it must have a mass larger than the difference
between the proton and electron masses, mχ > mp−
me ¼ 937.76 MeV, in order to not destabilize the proton.
In fact, a slightly stronger lower bound on mχ comes from
the stability of the weakly bound 9Be nucleus: mχ >
937.90 MeV. If mχ > mn ¼ 939.57 MeV, a new neutron
decay channel can open up, n → χ þ # # #, where the ellipsis
includes other particles that allow the reaction to conserve
(linear and angular) momentum.

It is interesting to note that, if mχ < mp þme ¼
938.78 MeV, χ is itself kept stable by the conservation
of baryon number and electric charge. It could therefore be
a potential candidate for dark matter, which we know to be
electrically neutral and stable. It is compelling that in such a
situation the stability of normal matter and of dark matter is
ensured by the same symmetry: baryon number.
A potential new decay channel for the neutron has

recently received attention as a solution to the 4σ discrep-
ancy between values of the neutron lifetime measured using
two different techniques, the “bottle” and “beam” methods
[3,6,7]. The bottle method, which counts the number of
neutrons that remain in a trap as a function of the time
and is therefore sensitive to the total neutron width, gives
τbottlen ¼ 879.6$ 0.6 s [8]. The beam method counts the
rate of protons emitted in a fixed volume by a beam of
neutrons, thus measuring only the β-decay rate of the
neutron, and results in τbeamn ¼ 888.0$ 2.0 s [9]. These
two measurements can be reconciled by postulating a new
decay mode for the neutron, such as n → χ þ # # #, with a
branching fraction

Brn→χ ¼ 1 −
τbottlen

τbeamn
¼ ð0.9$ 0.2Þ × 10−2: ð1Þ

However, a recent reevaluation of the prediction for the
neutron lifetime from post-2002 measurements of the neu-
tron gA concludes that any nonstandard branching for the
neutron is limited to less than 2.7 × 10−3 at 95% C.L. [10].
In this Letter, we note that a new state that carries baryon

number and has a mass close to the neutron’s can
drastically affect the properties of nuclear matter at den-
sities seen in the interiors of neutron stars. In neutron stars,
the neutron chemical potential can be significantly larger
thanmn, reaching values of ≃2 GeV in the heaviest neutron
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Abstract Standard Model, with its present precision, pre-
dicts the neutron β-decay time τSM = 878.7 ± 0.6 s which
is perfectly compatible with the neutron lifetime measured
in the trap experiments τtrap = 879.4 ± 0.6 s. However, the
lifetime measured in the beam experiments via counting the
protons produced by β-decay n → peν̄e, τbeam = 888± 2.0
s, is deviated from τSM by 9 seconds (4.4σ ). This discrepancy
can be explained via the neutronn conversion into mirror neu-
tron n′, its dark partner from parallel mirror sector. Provided
that n and n′ have a tiny mass splitting ∼ 10−7 eV, in mag-
netic fields of few Tesla used in beam experiments, n − n′

transition is resonantly enhanced converting a 1% fraction
of neutrons into mirror neutrons which decay in invisible
mode n′ → p′e′ν̄′

e. Thus less protons are produced and the
measured value τbeam appears larger than the true decay time
τSM = τtrap.
1.Exact determination of the neutron lifetime remains a prob-
lem. It is measured in two types of experiments. The trap
experiments measure the disappearance rate of the ultra-cold
neutrons (UCN) counting the survived UCN after storing
them for different times in material or magnetic traps, and
determine the neutron decay width %n = τ−1

n . The beam
experiments are the appearance experiments, measuring the
width of β-decay n → peν̄e, %β = τ−1

β , by counting the pro-
tons produced in the monitored beam of cold neutrons. As
far as in the Standard Model (SM) the neutron decay always
produces a proton, both methods should measure the same
value %n = %β .

However, the tension is mounting between the results
obtained by two methods [1,2]. Presently available exper-
imental results using the trap [3–11] and the beam [12,13]
methods, summarized in Fig. 1, yield separately

τtrap = (879.4 ± 0.6) s (1)

τbeam = (888.0 ± 2.0) s (2)

a e-mail: zurab.berezhiani@lngs.infn.it

The discrepancy is significant, about 4.1σ : &τ = τbeam −
τtrap = (8.6 ± 2.1) s. Thus, barring the possibility of uncon-
trolled systematics and considering the problem as real, a new
physics must be invoked which would consistently explain
how the theoretical values τn and τβ are related to the exper-
imentally measured ones τtrap and τbeam, and the reason of
the discrepancy between the latter.

Some time ago I proposed a way out [14,15] assuming that
the neutron has a new decay channel n → n′X into its dark
twin n′ and some light bosons X , including also photon, due
to a mass gap mn − mn′ ∼ MeV (see also [16]). In this case
the beam method would measure the neutron β-decay rate %β

as it is predicted in the SM, %β = τ−1
β , while the trap method

would measure the neutron total decay width %β + %new =
%n = τ−1

n , i.e. the neutron true lifetime τtrap = τn . Therefore,
this solution implies the following arrangement between the
theoretical and experimentally measured values:

τtrap = τn < τβ = τbeam , (3)

and τbeam−τtrap discrepancy could be explained by branching
ratio %new/%n % 0.01 of new decay channel.

However, as it was argued recently in Ref. [17], this solu-
tion is inconsistent with the SM determination of the β-decay
rate. In fact, in the SM frames τβ is related to the axial current
coupling constant gA as

τβ(1 + 3g2
A) = (5172.0 ± 1.1) s . (4)

This relation (shown by the bended red band in Fig. 1) is
essentially free from the major uncertainties related to the
radiative corrections [17].

The β-asymmetry measurements in the free neutron decay
by the experiments PERKEO II [18], UCNA [19] and very
recently by PERKEO III [20], being in perfect agreement
with each other, determine the value of gA with impressive
precision:

gA = 1.27625 ± 0.00050 . (5)
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Exciting hint toward the solution of the neutron lifetime puzzle
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We revisit the neutron lifetime puzzle, a discrepancy between beam and bottle measurements of the weak
neutron decay. Since both types of measurements are realized at different times after the nuclear production
of free neutrons, we argue that the existence of excited states could be responsible for the different lifetimes.
We elaborate on the required properties of such states and under what circumstances it is possible that these
states have not been experimentally identified yet.
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I. INTRODUCTION

A. The neutron in the quark model

The neutron is one of the main constituents of nuclear
matter. It is a composite state, whose properties are ruled by
the strong and the electroweak interactions between the
lightest quarks of the StandardModel of particle physics. It is
of pivotal importance in many phenomena ranging from big
bang nucleosynthesis to experimental particle physics [1].
Even though a detailed understanding of the low energy

properties of this particle in terms of fundamental degrees
of freedom is an open field of research, it is possible to
understand several properties in terms of much simpler
models. In our discussion we will make use of the language
and notation of the quark model. In this model, protons and
neutrons are composite particles made up of quarks.
Protons consist of a particular combination of two “up”
(u) quarks and one “down” (d) quark, while neutrons
consist of combinations of one up quark and two down
quarks. While quarks carry a fractional electric charge, the
combination of quarks in protons and neutrons results in
particles with integer electric charges.
Isospin describes the similarity between protons and

neutrons. It was introduced by Heisenberg [2] and later
developed further by Wigner [3]. Algebraically, the isospin
operator I⃗ can be represented analogously to the spin
operator of spin one-half particles S⃗ in terms of the Pauli
matrices σ⃗, which are a representation of the group SUð2Þ.

In the quark model it is imposed that both I⃗ and S⃗ are
(approximate) symmetries. Thus, actions of the group
members are to be understood as symmetry transforma-
tions. Based on this, one imposes that the neutron wave
function is an eigenfunction of ðI⃗2; IzÞ with the eigenvalues
ð3=4;−1=2Þ, while the proton has the eigenvalues
ð3=4;þ1=2Þ. Further imposing that these particles carry
spin$1=2 like their three constituents singles out a state for
the neutron (e.g., with spin up ↑ [4])

jn↑i ¼ 1

3
ffiffiffi
2

p ðjuddijdudijdduiÞ

0

B@
2 −1 −1

−1 2 −1
−1 −1 2

1

CA

×

0

B@
j↓↑↑i
j↑↓↑i
j↑↑↓i

1

CA: ð1Þ

The corresponding unique state for the proton is obtained
analogously by replacing u ↔ d. If the isospin symmetry
were an exact symmetry, protons and neutrons would have
the same energy and thus the same mass. The observed
difference between the neutron mass mn and the proton
mass mp and the aforementioned neutron decay show that
Iz must be broken. In the above description, this breaking is
modeled by associating a larger mass to up quarks than to
down quarks mu < md. This generates a mass splitting
between jn↑i and jp↑i. Also the conservation of spin is
only an approximate concept, due to the presence of
gluons, virtual quark antiquark pairs, and the respective
angular momenta. Interestingly, the presence of these
virtual particles can be effectively absorbed in the concept
of constituent quarks as “dressed” color states [5] which
combine such that they form color neutral hadrons. This
and other more sophisticated models of the neutron, in
combination with experimental efforts, allowed us to learn
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Exotic Physics Solution?

New results on the two-body decay of neutrons shed new light on
neutron stars
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A B S T R A C T

In attempts to resolve the neutron lifetime puzzle, there was suggested a hypothetical decay of neutrons into
some unspecified dark matter (DM) particles. Later there were performed studies on how the hypothetical decay
of neutrons would affect neutron stars. Recently it was shown that with the allowance for the second solution of
Dirac equation for hydrogen atoms, the theoretical branching ratio (BR) for the two-body decay of neutrons
(compared to their three-body decay) is amplified by a factor of 3300 from 0.000004. So, the BR becomes about
1.3% in the excellent agreement with the “experimental” BR → (1.15 ↑ 0.27)% required for reconciling the two
distinct experimental values of the neutron lifetime: one from the beam experiments, another from the trap
experiments. This meant that the two-body decay of neutrons in the beam experiments (that count only the
protons) plays a much more sizable part in the overestimation of the lifetime of neutrons in these experiments
than previously thought. Hydrogen atoms corresponding to the second solution of Dirac equations are called the
second flavor of hydrogen atoms (SFHA) by the analogy with the flavors of quarks. The existence of the SFHA is
evidenced by four different types of atomic/molecular experiments. The primary feature of the SFHA is that due
to having only the s-states, they do not emit or absorb the electromagnetic radiation (except for the 21 cm line):
they are practically dark. The SFHA became a candidate for a part of DM for the first time after the SFHA-based
successful qualitative and quantitative explanation of the perplexing observation by Bowman et al. of the
anomalous absorption in the redshifted 21 cm line from the early Universe. In the present paper we analyzed how
this neutron decay into the SFHA affects neutron stars. We showed that old neutron stars could very slowly
generate the new specific, described in detail baryonic DM in the form of the SFHA. Some old neutron stars would
release it into their tiny atmospheres, while some other old neutron stars would release it into the interstellar
medium. Besides, mergers of a neutron star with another neutron star or with a black hole, accompanied by the
ejection of neutron-rich material, can also lead to the formation of SFHA as the ejecta cools down. This is another
interesting aspect of the multi-messenger astronomy focused on studying these mergers through the gravitational
waves they generate. These mechanisms of generating new baryonic DM in the universe should have the
fundamental importance. We point out the indirect observational evidence of the continuing generation of new
baryonic DM. We hope that our results will stimulate a further research in this direction.

1. Introduction

The average measured lifetime (AML) of neutrons is puzzling – see, e.
g., works (Broussard, 2022; Gonzalez, 2021; Serebrov et al., 2021;
Particle Data Group, 2020; Berezhiani, 2019; Tan, 2019; Czarnecki
et al., 2018; Sun, 2018; Tang, 2018; Pattie, 2018): e.g., according to
Gonzalez et al. paper (2021), the AML of trapped ultracold neutrons
τtrap → (877.75 ↑ 0.28stat ↓ 0.22/-0.16syst) s – in contrast to the beam
AML of neutrons τbeam → 888.0 ↑ 2.0 s. For solving this puzzle, Fornal
and Grinstein (2018) suggested that neutron might decay into an

unspecified dark matter (DM) particle. Later Grinstein et al. (2019) and
then Husain et al. (2022) explored how this decay channel would affect
neutron stars. The problem still was that the resulting hypothetical DM
particle was not identified. Moreover, Dubbers et al. (2019) showed that
the Branching Ratio (BR) for this process is at least several times smaller
than the BR required for reconciling the experimental values of τtrap and
τbeam.
Green and Thomson (1990) brought up the two-body decay of neu-

trons (the decay into a hydrogen atom and antineutrino) into consid-
eration. However, the BR for this process, known at that time, was
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TABLE V. Summary of the systematic corrections and uncertainties for the measured
neutron lifetime. Several of these terms also appear in Table VII where it is seen that their
magnitude depends weakly on the running configuration. In those cases, the values given
in this table are the configuration average. The origin of each quantity is discussed in the
section noted in the table.

Source of correction Correction (s) Uncertainty (s) Section

6LiF deposit areal density 2.2 IV A
6Li cross section 1.2 II D
Neutron detector solid angle 1.0 II D 1
Absorption of neutrons by 6Li +5.2 0.8 IV A 2
Neutron beam profile and detector solid angle +1.3 0.1 IV A 2
Neutron beam profile and 6Li deposit shape −1.7 0.1 IV A 2
Neutron beam halo −1.0 1.0 IV B 2
Absorption of neutrons by Si substrate +1.2 0.1 IV A 2
Scattering of neutrons by Si substrate −0.2 0.5 IV A 3
Trap nonlinearity −5.3 0.8 IV C
Proton backscatter calculation 0.4 IV D 3
Neutron counting dead time +0.1 0.1 II D

Proton counting statistics 1.2 IV D 2
Neutron counting statistics 0.1 II D

Total −0.4 3.4

Building on Eqs. (5) and (9) and taking into account neutron
attenuation in the deposit, a more accurate expression for
Ṅα+t is

Ṅα+t =
∫

A

da

∫

v

dv
(
1 − e−ρ(x,y)σ0

vo
v

NA
A

)

× I (v)φ(x, y)
%(x, y)

2π
, (15)

where %(x, y) is the detector solid angle and ρ(x, y) is the
areal density of the 6Li deposit. By design, %(x, y) is nearly
constant over the beam distribution and ρ(x, y) is both small
and nearly constant, making the ratio of Eqs. (15) and (14)
nearly 1. Nevertheless, the precise ratio is a correction that
must be included in each of our 13 series-based lifetime
values (Table IV). The solid angle %(x, y) is easily calculated
given the positions of the deposit and the apertures; ρ(x, y)
was measured during the manufacture of the deposits; and
φ(x, y) was measured using the dysprosium image method
(Sec. IV B1).

Rather than calculate the ratio of Eqs. (15) and (14)
directly, we decompose the calculation into three terms
with corresponding numerical corrections c1, c2, and c3 (see
Table VII), each of which leads to an additive correction
to the lifetime. The first takes into account the exponential
attenuation of neutrons in the 6Li deposit (c1). The second
accounts for the neutron beam profile and position-dependent
detector solid angle (c2), and finally, the third accounts for
the neutron beam profile and the position-dependent 6Li areal
density (c3). Because each of these effects is small, nothing of
consequence is lost by separately calculating them. In addition
to these effects, two additional neutron loss mechanisms are
included in this section (c4 and c5). Before the neutrons pass
through the 6Li deposit, they pass through two perfect crystal

Si wafers: one serves as the backing that holds the 6Li deposit
and the other is situated between the neutron detector and
the proton trap to prevent charged particles from streaming
into the trapping region. There will be neutron absorption (c4)
and scattering (c5) from these wafers. A final correction (c6)
accounting for a neutron beam halo is discussed in Sec. IV B.

Table VI lists the four configurations of beam collimation
and thickness of Bi filter material, and Table VII provides
values and uncertainties (in seconds) for the six corrections dis-
cussed in this section for each of these configurations. Multiple
configurations were employed to check for unknown system-
atic effects. At our level of accuracy, none were seen. The sum
of the configuration-appropriate column in Table VII has been
added to each of the 13 values of τn that appear in Table VII.
The uncertainties are provided in the last column of Table VII.
These uncertainties are added in quadrature to those associated
with other systematic effects in order to obtain a final sys-
tematic uncertainty. The remainder of this section discusses
corrections 1 through 5 and their uncertainties in detail.

1. A model of I(v)

Corrections c1 and c4 in Table VII depend on I (v)
which in turn depends upon the chosen running configuration
(Table VI). To address these corrections, a detailed model for
the detected neutron fluence was developed. Conceptually, the
model consists of three factors:

1. A function for the cold source brightness (neutrons per
second per square centimeter per steradian per angstrom).
This function was constructed by starting from an accurate
wavelength distribution measurement made at the end of
one of the cold-neutron guide tubes and dividing it by the

055502-14

Error Budget

neutron counter
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neutron 
counting

proton 
counting

2005 result : τn = 886.3 ± 1.2[stat] ± 3.2[sys]
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TABLE V. Summary of the systematic corrections and uncertainties for the measured
neutron lifetime. Several of these terms also appear in Table VII where it is seen that their
magnitude depends weakly on the running configuration. In those cases, the values given
in this table are the configuration average. The origin of each quantity is discussed in the
section noted in the table.

Source of correction Correction (s) Uncertainty (s) Section

6LiF deposit areal density 2.2 IV A
6Li cross section 1.2 II D
Neutron detector solid angle 1.0 II D 1
Absorption of neutrons by 6Li +5.2 0.8 IV A 2
Neutron beam profile and detector solid angle +1.3 0.1 IV A 2
Neutron beam profile and 6Li deposit shape −1.7 0.1 IV A 2
Neutron beam halo −1.0 1.0 IV B 2
Absorption of neutrons by Si substrate +1.2 0.1 IV A 2
Scattering of neutrons by Si substrate −0.2 0.5 IV A 3
Trap nonlinearity −5.3 0.8 IV C
Proton backscatter calculation 0.4 IV D 3
Neutron counting dead time +0.1 0.1 II D

Proton counting statistics 1.2 IV D 2
Neutron counting statistics 0.1 II D

Total −0.4 3.4

Building on Eqs. (5) and (9) and taking into account neutron
attenuation in the deposit, a more accurate expression for
Ṅα+t is

Ṅα+t =
∫

A

da

∫

v

dv
(
1 − e−ρ(x,y)σ0

vo
v

NA
A

)

× I (v)φ(x, y)
%(x, y)

2π
, (15)

where %(x, y) is the detector solid angle and ρ(x, y) is the
areal density of the 6Li deposit. By design, %(x, y) is nearly
constant over the beam distribution and ρ(x, y) is both small
and nearly constant, making the ratio of Eqs. (15) and (14)
nearly 1. Nevertheless, the precise ratio is a correction that
must be included in each of our 13 series-based lifetime
values (Table IV). The solid angle %(x, y) is easily calculated
given the positions of the deposit and the apertures; ρ(x, y)
was measured during the manufacture of the deposits; and
φ(x, y) was measured using the dysprosium image method
(Sec. IV B1).

Rather than calculate the ratio of Eqs. (15) and (14)
directly, we decompose the calculation into three terms
with corresponding numerical corrections c1, c2, and c3 (see
Table VII), each of which leads to an additive correction
to the lifetime. The first takes into account the exponential
attenuation of neutrons in the 6Li deposit (c1). The second
accounts for the neutron beam profile and position-dependent
detector solid angle (c2), and finally, the third accounts for
the neutron beam profile and the position-dependent 6Li areal
density (c3). Because each of these effects is small, nothing of
consequence is lost by separately calculating them. In addition
to these effects, two additional neutron loss mechanisms are
included in this section (c4 and c5). Before the neutrons pass
through the 6Li deposit, they pass through two perfect crystal

Si wafers: one serves as the backing that holds the 6Li deposit
and the other is situated between the neutron detector and
the proton trap to prevent charged particles from streaming
into the trapping region. There will be neutron absorption (c4)
and scattering (c5) from these wafers. A final correction (c6)
accounting for a neutron beam halo is discussed in Sec. IV B.

Table VI lists the four configurations of beam collimation
and thickness of Bi filter material, and Table VII provides
values and uncertainties (in seconds) for the six corrections dis-
cussed in this section for each of these configurations. Multiple
configurations were employed to check for unknown system-
atic effects. At our level of accuracy, none were seen. The sum
of the configuration-appropriate column in Table VII has been
added to each of the 13 values of τn that appear in Table VII.
The uncertainties are provided in the last column of Table VII.
These uncertainties are added in quadrature to those associated
with other systematic effects in order to obtain a final sys-
tematic uncertainty. The remainder of this section discusses
corrections 1 through 5 and their uncertainties in detail.

1. A model of I(v)

Corrections c1 and c4 in Table VII depend on I (v)
which in turn depends upon the chosen running configuration
(Table VI). To address these corrections, a detailed model for
the detected neutron fluence was developed. Conceptually, the
model consists of three factors:

1. A function for the cold source brightness (neutrons per
second per square centimeter per steradian per angstrom).
This function was constructed by starting from an accurate
wavelength distribution measurement made at the end of
one of the cold-neutron guide tubes and dividing it by the
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TABLE V. Summary of the systematic corrections and uncertainties for the measured
neutron lifetime. Several of these terms also appear in Table VII where it is seen that their
magnitude depends weakly on the running configuration. In those cases, the values given
in this table are the configuration average. The origin of each quantity is discussed in the
section noted in the table.

Source of correction Correction (s) Uncertainty (s) Section

6LiF deposit areal density 2.2 IV A
6Li cross section 1.2 II D
Neutron detector solid angle 1.0 II D 1
Absorption of neutrons by 6Li +5.2 0.8 IV A 2
Neutron beam profile and detector solid angle +1.3 0.1 IV A 2
Neutron beam profile and 6Li deposit shape −1.7 0.1 IV A 2
Neutron beam halo −1.0 1.0 IV B 2
Absorption of neutrons by Si substrate +1.2 0.1 IV A 2
Scattering of neutrons by Si substrate −0.2 0.5 IV A 3
Trap nonlinearity −5.3 0.8 IV C
Proton backscatter calculation 0.4 IV D 3
Neutron counting dead time +0.1 0.1 II D

Proton counting statistics 1.2 IV D 2
Neutron counting statistics 0.1 II D

Total −0.4 3.4

Building on Eqs. (5) and (9) and taking into account neutron
attenuation in the deposit, a more accurate expression for
Ṅα+t is

Ṅα+t =
∫

A

da

∫

v

dv
(
1 − e−ρ(x,y)σ0

vo
v

NA
A

)

× I (v)φ(x, y)
%(x, y)

2π
, (15)

where %(x, y) is the detector solid angle and ρ(x, y) is the
areal density of the 6Li deposit. By design, %(x, y) is nearly
constant over the beam distribution and ρ(x, y) is both small
and nearly constant, making the ratio of Eqs. (15) and (14)
nearly 1. Nevertheless, the precise ratio is a correction that
must be included in each of our 13 series-based lifetime
values (Table IV). The solid angle %(x, y) is easily calculated
given the positions of the deposit and the apertures; ρ(x, y)
was measured during the manufacture of the deposits; and
φ(x, y) was measured using the dysprosium image method
(Sec. IV B1).

Rather than calculate the ratio of Eqs. (15) and (14)
directly, we decompose the calculation into three terms
with corresponding numerical corrections c1, c2, and c3 (see
Table VII), each of which leads to an additive correction
to the lifetime. The first takes into account the exponential
attenuation of neutrons in the 6Li deposit (c1). The second
accounts for the neutron beam profile and position-dependent
detector solid angle (c2), and finally, the third accounts for
the neutron beam profile and the position-dependent 6Li areal
density (c3). Because each of these effects is small, nothing of
consequence is lost by separately calculating them. In addition
to these effects, two additional neutron loss mechanisms are
included in this section (c4 and c5). Before the neutrons pass
through the 6Li deposit, they pass through two perfect crystal

Si wafers: one serves as the backing that holds the 6Li deposit
and the other is situated between the neutron detector and
the proton trap to prevent charged particles from streaming
into the trapping region. There will be neutron absorption (c4)
and scattering (c5) from these wafers. A final correction (c6)
accounting for a neutron beam halo is discussed in Sec. IV B.

Table VI lists the four configurations of beam collimation
and thickness of Bi filter material, and Table VII provides
values and uncertainties (in seconds) for the six corrections dis-
cussed in this section for each of these configurations. Multiple
configurations were employed to check for unknown system-
atic effects. At our level of accuracy, none were seen. The sum
of the configuration-appropriate column in Table VII has been
added to each of the 13 values of τn that appear in Table VII.
The uncertainties are provided in the last column of Table VII.
These uncertainties are added in quadrature to those associated
with other systematic effects in order to obtain a final sys-
tematic uncertainty. The remainder of this section discusses
corrections 1 through 5 and their uncertainties in detail.

1. A model of I(v)

Corrections c1 and c4 in Table VII depend on I (v)
which in turn depends upon the chosen running configuration
(Table VI). To address these corrections, a detailed model for
the detected neutron fluence was developed. Conceptually, the
model consists of three factors:

1. A function for the cold source brightness (neutrons per
second per square centimeter per steradian per angstrom).
This function was constructed by starting from an accurate
wavelength distribution measurement made at the end of
one of the cold-neutron guide tubes and dividing it by the
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BL3 Experiment

Based on the Sussex-ILL-NIST 
beam neutron lifetime program 
using a quasi-Penning proton trap.

Scientific Goals:	

1. Further explore, cross check, and 
reduce all systematic uncertainties 
to the 10-4 level.	

2. Reduce the neutron lifetime 
uncertainty from the beam 
method to <0.3 s.
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Beam Method Systematics to Explore/Reduce

•proton backscatter extrapolation	
•absolute neutron counting	
•magnetic field homogeneity	
•neutron absorption, scattering in Li foil	
•dependence on neutron collimation	
•dependence on residual gas pressure	
•dependence on trapping time	
•…
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•proton backscatter extrapolation	
•absolute neutron counting	
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•dependence on trapping time	
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Need more statistical power to fully 	
investigate these at the 1 s level
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BL3 Experiment

Beam Method Systematics to Explore/Reduce

•proton backscatter extrapolation	
•absolute neutron counting	
•magnetic field homogeneity	
•neutron absorption, scattering in Li foil	
•dependence on neutron collimation	
•dependence on residual gas pressure	
•dependence on trapping time	
•…

Need more statistical power to fully 	
investigate these at the 1 s level

BL3 can make a 1 s 
(statistical) neutron lifetime	
measurement in <1 day.
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BL3 Experiment
BL3 key features

•Higher flux (NIST NG-C) and larger diameter 
neutron beam (7 mm ⟶ 40 mm)	

•Longer proton trapping region (35 cm ⟶ 50 
cm)	

•Larger and more uniform magnetic field (<0.2% 
in trapping region)	

•Large (10 cm active diameter) segmented 
silicon proton detector (similar to KATRIN, Nab)

•High efficiency for detecting backscattered 
protons (smaller extrapolation to zero 
backscatter) 	

•A new, larger 10B Alpha-Gamma spectrometer to 
calibrate the neutron counter to relative 
precision < 3x10-4 	

•In situ neutron time-of-flight system to measure 
the neutron wavelength spectrum to 0.03 Å  
precision
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BL3 Experiment
BL3 key features

•Higher flux (NIST NG-C) and larger diameter 
neutron beam (7 mm ⟶ 40 mm)	

•Longer proton trapping region (35 cm ⟶ 50 
cm)	

•Larger and more uniform magnetic field (<0.2% 
in trapping region)	

•Large (10 cm active diameter) segmented 
silicon proton detector (similar to KATRIN, Nab)

•High efficiency for detecting backscattered 
protons (smaller extrapolation to zero 
backscatter) 	

•A new, larger 10B Alpha-Gamma spectrometer to 
calibrate the neutron counter to relative 
precision < 3x10-4 	

•In situ neutron time-of-flight system to measure 
the neutron wavelength spectrum to 0.03 Å  
precision

Proton trapping rate >100× higher than in the BL1/BL2 experiment
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 on the trap axis

Construction in 
progress at 
Cryogenic, Ltd. 
(London)
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precision silica balls 
ensure parallelism

spring washers 
provide compression

precision straight edge 
ensures alignment

•all dimensionally critical parts 
are fused silica (thermal 
contraction to 10K < 50 ppm)	
•electrodes are gold coated 
fused silica 	
•structural parts are titanium 
for low magnetism
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BL3 Proton Detector
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The next figure is a reminder/orientation on the arrangement of preamp and carrier boards behind the 
vacuum feedthrough and detector: 

 

 

The modifications involved in the BL3 preamp relative to the aCORN/BL2 design are:  

A – the feedback resistor is increased from 2 GΩ to 5 GΩ to reduce its current noise;  

B – the 2nd stage of the amplifier is changed to use a low power opamp instead of discrete transistors, 
offering improved speed at lower power; 

C – the active load of the folded cascode is replaced with a simple resistor load, for lower capacitance; 
this is possible because the opamp’s open loop gain is sufficiently high that the input stage needs only a 
modest gain; 

D – the cascode circuit (JFET drain connection) is changed to a simple cascode instead of “regulated 
cascode” for better stability and because the opamp provides plenty of open loop gain so that the 
regulated cascode is no longer important. 

The double-pulse resolving time resolution is expected to be improved by the higher speed of this 
opamp-based preamp, compared to the aCORN/BL2 design, if suitable ADC and shaping is used in 
analysis. 

The power is reduced by eliminating bias current sources, some voltage overhead, and buffer stage(s) 
that would be needed in a simple transistor-based design. Of course, low power relies on a suitable low 
power opamp, such as the OPA890 used here. The opamp performance must be verified over the 
operating temperature range, which is outside of the manufacturer’s specifications. (As it is for all the 
other components however the complexity of the opamp warrants extra care about qualifying 
performance versus temperature.) 

The power dissipation in the BL3 preamplifier will be < 150 mW/channel. 
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dummy detector

mounted on test connection PCB 

2 dummy dets received 6/14/24

pogo pin connections good

grid!
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neutron counter installed 
on the proton counting 
apparatus

neutron counter 
calibration on the Alpha-
Gamma 2.0 instrument 
(5Å  monochromatic beam)



F. E. WietfeldtCIPANP 2025, Madison WI

BL3 Neutron Counters and Alpha-Gamma 2.0

45



F. E. WietfeldtCIPANP 2025, Madison WI

BL3 Neutron Time-of-Flight System
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chopper 
in beam

chopper 
out of 
beam

• single disc chopper 
• max speed = 70 Hz
• wavelength resolution <0.03Å up to 20 Å
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• Cryogenic magnet contract signed: August 
2020 	

• Full NSF funding ($8.2M) awarded: August 
2022	

• Magnet delivery expected summer 2025	
• System integration and offline 
commissioning: 2025-2026	

• Ship BL3 to NIST Center for Neutron Research 
and online commissioning: 2027	

• Production data collection: 2027-2029
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THANK YOU!


