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Neutron lifetime
• The neutron decay with a mean lifetime of 879.4 ± 0.6 sec. 

• The lifetime has been measured by two types of method. 
• Beam method count dead neutrons. 
• Storage method count living neutrons. 

• The discrepancy (8.6 sec or 4.0σ) of these two methods is a long time problem.
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WEIGHTED AVERAGE
879.4±0.6 (Error scaled by 1.6)

SEREBROV 05 CNTR 1.2
PICHLMAIER 10 CNTR 0.6
STEYERL 12 CNTR 2.4
ARZUMANOV 15 CNTR 0.5
SEREBROV 18 CNTR 5.4
PATTIE 18 CNTR 4.2
EZHOV 18 CNTR 0.3

χ2

      14.6
(Confidence Level = 0.023)
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n MAGNETIC MOMENTn MAGNETIC MOMENTn MAGNETIC MOMENTn MAGNETIC MOMENT

See the “Note on Baryon Magnetic Moments” in the Λ Listings.

VALUE (µN ) DOCUMENT ID TECN COMMENT

−1.91304273±0.00000045−1.91304273±0.00000045−1.91304273±0.00000045−1.91304273±0.00000045 MOHR 16 RVUE 2014 CODATA value
• • • We do not use the following data for averages, fits, limits, etc. • • •

−1.91304272±0.00000045 MOHR 12 RVUE 2010 CODATA value
−1.91304273±0.00000045 MOHR 08 RVUE 2006 CODATA value
−1.91304273±0.00000045 MOHR 05 RVUE 2002 CODATA value
−1.91304272±0.00000045 MOHR 99 RVUE 1998 CODATA value
−1.91304275±0.00000045 COHEN 87 RVUE 1986 CODATA value
−1.91304277±0.00000048 1 GREENE 82 MRS

1GREENE 82 measures the moment to be (1.04187564 ± 0.00000026) × 10−3 Bohr
magnetons. The value above is obtained by multiplying this by mp/me = 1836.152701±

0.000037 (the 1986 CODATA value from COHEN 87).

n ELECTRIC DIPOLE MOMENTn ELECTRIC DIPOLE MOMENTn ELECTRIC DIPOLE MOMENTn ELECTRIC DIPOLE MOMENT

A nonzero value is forbidden by both T invariance and P invariance. A
number of early results have been omitted. See RAMSEY 90, GOLUB 94,
and LAMOREAUX 09 for reviews.

The results are upper limits on
∣

∣dn
∣

∣.

VALUE (10−25 e cm) CL% DOCUMENT ID TECN COMMENT

< 0.30< 0.30< 0.30< 0.30 90 PENDLEBURY 15 MRS d = (−0.21 ± 1.82) × 10−26
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Beam method

• Measurement of the neutron lifetime by counting trapped protons in a cold neutron beam.  
J. Nico et al. Physical Review C 71.5 (2005): 055502.  
τn = 886.6 ± 1.2 (stat) ± 3.2 (syst) sec 

• Improved determination of the neutron lifetime.  
A. T.  Yue et al., Physical review letters 111.22 (2013): 222501.  
τn = 887.7 ± 1.2 (stat) ± 1.9 (syst) sec 

• Monochromatic neutron beam was transported to the magnetic trap.  
• Neutron flux was monitored by a 6Li and detectors. 
• Protons from the neutron decays trapped in the magnetic and electric field. 
• Stored protons are released and detected by a proton detector.
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New results 2018:
(Storage method)

1. PNPI/ILL Large storage bottle
– New neutron lifetime measurements with the big gravitational trap 

and review of neutron lifetime data.
– Serebrov, A. P. et al., KnE Energy & Physics, 3(1) (2018) 121-128.
– τn = (881.5 � 0.7 (stat) � 0.6 (sys) sec

2. LANL Magnetic Trap
– Measurement of the neutron lifetime using an asymmetric magneto-

gravitational trap and in situ detection. 
– R. W. Pattie Jr. et al .,  Science 10.1126/science.aan8895  (2018).
– τn = (877.7 � 0.7 (stat) +0.4/–0.2 (sys) sec

3. PNPI/ILL Magnetic bottle
– Ezhov, V. F. et al., JETP Letters (2018) 1-6.
– Measurement of the neutron lifetime with ultra-cold neutrons stored 

in a magneto-gravitational trap.
– τn = (878.3 � 1.6stat � 1.0syst ) sec 
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DQG LQVHUW� 7KLV NHHSV WKH WHPSHUDWXUH RI WKH WUDS DQG LQVHUW DW �� . ZLWK � . DFFXUDF\�
PRQLWRUHG E\ � WKHUPRFRXSOHV Ȉ WZR IRU HDFK VXUIDFH� 7KH LQQHU DQG RXWHU YROXPHV
DUH SXPSHG RXW LQGHSHQGHQWO\ XVLQJ WXUERPROHFXODU SXPSV� 5HVLGXDO JDV SUHVVXUH LQ
WKH WUDS YROXPH GRHV QRW H[FHHG 2⋅10−6𝑇𝑜𝑟𝑟� 7KH SURSRUWLRQDO GHWHFWRU ORFDWHG RXWVLGH
WKH WUDS YHVVHO VR RQO\ WKH QHXWURQV� ZKLFK OHIW WKH WUDS� FDQ EH FRXQWHG�

)LJXUH �� 7KH VFKHPH RI WKH H[SHULPHQWDO DSSDUDWXV�

�� 0HDVXUHPHQW SURFHVV DQG 0RQWH�&DUOR PRGHO

7\SLFDO PHDVXUHPHQW F\FOH GHVFULEHG EHORZ� $W ʃUVW� WKH WUDS WXUQV WR �� GHJUHHV WR
EH ʃOOHG ZLWK 8&1 IURP QHXWURQ JXLGH� ,Q WKLV SHULRG ZKROH LQQHU WDQN LV ʃOOLQJ ZLWK
8&1� $IWHU ��� VHFRQGV� ZKHQ FRXQW UDWH UHDFKHV SODWHDX� QHXWURQV DUH FDSWXUHG E\
WXUQLQJ WKH WUDS LQ �� VHFRQGV WR WKH SRVLWLRQ ZLWK �� GHJUHHV WLOW� ,Q RUGHU WR H[FOXGH
DERYH�EDUULHU QHXWURQV WKH WUDS KROGV LQ �� GHJUHHV WLOW SRVLWLRQ LQ QH[W ��� VHFRQGV

7KH QH[W VWHS LV D KROGLQJ SHULRG ZKHUH VWRUHG QHXWURQV DUH KHOG LQWR WKH WUDS�
0HDVXUHPHQWV ZLWK WZR GLIIHUHQW KROGLQJ SHULRGV DUH UHTXLUHG WR FDOFXODWH VWRUDJH
WLPH DQG LQ RXU H[SHULPHQW ZH XVH ��� VHFRQGV DQG ���� VHFRQGV KROGLQJ SHULRGV�

$IWHU WKH KROGLQJ SHULRG� DFFRUGLQJ WR WKHRUHWLFDO FRQFHSW� ZH QHHG WR FDOFXODWH WKH
DPRXQW RI QHXWURQV UHPDLQHG LQ WKH WUDS� KHQFHZH VWDUW WKH HPSWLQJ SURFHVV� 7R FRXQW
VWRUHG QHXWURQV ZH GHFUHDVH WKH SRWHQWLDO EDUULHU E\ WXUQLQJ WKH KDOI F\OLQGHU WUDS WR
D VSHFLʃF DQJOH� 7KLV ZD\ RQH FDQ FRXQW VWRUHG QHXWURQV ZLWK HQHUJLHV DERYH QHZ �
GHFUHDVHG EDUULHU� 7KXV FRXQWHG QHXWURQV DUH QHXWURQV ZLWK HQHUJLHV EHWZHHQ QHZ
DQG LQLWLDO EDUULHU� 7KH HPSWLQJ DQJOHV DQG WKH QXPEHU RI HPSWLQJV DUH SDUDPHWHUV RI
WKH H[SHULPHQW DQG ZH FKRRVH WKHP XVLQJ 0& FDOFXODWLRQV WR PD[LPL]H WKH DFFXUDF\
RI HDFK PHDVXUHPHQW� 7KH QXPEHU RI HPSWLQJV LV WKH QXPEHU RI GLIIHUHQW HQHUJ\
UDQJHV IRU H[WUDSRODWLRQ� 7KH ODVW HPSWLQJ KDV �� GHJUHHV DQJOH ZKLFK PHDQV WKDW
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Fig. 1. Fig. 1. Layout of the UCN beam line and trap used for these measurements. 
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(ILL). It comprises five main parts (Fig. 1): a lift to fill
the trap; the magnetic trap; an outer coil around the
trap; a solenoidal magnet with a yoke; and the UCN
detector. The central element of the setup is the trap
made of NdFeB permanent magnets sandwiched
between FeCo poles. It is a vertical cylinder with a
20.4 cm diameter, open at the top, and with a conical
lower part open at the bottom. The magnetic field gen-
erated by twenty poles is horizontal. Figure 2 shows
the field map for a horizontal section in the cylindrical
part of the trap. The gradient near the magnet surfaces
in the lower conical part is about 2 T/cm when moving
perpendicularly to the trap axis. The cylinder is
wrapped with an external coil, which eliminates zero
field regions in the trap volume and is also used to
induce neutron spin f lips. The average magnetic field
created by the outer solenoid is about 10 G. The sur-
faces of the magnets were covered with Fomblin grease
(UT18 type) in order to reflect spin-flipped neutrons,
which are not repelled by the magnetic field gradient
and hit the magnet surfaces. Technical details about
the trap properties and design have been reported else-
where [16, 17].

A crucial aspect for the storage of UCNs in mag-
netic bottles is the filling of the trap. In previous exper-
iments with this trap, the filling was performed from
the bottom through the magnetic shutter [16, 17]. This
method suffers from serious shortcomings since neu-
trons are accelerated by the magnetic field gradient
produced by the shutter.

For the measurements presented here, a cylindrical
lift located above the trap was used (Fig. 1). The cylin-
der is made of aluminum, it has a diameter of 18.4 cm
and its inner surfaces were covered with Fomblin
grease. A disk of polyethylene was mounted inside the
cylinder at an adjustable height to absorb UCNs with
energies above a given cut-off. The typical height of
the absorber inside the lift cylinder was 33 cm. The
bottom cup of the lift can be separated from the cylin-
drical part for emptying the lift volume when the lift is
inside the trap. Since the speed of the lift is signifi-
cantly smaller that the velocity of UCNs [18], the adi-
abatic condition is fulfilled. It is easy to show that,
under such condition, neutrons cannot get heated
during the motion of the lift. From the magnetic field
map, it was estimated that the fiducial trap height is
26.5 cm, whereas about 20% of the neutrons are stored
in the conical part. Below the trap, the solenoid is used
as a fast magnetic shutter to close and open the trap.
The counting of UCNs is performed with a 3He detec-
tor, located 47 cm below the magnetic shutter, having
a 100 µm thick aluminum entrance window. The lift
and the trap are contained inside a vacuum chamber
where the typical pressure was 1.1 × 10–6 Torr.

At any stage during a cycle, neutrons escaping the
trap can be monitored with the 3He detector. For a sin-
gle filling, the typical number of neutrons escaping the
trap is about 2500. This number diminishes by about
4% over a continuous 10 days measurement. Since the
UCNs are initially unpolarized, half of them cannot

Fig. 1. Scheme of the experimental setup showing the main
parts: the lift (while being filled), the magneto-gravitational
trap, the solenoidal magnetic shutter with its yoke, the outer
solenoid coil, and the UCN detector (not to scale).

Outer Fig. 2. (Color online) Magnetic field produced by the
20-pole trap in the cylindrical section of the trap.

Storage method

• PNPI/ILL Large storage bottle 
• New neutron lifetime measurements  

with the big gravitational trap and review of neutron lifetime data.  
Serebrov, A. P. et al., KnE Energy & Physics, 3(1) (2018) 121-128.  
τn = 881.5 ± 0.7 (stat) ± 0.6 (syst) sec  

• LANL Magnetic Trap  
• Measurement of the neutron lifetime using an asymmetric  

magneto-gravitational trap and in situ detection. 
R. W. Pattie Jr. et al., Science 10.1126/science.aan8895 (2018).  
τn = 877.7 ± 0.7 (stat) +0.4/–0.2 (syst) sec 

• PNPI/ILL Magnetic bottle  
• Measurement of the neutron lifetime  

with ultra-cold neutrons stored in a magneto-gravitational trap.  
Ezhov, V. F. et al., JETP Letters (2018) 1-6.  
τn = 878.3 ± 1.6 (stat) ± 1.0 (syst) sec
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Physics motivation



Big bang nucleosynthesis

• Light elements (A≦7) were created  
in 103 seconds after the big bang.  

• Abundance of them is calculated by  
• baryon-to-photon ratio 
• nuclear cross sections 
• neutron lifetime. 

• A recent observation1 has a small  
inconsistency with the standard cosmology.  
Effective neutrino generation  
Neff = 3.51 ± 0.35  
is 1.5σ deviation from 3.  

• CMB+BAO observation2 independently  
result Neff = 3.26 ± 0.28  
which has 1.0σ deviation from 3.
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1. Izotov, Y. I., G. Stasińska, and N. G. Guseva. Astronomy & Astrophysics 558 (2013): A57. 
2. Valentino E, et al., Physics Letters B 761 (2016) 242–246.



Unitarity of CKM matrix

• Neutron decay is one way to verify  
　　　　　　the unitarity of the CKM matrix (Cabibbo-Kobayashi-Maskawa). 

• Calculation of Vud from neutron decay is simpler than nuclear ones  
　　　　　　　　　　　　　　　　　　but parameters have larger uncertainty.  
・Neutron lifetime τn (0.07%)  
・Axis/vector coupling constants λ ≡ GA/GV (0.18%) 

• The parameters summarized by PDG2019 is consistent with unitarity.
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VCKM =

0

B@
0.97446± 0.00010 0.22452± 0.00044 0.00365± 0.00012

0.22438± 0.00044 0.97359 +0.00010
�0.00011 0.04214± 0.00076

0.00896 +0.00024
�0.00023 0.04133± 0.00074 0.999105± 0.000032

1

CA

PDG 2019

|Vud|2 =
(4908.7± 1.9) sec

⌧n(1 + 3�2)

|Vud |2 + |Vus |2 + |Vub |2 = 0.9994 ± 0.0005



Unitarity of CKM matrix : Vud and λ
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τn : Beam method

τn : Bottle method

Vud  : Unitary
Vud  : Nuclear decay (0+ →0+)

λ : Post 2002→

← λ : Pre 2002

　λ　

Vu
d



Unitarity of CKM matrix : Vud and λ
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PRL121, 241804 (2018)

τn : Beam method

τn : Bottle method

Vud  : Unitary

Vud  : Nuclear decay (0+ →0+)

λ : Post 2002→

← λ : Pre 2002

　λ　

Vu
d

with new radiative correction



Unitarity of CKM matrix : Vud and λ
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PERKEO-III ,PRL122, 242501 (2019)
λ : New  measurement

Vud  : Unitary

λ : Post 2002→

← λ : Pre 2002

Vu
d

　λ　

PRL121, 241804 (2018)

τn : Beam method

τn : Bottle method

Vud  : Nuclear decay (0+ →0+)

with new radiative correction



Unitarity of CKM matrix : Vud and λ
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λ : Another new  measurement
aSPECT, arXiv:1908.04785v1

PERKEO-III ,PRL122, 242501 (2019)
λ : New  measurement

Vud  : Unitary

Vu
d

　λ　

PRL121, 241804 (2018)

τn : Beam method

τn : Bottle method

Vud  : Nuclear decay (0+ →0+)

with new radiative correction



Neutron dark decay



Neutron dark decay

• This paper suggested that the discrepancy can be explained  
by previously unobserved dark matter decay modes with 1% of usual beta decay. 

• Three decay mode candidates, where &  and &  are dark matters 
• &  
• &  
• &  

• The arrowed mass ranges are very short. 
• These boundaries come from the stability of proton and 9Be.

χ ϕ
n → χγ (937.900 MeV < mχ < 938.783 MeV)
n → χe+e− (937.900 MeV < mχ < 938.543 MeV)
n → χϕ (937.900 MeV < mχ + mϕ < 939.565 MeV)
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Dark Matter Interpretation of the Neutron Decay Anomaly

Bartosz Fornal and Benjamín Grinstein
Department of Physics, University of California, San Diego, 9500 Gilman Drive, La Jolla, California 92093, USA

(Received 19 January 2018; revised manuscript received 3 March 2018; published 9 May 2018)

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
ÞVudgV½p̄γμn− 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' 0.6s [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.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 120, 191801 (2018)
Editors' Suggestion Featured in Physics

0031-9007=18=120(19)=191801(6) 191801-1 Published by the American Physical Society



Decay mode : &n → χγ

• The predicted energy range of gamma ray is & . 

• The dark decay emits monochromatic gamma ray. 
• No gamma ray peak was observed with a germanium detector.

0.782 MeV < Eγ < 1.664 MeV
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The strength of each peak inside the ROI was calibrated using the peaks from the same isotope 
outside of the ROI [14]. A Geant4[15] simulation of the energy dependence of the detector 
efficiency was used to normalize the peak strength. A Gaussian peak with a 4.2 keV full width at 
half max and a normalized peak strength was generated for each peak inside the ROI this way, and 
the sum of all the peaks was then subtracted to obtain the black curve in Figure 2.   

 

Figure 2: Measured and simulated spectra in the allowed energy region (white background).The blue and 
red lines show the Compton scattering suppressed spectra for the measurement with UCN and background 
measurement, respectively.  The dotted line shows the simulated spectra from UCN capture and related 
gamma rays. The grey and black lines show the net UCN signal and the net signal after capture gamma 
subtraction, respectively. The peak plotted with a thick black line centered at 1200 keV shows an example 
of the size of the proposed decay that would be need to explain the anomaly. 

 

To determine the rate of decay into this proposed channel, one needs to know the number of UCN inside 
the storage volume. The UCN density inside this storage volume was measured using the vanadium 
activation method[16,17]. A 1.0 cm diameter foil was mounted on the inside of the wall of the vessel, near 
the detector.  Due to the negative Fermi potential of the 51V, 84% of UCN that intercept the foil are absorbed 
and produce 52V, and a correction is made for neutrons that are upscattered or reflected. Neutron capture 
on 51V produces 52V, which has a beta decay half-life 3.74 minutes, and a 1434 keV J is produced along with 
the beta decay 100% of time. This gamma ray is then detected in the HPGe detector.  The efficiency of the 
germanium detector was normalized by using a 60Co source of known activity (9.3±0.9 kBq) that was 
placed on top of the 51V foil and the rate of 1333 keV J was measured. This accounted for solid angle and 
detector efficiency and gamma ray attenuation in the vessel walls. The results were cross calibrated to the 
measurement by normalizing using upstream 10B/ZnS UCN monitor detectors [18].  The average UCN 
density at beam height in the storage volume for the foreground measurement was U0=9.5±1.3  UCN/cm3, 
where the uncertainty is dominated by the corrections to the 51V capture fraction as in ref. [16]. 

The Ge detector acceptance for gamma rays for each gamma emission position inside the UCN storage 
vessel was measured by scanning the storage volume with the calibrated 60Co source. First, the source was 
scanned along a line through the center of the detector.  This was fitted with the function a/(z-z0)2, where z 
was measured from the cylindrical center of the volume. The constants a and z0 were fitted free 

Phys. Rev. Lett. 121, 022505

Ge detector



Decay mode : &n → χe+e−

• They searched dark decay branch, & ,  
in the electron spectrum data taken for λ measurement (PERKEO-II). 
• Constraints on the Dark Matter Interpretation &   

of the Neutron Decay Anomaly with the PERKEO II experiment 
• This work constraints electrons energy for &  with 5σ. 
• &  is still alive.

n → χe+e−

n → χe+e−

37.5 keV < Ee+e− < 664 keV
Ee+e− < 30 keV

�15Hartmut Abele, University of Heidelberg 18

Principle:
2x2π- Detection
two hemispheres
backscattering suppression
low background
strong beam PF1:
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tron beam position [23, 24] at the Institut Laue-Langevin
(ILL). A drawing and a more detailed description of
the Perkeo II spectrometer together with measure-
ments of beta decay correlation coefficients can be found
in [15, 25–27]. For the investigation of a dark decay of
the neutron into an e+e� -pair, we re-analyze the data
that was used to extract the beta asymmetry parameter
A [15]. In that set-up the spectrometer is configured for
electron detection only. The electrons are transported
from the decay volume towards either of the two detec-
tors by a magnetic field of approximately 1T. Details
on the adiabatic transport of charged particles in mag-
netic fields can be found e.g. in [28]. For the electron
detection we used two plastic scintillators each read out
by four fine mesh photomultiplier tubes (PMTs). The
integrated pulse size of this detection system is largely
proportional to the incident kinetic energy of a single
electron or positron. During the measurements, the de-
tector response function was determined and the detector
stability checked regularly using four monoenergetic con-
version electron sources. The detectors showed a nonlin-
earity at low energy, which was modelled for this search
for a dark neutron decay mode using a quenching model
developed by Birks [29]. This extends the analysis of
Mund et al. [15]. The stopping power of electrons in-
side the scintillator material is calculated from ESTAR
data [30]. The detector calibration, including the Birks
non-linearity parameter, was obtained by a fit to the elec-
tron spectra of each detector. The uncertainties in the
non-linearity relations of both detectors are taken into
account for the analysis. The energy resolution does not
play an important role for the present analysis, because
a variation of 50% affects the limit on the dark matter
e+e� branching ratio only on the 10�3 level.

About 8% of the electrons impinging on one of the
detectors are scattered back from the detector and de-
posit only part of their energy in it. However, in the
Perkeo II spectrometer such electrons will be guided
along a magnetic field line to the other detector and will,
a few nanoseconds later, deposit their energy there. For
about half of the electrons, which are backscattered near
the glancing angle, the fringe field of the magnet acts as
a magnetic mirror and projects the electron back onto
the same detector. So all electrons are confined by the
magnetic field between the two detectors and can lose
energy only to them. If, for each event, the total signal
amplitudes from both detectors are added up, then the
pure line spectrum is recovered. Details on the electron
backscatter suppression can be found in [31].

The search for the proposed dark matter signal pro-
ceeded in the following way: Most of the conventional
beta decay events are rejected by requiring that both
detectors have triggered. For the remaining events, the
spectrum of the total energy deposition is obtained by
summing up the signals of both detectors. It is composed
of conventional beta decay events with electron backscat-

FIG. 1. Reanalysis of events of electrons backscattered from
the Perkeo II detector system in a measurement of the beta
correlation coefficient A and a search for an additional hypo-
thetical dark matter e+e� signal. Shown is a fit with resid-
uals to the summed coincidence spectrum together with a
hypothetical 1% e+e� branch at 30 keV, 50 keV, 80 keV, or
400 keV. The backscatter signal makes up approximately 4%
of the total beta decay events, and is the sum of events regis-
tered in both detectors. We show the trigger probability for
detector 1, too. The error bars show the statistical errors.

ADC channel Statistical Calibration Backscatter
Error Error Model Error

5 3.1 ⇥10�4 4.09 ⇥10�4 8.92 ⇥10�4

10 1.50 ⇥10�4 1.40 ⇥10�4 5.98 ⇥10�4

50 9.28 ⇥10�5 9.11 ⇥10�5 9.28 ⇥10�5

100 4.12 ⇥10�5 1.37 ⇥10�4 3.47 ⇥10�5

TABLE I. One sigma standard deviation error budget for
the fit for a hypothetical e+e� dark matter branch shown
in Fig. 2 at selected channels 5, 10, 50, 100. The backscatter
model error includes the GEANT4 uncertainty in predicting
the backscattering coefficient of electrons as a function of en-
ergy.

tering, background events that trigger both detectors,
and of hypothetical e+e� events. Background events con-
tribute with 2% to the spectrum and were measured reg-
ularly with the neutron beam closed and subtracted from
the data. The e+e� pairs are monoenergetic and would
create a characteristic peak on the backscattering spec-
trum, in the range from 0 keV and 644 keV depending on
the mass of the hypothetical dark matter particle. Note
that the selection cut excludes undetected backscattering
events (see [32, 33]) and e+e� pairs at low energy or go-
ing to the same detector. Positron annihilation gamma
effects are small because of the low sensitivity of the thin
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(5 mm) plastic scintillators to 511 keV gammas and are
taken into account in the analysis [34]. Tests with a 22Na
positron source were performed and the effects on the ex-
pected e+e� signal were simulated with GEANT4 [35].

The expected backscatter spectrum from conventional
beta decay, which is the remaining background in the
search for the hypothetical e+e� peak, is determined by
simulations: Decay electrons are created with the angular
and energy distribution from conventional neutron decay.
For each electron, the impact angle on the detector is
determined from the ratio of the magnetic field in the
Perkeo II decay volume and at the detector.

Backscattering splits the kinetic energy of an elec-
tron in two parts deposited in the two detectors. It is
simulated using GEANT4 [35] with the single Coulomb
scattering model, which is appropriate for low energy
backscattering as this option reproduces experimental
data above a few tens of keV. In the few keV energy
range some measurements find a different backscattering
fraction [36]. We take this deviation as 1� standard de-
viation error on our backscatter model. The magnetic
mirror effect for backscattered electrons is taken into
account in the simulations. For the energy splitting of
e+e�-events between the both detectors theoretical pre-
dictions from [37] are used. The resulting signals are ob-
tained accounting for quenching in the scintillators, the
statistical distribution of the photo-electron conversion of
the PMTs (which is dominating the energy resolution),
and additional broadening due to the noise of the charge
to digital conversion.
The spectrum of the sum of the simulated signals still
needs to be corrected for the trigger efficiencies of the two
detectors. The experimental trigger efficiencies of both
detectors are measured, for a signal in ADC channel C
of detector 1 e.g. it is

Texp,1(C) =
N1(C, 1&2)

N1(C, 2)
, (1)

where N1(C, 1&2) is the number of events in detector
1 where both detectors have triggered and N1(C, 2) the
number of events in detector 1 where detector 2 has trig-
gered. For the hardware trigger condition of detector i
at least two out of the four photomultipliers must have
triggered.

The correction for the trigger efficiencies is obtained by
applying, event by event, the trigger efficiency functions
Texp,i to the simulated signals in the two detectors.

In Fig. 1 we show the experimental spectrum after
background subtraction together with a fit using the
results of the GEANT4 simulations. For illustration
of the signature of the hypothetical e+e� peak also
shown is the expected shape of the spectrum for a 1%
branching to �e+e� for e+e� total kinetic energies
of 30 keV, 50 keV, 80 keV, and 400 keV. We scan the
spectrum by shifting a hypothetical peak in steps of one
channel of the analog to digital converter (ADC), which

FIG. 2. Exclusion plot for a hypothetical e+e� dark mat-
ter branch in neutron beta decay for 90% C.L. and 5 � ex-
clusion limits from a �2 analysis. The spectrum shown in
Fig. 1 is scanned by shifting the energy of a potential e+e�
peak in steps of one ADC channel, and performing a fit at
each position. Free fitting parameter is the e+e� amplitude.
On the 90% confidence limit a 1% contribution is excluded
from 32 keV to 644 keV, which is the maximum energy ac-
cording to [9]. The contributions of statistical and systematic
errors are shown in the table for selected ADC channels. For
comparison we show approximate results of UCNA, extracted
from [22]

corresponds to approximately 6 keV, and performing a
fit at each position. The height of the e+e� peak is
the single free parameters of the fit. The phase space
of e+e� pairs in the proposed dark decay has been
computed in [37]. Under the assumption of a parity
conserving dark decay, the probability that the electron
and positron are emitted towards opposite detectors
varies between 47.8% and 50%, depending on the mass
of the dark matter particle. As only these events can
pass our selection cut, we assume the most conservative
case for the e+e� emission of 47.8% in the exclusion
analysis.

In Fig. 2 we show an exclusion plot for a hypotheti-
cal �e+e� branching fraction at 90% C.L., which corre-
sponds to a one sided 1.3 � cut above the best fit value
for the dark matter branching ratio. In regions, where
the fit to the amplitude of the dark matter signal has a
negative outcome, we renormalize the tail probabilities
in the positive range and take a 90% cut. We also tested
the significance of observing a local excess of events, i.e.
a dark matter signal somewhere in a possible mass range
if we take into account the probability of observing such
an excess anywhere in the range. We quantify this “look-
elsewhere effect” by obtaining 107 Monte-Carlo simula-
tions of backscatter only data, and for each channel the
largest fluctuation that resembles a signal. Details on
the “look-elsewhere effect” can be found e.g. in [38]. The
proposed 1% contribution to neutron beta decay [9] can

Phys. Rev. Lett. 122, 222503



Decay mode : &n → χϕ

• Neutron star gives a constraint on characteristics of & . 
• Suppose  , neutron star whose mass is over 0.7M⦿ cannot be exist. 

• Actually 2M⦿ neutron stars are observed and they require . 
• &  must have repulsive self-interactions.

χ
mχ ∼ mn

mχ = 1.2 GeV
χ
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EOSs are shown as dot-dashed curves in Fig. 1. The curve
labeled APR, calculated by Akmal, Pandharipande, and
Ravenhal [18], has been widely used to describe neutron
stars. The curves labelled “soft” and “stiff” are the extreme
possibilities consistent with our current understanding of
uncertainties associated with the nuclear interactions up to
1.5ns [19,20]. The EOS labeled soft uses a nuclear EOSwith
a low pressure compatible with neutron matter calculations
and is extrapolated to a high density to ensure that produces a
neutron star with a mass just shy of 2 M⊙. The curve labeled
stiff is obtained by using the largest pressure up to 1.5ns
compatible with neutron matter calculations, and at a higher
density we use the maximally stiff EOS with PðϵÞ ¼ P0 þ
ðϵ− ϵ0Þ, whereP0 and ϵ0 are thepressure and energydensity,
respectively, predicted by the nuclear EOS at 1.5ns. We
believe that the soft and stiff EOSs bracket the extreme
possibilities subject to constraints from nuclear physics and
observations of themassive neutron stars withMNS ≃2 M⊙.
In what follows, we shall use these EOSs to demonstrate
that, despite the uncertainty at a supranuclear density, the
observation of neutron stars with mass MNS ≃2 M⊙ rules
out the existence of a weakly interacting dark matter
candidate which carries baryon number and has a mass in
the range 937.90 MeV < mχ < 938.78 MeV. In fact, we
shall find that any such weakly interacting particlewith mass
mχ ≲ 1.2 GeV can be robustly excluded.
In Fig. 2, we show the mass-radius curve for neutron

stars predicted by the standard nuclear EOS as dash-dotted
curves. The curves terminate at the maximum mass. For the
maximally stiff EOS, the speed of sound in the high-density
region cs ¼ c, and this construction produces the largest
maximum mass of neutron stars compatible with nuclear
physics.

Any exotic neutron decay channel n → χ þ % % % which
makes even a small contribution to the neutron width, of
the order of the inverse lifetime of a neutron star, will be
fast enough to ensure that χ is equilibrium inside the star.
The typical age tNS of old observed neutron stars is
tNS ≈106–108 years. In a dense medium, due to strong
interactions, the dispersion relation of the neutron can be
written as ωnðpÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

n

p
þ Σr þ iΣi, where Σr and

Σi are the real and imaginary parts, respectively, of its
self-energy. The mixing angle is suppressed at a finite
density and is given by

θ̃ ¼ δffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ̃m2 þ Σ2

i

q ; ð8Þ

where gΔm ¼ Δmþ Σr. Since Σr and Σi are expected to be
of the order of 10–100 MeVat the densities attained inside
neutron stars [22], it is reasonable to expect the ratio θ̃=θ
to be in the range 0.01–0.1. The rate of production of χ ’s
in the neutron star interior due to neutron decay, defined
in Eq. (6), is suppressed by the factor ðθ̃=θÞ2 but enhanced
by ðgΔm=ΔmÞ3 when gΔm > Δm. For gΔm≈10 MeV, the
neutron decay lifetime is < 108 yr when δ > 10−19 GeV,
and it is safe to assume that, for the phenomenologically
interesting values of δ≃10−14 − 10−12 GeV, χ will come
into equilibrium on a timescale t ≪ tNS. (We delegate to
future work a detailed calculation of the production rate
for such small values of δ which may be interesting in other
contexts).
Because χ carries baryon number, in equilibrium its

chemical potential μχ ¼ μB, where μB is the baryon
chemical potential. Given a nuclear EOS, the baryon
chemical potential is obtained using the thermodynamic
relation μB ¼ ðPnuc þ ϵnucÞ=nB, where nB is the baryon
number density. If χ is a Dirac fermion with spin 1=2 and its

FIG. 1. Hybrid EOS and underlying nuclear EOS. The standard
nuclear matter is shown as dash-dotted curves. The stiff EOS
makes a second-order transition to a causal EOS at nB ¼ 1.5ns.
This is the stiffest possible EOS and predicts a maximum mass of
≃3.3 M⊙ (Fig. 2). Adding a dark baryon with mχ¼ 938 MeV
results in solid curves, which are dominated by χ’s Fermi gas
EOS for ϵ ≳ 0.1 MeV=fm3. Dotted lines show a hybrid EOS with
mχ ¼ 1.2 GeV. All curves are truncated at maximum central
densities inside stable neutron stars.

FIG. 2. The mass-radius relationship generated using the EOS
in Fig. 1. Even for the extremely stiff EOS, the maximum mass of
hybrid stars containing noninteracting dark neutrons does not
exceed 0.8 M⊙. The measured masses of the two most massive
neutron stars J0348þ 0432 and J1614−2230 are also shown.
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APR : calculated by Akmal, Pandharipande, and Ravenhal 
Stiff & Soft : uncertainties associated with the nuclear interactions 



Spin Flip-
Chopper

Lifetime measurement at J-PARC



Measurement principle
• Neutron lifetime is calculated from the number of beta decay and 3He absorption. 

• This is an in situ detection system of the neutron decay and flux.
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τn Neutron Lifetime

ρ 3He density Sβ
Number of


beta decay signal

σ 3He neutron absorption

cross section SHe
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v Neutron velocity ε Cut efficiency

⌧n =
1

⇢�v

✓
SHe/"He

S�/"�

◆

Neutron 
Beam

Time Projection Chamber (TPC)

or

beta decay
< 782 keV< 0.754 keV

3He absorption
= 191 keV= 572 keV

n ! p+ e� + ⌫e

n+
3
He ! p+ 3

H

TPC Gas  
4He:CO2:3He =  

85 kPa:15 kPa: 100 mPa



J-PARC MLF BL05
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TPC

Cosmic veto counters 
is plastic scintillators 

to identify cosmic ray.

Lead shield

Vacuum 
Chamber

Iron shield

Spin Flip-
Chopper

1m

Spin Flip Chopper 
makes short neutron bunches 

to reduce background.

beta decay

3He absorption

Beam dump

6LiF shutter 
is a 5 mm thick 6LiF plate 
to control neutron beam.

Neutron is produced  
              by injecting proton beam 
                              to mercury target. 

Beam line property 
　　Neutron energy          : ~10 meV 
　　Neutron velocity         : ~1000 m/s 
　　beta decay rate        : 0.1 cps 
　　3He absorption rate : 2.5 cps

Beam Line 05



Acquired data
• We acquired 6 measurement series. 

• One measurement is corresponding to one gas set (~ one week). 
• In this talk, the datasets (until 2016) were used for analysis. 
• Total beam time was 282 hours.
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Gas Date MLF power

[kW]

Beam time

[hour]

I May 2014 300 35.3

II April 2015 500 15.8

III April 2016 200 17.5

IV April 2016 200 72.7

V May 2016 200 69.4

VI June 2016 200 71.1



Analysis
• We counted the number of &  using 

• time of flight 
• energy deposit 
• track geometry. 

• Cut efficiencies &  were calculated by simulation. 
• Background contamination for &  was estimated by simulation. 

• The scattering neutrons produce this irremovable background.

Sβ, SHe

εβ, εHe
Sβ
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Results

• The neutron lifetime was calculated for each measurement. 

• The combined results from 2014 to 2016 is
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τn = 896 ± 10 (stat) +14
−10 (syst) secCombined results

13

combined results of 6 gas data

Ⅰ           Ⅱ          Ⅲ           Ⅳ          Ⅴ          Ⅵ

2014 2015 2016

Prelim
inary

Preliminary



Results

• Out result is plotted on the neutron lifetime history. 
• It is consistent with the other beam method and 1.0σ away from the storage method. 

• Upgrade projects are ongoing to achieve our goal precision of 0.1% (1 sec).
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Our result 
τn = 896 ± 10 (stat) +14/-10 (syst) secPreliminary



Upgrade plans

• Neutron beam upgrade 
• Neutron bunching machine (SFC)  

coil and mirror will be enlarged  
to transport more neutron beam. 

• Five times beam will be available.  
And 100 days measurement achieves  
0.1% (1 sec) accuracy. 

• Low gas pressure operation 
• Lower scattering neutron in the TPC gas  

leads lower backgrounds (×1/2-1/10). 
• New ASIC amplifier was developed  

for lower power consumption (×1/50) and 
higher gain (×1-10) compared to current amp. 

• Solenoidal magnet background suppression 
• Background electron coming from detector walls  

will be suppressed by magnetic field (×1/20). 
• The detector commissioning was completed. 

We will have a beam test on the next month.
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Summary

• Neutron lifetime is an important parameter for BBN and CKM matrix,  
　　however there is 8.6 s (4.0σ) deviation between two methods of measurement.  

• The discrepancy may be explained by unobserved neutron dark decay modes. 
• Some of them were already eliminated. 

• We are measuring the neutron lifetime at J-PARC MLF BL05. 
• The acquired data (2014-2016) were analysed. 

• Our result is 

• Upgrade plans are ongoing 
• Beam optics upgrade makes beam intensity by 5 times 
• Low gas pressure operation suppress the background 
• Magnetic field suppress the background
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τn = 896 ± 10 (stat) +14
−10 (syst) sec


