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Fundamental Physics with Neutrons
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Fundamental Physics with Neutrons
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Neutrons Lifetime
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中性子寿命╈䓪㯸㵜⽜
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M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update.

13-�
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実験手法によって測定値が異なっている。

n → p + e− + ν̄e 寿命 879.4 ± 0.6 s (PDG2019)
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Neutron Lifetime - Big Bang Nucleosynthesis

Neutron lifetime dominates theoretical uncertainty in 4He abundance.
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Neutron Lifetime - Big Bang Nucleosynthesis
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Neutron Lifetime - Big Bang Nucleosynthesis

Baryon asymmetry of the Universe
バリオン数の観測量

軽元素残存量（BBN） 

宇宙マイクロ波背景放射（CMB） 

η = nb

nγ
= nb − nb̄

nγ

η = (6.12 ± 0.04) × 10−10

η = (5.8 - 6.5) × 10−10

[PDG (’20)]

宇宙は“物質”優勢

２つの観測から同一の値が 
高精度で測定されている
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Neutron Lifetime - CKM Unitarity
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中性子寿命
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Neutron Lifetime - CKM Unitarity

Nν = 3.01±0.15

宇宙背景放射+BBN

48 C. Pitrou et al. / Physics Reports 754 (2018) 1–66

Fig. 29. Top: P(⌦bh2,N⌫ ) with 68.27% and 95.45% contours for different combinations of data. Bottom : P(N⌫ ) from marginalization. Continuous green is
from CMB only, dotted red from BBN only, and dashed black is the combination of BBN and CMB. Note that the average value of N⌫ for the combination of
BBN and CMB is not between the corresponding averages obtained from CMB and BBN considered separately. There is no contradiction since the nearly
elliptic preferred regions in the (⌦bh2,N⌫ ) space for BBN and CMB taken separately overlap away from the line defined by their respective average points.

Conclusion

It is widely acknowledged that Cosmology has entered in the ‘‘precision era’’; this should also apply to big bang
nucleosynthesis. For both D and 4He isotopes the precision on the abundances deduced from observations have reached the
percent level. The precision on primordial D abundance prediction by BBN codes is now limited to a few percents because
of the uncertainties on the D(p,� )3He, D(d,n)3He and D(d,p)3H thermonuclear reaction rates (Di Valentino et al., 2014; Coc
et al., 2015b). Ongoing experiments (Gustavino, 2017) from LUNA at the Gran Sasso underground facility, supplemented by
theoretical works (Marcucci et al., 2016) are expected to improve the situation. Here, we concentrated on the prediction
of 4Heprimordial abundance. Uncertainties onYP related to experimental data come from theneutron lifetime879.5 (±0.8) s
(but that may be affected by systematic uncertainties (Patrignani and Particle Data Group, 2016 and 2017 update)), leading
to a �Y (4)

P = 1.7 (Eq. (6)) uncertainties and from the 1H(n, � )2H, D(d,n)3He and D(d,p)3H reaction rates (⇠1% factor uncer-
tainty (Ando et al., 2006; Gómez Iñesta et al., 2017)) leading to�Y (4)

P . 0.5 in total (Eq. (142)). These uncertainties are small,
compared with the observational uncertainty of �Y (4)

P = 40 (Eq. (3)). However, the predicted 4He primordial abundance
includes corrections to the ‘‘bare’’ weak rates: zero-temperature radiative corrections, finite nucleonmass corrections, finite
temperature radiative corrections, weak-magnetism, QED plasma effects and incomplete neutrino decoupling that, in total,
shift the abundance by �Y (4)

P = 44.7 (Table 5), i.e. larger than the uncertainties.
It is thus of the utmost importance to precisely calculate all these corrections, in order to limit theoretical uncertainties.

Here, they are for the first time all included and calculated in a self consistent way allowing to take into account the
correlations between them. In addition, it was verified that all satisfy detailed balance, a crucial point since it directly affects
the neutron/proton number ratio, and hence the 4He abundance. Table 5 details the contributions of these corrections to
the 4He, D, 3He and 7Li primordial abundance. We did not calculate the effect of incomplete neutrino decoupling, but use
the results of Pisanti et al. (2008). This amounts to ignoring the spectral distortions, but this affects Y (4)

P by approximately
less than one unit. However we find results for incomplete neutrino decoupling effects which are very similar to Grohs
et al. (2016), and most notably we find a coherence on the sign of light element abundances variations which is different
from Mangano et al. (2005). Given the coupling we findwith finite nucleonmass effect, this is the very last correction which
requires careful evaluation to fully settle the weak rates corrections.

C. Pitrou et al., Physics Reports 754 (2018) 1–66 

τn = 879.5 s
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Neutron Lifetime - Dark decay

 

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

既知の崩壊モード以外が１％あれば、ビーム法と蓄積法のズレを説明できる

一部がダークセクターに崩壊すると仮定して計算してみた。

1.		!→"# 
2.	!→"$ 
3.	!→"%+%−	
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Neutron Lifetime - Dark decay

中性子崩壊の1%がのγ線放出を予想 
中性子と9BeのQ値から0.782 MeV < Eγ < 1.664 MeV

The	UCNtau	experiment	at	Los	Alamos	
National	Laboratory,	which	uses	the	“bottle	
method”	to	measure	the	neutron	lifetime.�

https://www.quantamagazine.org/neutron-
lifetime-puzzle-deepens-but-no-dark-matter-
seen-20180213/�

�����	 https://arxiv.org/abs/1802.01595	

A SEARCH FOR THE NEUTRON DECAY NoX+J��WHERE X IS A DARK MATTER PARTICLE PHYS. REV. LETT. 

DarkMatterSeachV4.0.docx 

Search for the Neutron Decay noX+J��where X is a dark matter particle. 

 

Z. Tang1, M. Blatnik2, L. J. Broussard3, J. H. Choi4, S. M. Clayton1,  C. Cude-Woods1,4, S. Currie1, D. E. Fellers1, E. 
M. Fries2, P. Geltenbort5, F. Gonzalez6,  T. M . Ito1 , C.-Y. Liu6, S. W. T. MacDonald1,  M. Makela1, C. L. Morris1, C. 
M. O'Shaughnessy1, R. W. Pattie Jr.1, B. Plaster7, D. J. Salvat8, A. Saunders1, Z. Wang1, A. R. Young1,4, and B. A. 

Zeck1,4 

 

1Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA 

2Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA 91125, USA 

3Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA 

4North Carolina State University, Raleigh, North Carolina 27695, USA 

5Institut Laue-Langevin, Grenoble, France 

6Department of Physics, Indiana University, Bloomington, Indiana 47408, USA 

7University of Kentucky, Lexington, Kentucky 40506, USA 

8University of Washington, Seattle, WA 98195-1560, USA 

 

Abstract. In a recent paper submitted to Physical Review Letters, Fornal and Grinstein have suggested that the 
discrepancy between two different methods of neutron lifetime measurements, the beam and bottle methods can 
be explained by a previously unobserved dark matter decay mode, no&+J��where X is a dark matter particle. 
We have performed a search for this decay mode over the allowed range of energies of the monoenergetic 
gamma ray for X to be a dark matter particle.  We exclude the possibility of a sufficiently strong branch to 
explain the lifetime discrepancy with greater than 4 sigma confidence. 

Keywords: Ultracold neutrons, Dark Matter, LANL UCN facility, Neutron lifetime. 

PACS:   

 

There is nearly five standard-deviation disagreement[1,2] between measurements of the rate of neutron decay 
producing protons measured in cold neutron beam experiements[3-5] (888.0±2.0 s) and free neutron lifetime in 
bottle experiments   [6-8]  (878.1±0.5 s). The cold neutron beam method measures the number of protons 
emitted from neutron beta decay in a well-characterized neutron beam, and the bottle experiments 
measure the number of ultra-cold neutrons (UCN) that remain inside a trap after a certain storage time. A 
longer lifetime from the beam measurements could point to the existence of possible other decay modes of the 
neutron where a proton is not produced, which was first pointed out by A. Serebrov, and he suggested the 
discrepancy could be due to neutrons oscillating into mirror neutrons [9,10]. Recently, Fornal and Grinstein have 
suggested in Ref. [11] that the neutron lifetime discrepancy can be explained if the neutron decayed into a gamma 
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Neutron Lifetime - Dark decay
!→"#	

��
���"3/���

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.

PHYSICAL REVIEW LETTERS 121, 061802 (2018)

061802-3
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中性子寿命╈䓪㯸㵜⽜

4

1990 1995 2000 2005 2010 2015 2020
Year
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 0.6 s±Storage method: 879.4 

 2.0 s±Beam method: 888.0 

╈䓪㯸ע㵜⽜� �	1%(
ն879.4׾׌㾆㙗ך ± 0.6 s
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M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update.

13-�
��	


実験手法によって測定値が異なっている。

n → p + e− + ν̄e 寿命 879.4 ± 0.6 s (PDG2019)
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Neutron Lifetime - In-beam method

p

Count decay-protons
proton trapping
（penning trap）

Uncertainty from  
Flux Measurement

!"#$%&!'(")*

+%&$&!

,"$"-$&%

-"!$%).'$%)+'"."-$%&,"/ ,&&%'&+"!

01%&#!,2

*3%%&%

04566'72

).+8)9'$%3$&!

,"$"-$&%

+%"-3/3&!

)+"%$#%"
:';'<=>'?

@3

,"+&/3$

>

€ 

τ =
˙ N α+t

˙ N p

ε p

εovo

 

 
 

 

 
 nl + Lend( )

Requires absolute knowledge of neutron and proton counting.
Fit for lifetime and end effects....

Byrne et al., Nucl. Instrum. Meth. A 284 (1989)

J.S.Nico, et. al., Phys. Rev. C71, 055502 (2005)
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Neutron Lifetime

proton trapping
（penning trap）

G.L. Greene

University of Tennessee/ORNL

J. Pauwels, R. Eykens, A. Lamberty, and J. Van Gestel

Institute for Reference Materials and Measurements, Belgium

R.D. Scott

Scottish Universities Research and Reactor Centre, U.K.

M. S. Dewey, D.M. Gilliam, and J.S. Nico

National Institute of Standards and Technology

F.E. Wietfeldt

Tulane University

X. Fei and W.M. Snow

Indiana University
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Neutron Lifetime

Result

= (886.3 ± 1.2[stat] ± 3.2[sys]) s           

€ 

τ

Dewey et al., Phys. Rev. Lett. 91 (2003) and Nico et al., Phys. Rev. C 71 (2005)

τ = 886.3 ± 1.2 ± 3.2 s
[stat] [sys]

J.S.Nico, et. al., Phys. Rev. C71, 055502 (2005)
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Neutron Lifetime

Count survived UCNs
UCN storage

Uncertainty from  
Wall Loss

1 – neutron guide from UCN Turbine;

 2 – UCN inlet valve;

 3 – beam distribution flap valve;

 4 – aluminium foil (now removed);

 5 – “dirty” vacuum volume;

 6 – “clean” (UHV) vacuum volume;

 7 – cooling coils;

 8 – UCN storage trap;

 9 – cryostat;

10 – mechanics for trap rotation;

11 – stepping motor;

12 – UCN detector;

13 – detector shielding;

14 – evaporator
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Neutron Lifetime

Gravitational trap  
at ILL High Flux Reactor
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Neutron Lifetime

Gravitational trap storage experiments

τ = 878.0 ± 1.2 ± 3.2 s
[stat] [sys]τ n [s] = 878.5 ± 0.7stat ± 0.3syst

Size extrapolation Value,s Uncertainty, s

n-lifetime 878.07 0.73

Systematic effect Value,s Uncertainty, s

Method of γ values calculation 0 0.236

Influence of mu-function shape 0 0.144

Spectrum uncertaities 0 0.104

Uncertaities of traps sizes(1mm) 0 0.058

Influence of the residual gas 0.40 0.024

Uncertaity of LTF critical energy (20 neV) 0 0.004

Total systematic effect 0.40 0.30

Serebrov et al, Phys. Lett. B 605 (2005) p.72
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Neutron Lifetime

Magnet-Gravi trap storage experiments Los Alamos National Laboratory

Status and Future of the UCN⌧ Experiment (LA-UR-18-24445)

UCN at LANSCE

Side view of the experiment

n

~B0

n n Low Field Seekers

High Field Seekers

UCN Monitors:

50 nm
10
B

25 nm
10
B

50 nm
10
B w/ Al foil

Trap height monitor

R.W. Pattie Jr(UCN⌧) PPNS Workshop, Grenoble, FR (LA-UR-18-24445) May 24, 2018 9/ 26
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Neutron Lifetime

Status and Future of the UCN⌧ Experiment (LA-UR-18-24445)

UCN at LANSCE

Systematic Uncertainty Budget

E↵ect �⌧n [s] Evaluation

Depolarization +0.07 Varied Holding Field

Microphonic heating +0.24 Detected Heated UCN

Cleaning +0.07 Detected Uncleaned UCN

Deadtime / pileup ±0.04 Known Hardware deadtime

Phase space evolution ±0.10 Measured shift of arrival time

Vacuum ±0.03 Measured XS and RGA

Background Shifts < ±0.01 Measured Bkgd vs. Height

Total +0.28 / - 0.1

Statistics limited! Should improve with more data.

R.W. Pattie Jr(UCN⌧) PPNS Workshop, Grenoble, FR (LA-UR-18-24445) May 24, 2018 21/ 26

Status and Future of the UCN⌧ Experiment (LA-UR-18-24445)

UCN at LANSCE

2016-2017 Lifetime Results

⌧n = 877.7 s (0.7 s)stat (
+0.4
�0.2s)sys

4
4R. W. Pattie Jr et al, Science 360, 6389 p.627-632 (2018) (arXiv:1707.01817)

R.W. Pattie Jr(UCN⌧) PPNS Workshop, Grenoble, FR (LA-UR-18-24445) May 24, 2018 22/ 26
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Neutron Lifetime

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 

25
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Neutron Lifetime
Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

8The BYRNE 80 measurement has been withdrawn (J. Byrne, private communication,
1990).

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)

870 875 880 885 890 895

neutron mean life (s)

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.

HTTP://PDG.LBL.GOV Page 4 Created: 6/1/2020 08:33
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Jan. 2008

Neutrino

50 GeV

Hadron Exp. Facility

Materials and Life 
Science Facility

3 GeV

Linac

N

J-PARC MLF
Neutron at J-PARC
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J-PARC MLF
Neutron at J-PARC
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J-PARC MLF
Neutron at J-PARC
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J-PARC MLF
Neutron at J-PARC
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J-PARC MLF BL05 NOP

First beam 22:15  
9 Dec. 2008

Neutron at J-PARC
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We constructed the cold neutron beamline  
“NOP” for fundamental physics 
in Material and Life science Facility. 

Tree branches are available. 
• Polarized beam 
• Unpolarized beam 
• Low-divergence beam

Neutron at J-PARC
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In-beam measurement with pulsed neutrons 
Direct measurement of decay-electrons（0～782keV）

Well-defined neutron bunch

Count up only when 
the bunch is in TPC

e
p

ν

3He(n,p)t
incident flux is also  
measured in TPC 
with 3He capture

（Kossakowski,1989）

No External Flux monitor、No wall loss

: efficiency for 3He reaction 
: density of 3He 
: absorption cross section of 3He

εn 
ρ 
σ

τn 
v 
εe

: lifetime 
: velocity 
: efficiency for electrons

absorption cross section for 
neutrons with 2200m/s

βdecay

3He reaction

Neutron Lifetime Measurement at J-PARC
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Neutron Lifetime Measurement at J-PARC
Well-defined neutron bunch

e
p

ν

3He(n,p)t
incident flux is also  
measured in TPC 
with 3He capture

TPC
1m

5374-.

20m

+)(-301 *,/2.60-(*044345

m=5

Magnetic 

supermirror

30 CHAPTER 3. EXPERIMENT IN THIS THESIS

Figure 3.10: A photograph of a magnetic
supper mirror (MSM).

Figure 3.11: A photograph of a radio
frequency flipper (RFF).

Figure 3.12: An illustration of the Larmor precession inside the radio frequency flipper.

RF coil

Magnetic 

mirrors3

Flipper2

Guide 
coil(1mT)

Lead shield

(10cm)

Magnetic 

mirrors1&2Flipper1

Contrast > 400:1

Spin Flip Chopper Time Projection Chamber
MWPC

Drift cage
30 cm

1 m

PEEK frame

PEEK frame & inner 6Li wall 
suppress BG.

High efficiency detection for 
both of β-decay and 3He reaction

S/N ~ 1:1



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 35

Neutron Lifetime Measurement at J-PARC
TPC commissioning has been performed.

Energy is distributed  
 0 - 782 keV continuously. 
Energy deposit ~ 10 keV / wire

3H

3He
p

572	keV

190	keV

n

β-decay

3He(n,p)3H
15

0m
m

120mm

Hit Low Gain wires

Top view of Event Display

p
~0.4	keV

~350keV

n
e-

neutron bunch

beam direction

Top view of Event Display

beam direction

neutron bunch
Full of Energy of 762 keV is 
deposited in TPC. 
Range ~ 5 cm in TPC gas with 
100 kPa.

Event ID by 

energy deposit, 

track topology, and so on.



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 36

Neutron Lifetime Measurement at J-PARC⹦䐂ذ٭ظ

15

Year Gas set 
number MLF power [kW] Total incident 

neutrons [×1011]

2014A 1 300 0.2

2015A 1 500 0.2

2016A 4 200 1.2

2017A 8 150 0.8

2017B 9 300, 400 3.7

2018A 6 400, 500 ~4

2019A 3 500 ~2

2014年から2019年で32個のガス条件での物理測定を行った。(1ガス条件~1週間)

すべて合算すると統計精度は ~4 sec (0.5%)になる。

最初の物理結果に用
いるデータセット
~10 sec (1%)

最初の論文に 
用いたデータ

全部使うと 
4s の統計精度
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Neutron Lifetime Measurement at J-PARC

h�#H2 N L2mi`QM HB72iBK2b 7Q` 2�+? K2�bm`2K2Mi b2`B2b �M/ i?Qb2 +QK#BM2/
a2`B2b τn UbV

R N8R ± kd stat
+22
−34 sys

k Nye ± ky stat
+13
−12 sys

j Ny3 ± 9N stat
+13
−34 sys

9 3Ny ± k9 stat
+16
−15 sys

8 33k ± k8 stat
+12
−19 sys

e 3eN ± kj stat
+13
−11 sys

*QK#BM2/ 3N3 ±10 stat
+15
−18 sys

"v bBKTHv bmKKBM; i?2 bi�iBbiB+ �M/ bvbi2K�iB+ mM+2`i�BMiB2b BM [m�/`�iB+- Bi ;�p2 mb τn =

898+18
−20 s- r?B+? Bb b?QrM BM 6B;X ky iQ +QKT�`2 rBi? T`2pBQmbHv Tm#HBb?2/ `2bmHib Q#i�BM2/ rBi?

i?2 #QiiH2 K2i?Q/ (RkĜR3) �M/ i?2 #2�K K2i?Q/ (RN- ky)X "Qi? Q7 i?2 T`2pBQmbHv Tm#HBb?2/
`2bmHib �`2 rBi?BM i?2 mM+2`i�BMiv Q7 Qm` K2�bm`2K2MiX "2+�mb2 i?2 mM+2`i�BMiv Q7 i?Bb rQ`F
Bb biBHH H�`;2` i?�M i?2 /Bz2`2M+2 #2ir22M i?2 irQ K2i?Q/b- 7m`i?2` BKT`Qp2K2Mib �`2 `2[mB`2/
iQ `2bQHp2 i?2 M2mi`QM HB72iBK2 TmxxH2X

1995 2000 2005 2010 2015 2020
Publication year

875

880

885

890

895

900

905

910

915 [
s]

nτ

6B;X ky .�i� Q7 M2mi`QM HB72iBK2 Q#i�BM2/ rBi? i?2 #QiiH2 K2i?Q/ U#Hm2 b[m�`2V (RkĜR3)
�M/ i?2 #2�K K2i?Q/ U`2/ +B`+H2V (RN- ky)X h?2 #Hm2 �M/ `2/ #�M/b b?Qr i?2 ;HQ#�H �p2`�;2
�M/ 2``Q` Q7 2�+? K2i?Q/X h?2 `2bmHi Q7 i?Bb rQ`F Bb b?QrM #v i?2 QT2M +B`+H2X

AKT`Qp2K2Mib BM i?2 2tT2`BK2Mi�H �++m`�+v �`2 BM T`Q;`2bb 7Q` bi�iBbiB+b �M/ K�DQ` bvbi2K�i@
B+b K2MiBQM2/ #2HQrX h?2 #2�K i`�MbTQ`i rBi? H�`;2` �++2Ti�M+2- r?B+? Bb 2tT2+i2/ iQ BM+`2�b2
i?2 M2mi`QM BMi2MbBiv 3@7QH/- rBHH #2 BMbi�HH2/ iQ BKT`Qp2 i?2 T`2b2Mi bi�iBbiB+ mM+2`i�BMiv Q7
Ry bX h?2 bvbi2K�iB+ mM+2`i�BMiv BM i?Bb rQ`F r�b /QKBM�i2/ #v ξnγ - r?B+? +Q``2bTQM/b iQ Ykf@
R9 b BM τnX _2/m+iBQM Q` B/2MiB}+�iBQM Q7 i?2 mMFMQrM #�+F;`QmM/ bBKmHi�M2QmbHv Q++m``2/
rBi? i?2 M2mi`QM /2+�v- /Bb+mbb2/ BM a2+X jXe- `2/m+2 i?2 bvbi2K�iB+ mM+2`i�BMivX >B;?2` bi�iBb@
iB+b #v i?2 M2r #2�K i`�MbTQ`i rBHH ?2HT i?2 B/2MiB}+�iBQMX "2+�mb2 i?2 bi�iBbiB+b Q7 Sper

βcand BM
i?Bb rQ`F r�b /QKBM�i2/ #v Sconst- i?2 BM+`2�b2 Q7 i?2 #2�K BMi2MbBiv T`QTQ`iBQM�HHv BKT`Qp2b

kd

Storage methods

Beam methods

τn = 898 ± 10 stat + 15
−18 sys

Our result

K. Hirota, et. al., PTEP, to be published. 



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 38

Neutron Lifetime Measurement at J-PARC

h�#H2 d 1{+B2M+v UεβV mM+2`i�BMiv #m/;2ib Ua2`B2b eV
*mi M�K2 1{+B2M+v UWV lM+2`i�BMiv UWV

Efield
max +mi UξβsepV −RXj +0.5

−0.7

GQr 2M2`;v +mi �i Eanode
thresh −yXj +0.1

−0.2

h`BiBmK /2+�v `2D2+iBQM −yXe yXye
h`�+F ;2QK2i`v Uy@/B`2+iBQMV −RXj yXk

h`�+F ;2QK2i`v UXEV −jXk yXyj
L2mi`QM TQH�`Bx�iBQM yXRj

W p�Hm2 7Q` /2+�v T`QiQM yXj8
εβ NjXN +0.6

−0.8

LQi2 i?�i bQK2 mM+2`i�BMiB2b �`2 MQi BM/2T2M/2Mic Sβ �M/ SHe- εβ �M/ εHe ?�p2 TQbB@
iBp2 +Q``2H�iBQMb i?`Qm;? Efield

max +mi- ?Qr2p2`- i?2 2z2+ib r2`2 M2;HB;B#H2 UIyXRWV #2+�mb2 i?2
mM+2`i�BMiB2b Q7 ξHe

sep �M/ εHe r2`2 bK�HH 2MQm;?X h?2 mM+2`i�BMiB2b Q7 ξβpileup �M/ ξHe
pileup- r?B+?

/2b+`B#2 ?Qr i?2 TBH2mT 2p2Mib r2`2 B/2MiB}2/- �HbQ ?�p2 � TQbBiBp2 +Q``2H�iBQM- r?BH2 i?Bb
2z2+i Bb �HbQ H2bb i?�M yXRW �M/ M2;HB;B#H2X h?2`2 �`2 Qi?2` T�`�K2i2`b r?B+? ?�p2 +Q``2@
H�iBQMbc ξβscat r�b /2i2`KBM2/ #v ξHe

scat- i?2 mM+2`i�BMiv Q7 εβ #v i?2 2M2`;v +mib UEfield
thres �M/

Eanode
thres V r2`2 #Qi? /2i2`KBM2/ #v i?2 /Bb+`2T�M+v #2ir22M i?2 K2�bm`2K2Mi �M/ i?2 bBKmH�@

iBQM Q7 i?2 +QbKB+@`�vX "2+�mb2 i?2v ?�/ M2;�iBp2 +Q``2H�iBQMb- r2 �/QTi i?2 [m�/`�iB+ bmK
Q7 mM+2`i�BMiB2b BM h�#H2 3 �b � +QMb2`p�iBp2 2biBK�i2 Q7 mM+2`i�BMiv 7Q` i?2 M2mi`QM HB72iBK2X

h�#H2 3 o�Hm2b �M/ lM+2`i�BMiv #m/;2ib Ua2`B2b eV
h2`K o�Hm2 lMBi _2H�iBp2 mM+2`i�BMivUWVg
SHe UjX83R ± 0.006 stat

+0.004
−0.002 sys)× 105 2p2Mib yXR3 stat

+0.11
−0.06 sys

Sβ URX99R ± 0.039 stat
+0.011
−0.018 sys)× 104 2p2Mib kXd stat

+0.8
−1.3 sys

εHe NNXNN +0.01
−0.00 sys % +0.01

−0.00 sys

εβ NjXN +0.6
−0.8 sys % +0.7

−0.9 sys

ρ kk3d ±10 sys 1016 �iQKb/m3 yX9 sys

σ0 5333± 7 sys 1028 m2 0.13 sys

v0 kkyy Kfb 2t�+i
τn 3eN ± k9 stat

+13
−11 sys b kXe stat

+1.5
−1.1 sys

6Q` 2�+? b2`B2b Q7 i?2 K2�bm`2K2Mi- � p�Hm2 Q7 i?2 M2mi`QM HB72iBK2 rBi? mM+2`i�BMiB2b r�b
/2`Bp2/ BM i?2 b�K2 K�MM2`X h?2 `2bmHib �`2 b?QrM BM h�#H2 NX q2 Q#b2`p2/ MQ bvbi2K�iB+
2z2+i /m2 iQ i?2 ρ p�Hm2b /2b+`B#2/ BM a2+X kXd BM i?2 T`2b2Mi b2MbBiBpBivX h?2 �p2`�;2 r�b
+�H+mH�i2/ #v }iiBM; QMHv rBi? bi�iBbiB+�H mM+2`i�BMiB2b- r?2`2 χ2fM/7 4 8X3f8X h?2 bvbi2K�iB+
mM+2`i�BMiB2b Q7 �HH K2�bm`2K2Mi b2`B2b r2`2 2tT2+i2/ iQ +Q``2H�i2 rBi? 2�+? Qi?2`X h?mb-
r2 i`2�i2/ i?2K �b iQ #2 7mHHv +Q``2H�i2/ �b +QMb2`p�iBp2 2biBK�iBQMc i?2 mTT2` �M/ HQr2`
bvbi2K�iB+ mM+2`i�BMiB2b r2`2 /2i2`KBM2/ #v i�FBM; �p2`�;2b Q7 i?2 /�i� TQBMib b?B7i2/ iQ RσX
"v +QK#BMBM; �HH K2�bm`2K2Mi b2`B2b- r2 Q#i�BM2/ � M2mi`QM HB72iBK2 Q7

τn = 898 ± 10 stat
+15
−18 sys s. UkyV

ke

6BM�HHv- Sβ �7i2` +Q``2+iBQMb /2b+`B#2/ �#Qp2 Bb ;Bp2M �b

Sβ = (1− ξβscat − ξnγ)S
cent
βcand UR3V

= (1− ξβscat − ξnγ)
(1 + ξshutterγ )(1 + ξβpileup)(S

− − ξHe
sepSHe)

(1 + ξC)

≃
(
1− ξHe

sep
SHe

S− − ξC + ξshutterγ − ξβscat − ξnγ + ξβpileup

)
S−.

*Q``2+iBQMb �M/ mM+2`i�BMiB2b 7Q` Sβ BM a2`B2b e �`2 bmKK�`Bx2/ BM h�#H2 8X LQi2 i?�i ξβsep Bb
#m/;2i2/ BM εβ X

h�#H2 8 *Q``2+iBQM �M/ mM+2`i�BMiv #m/;2ib Q7 Sβ Ua2`B2b eV
h2`K *Q``2+iBQMUWV lM+2`i�BMiv UWV

ai�iBbiB+ Q7 S− RXd stat

JBb+H�bbB}2/ BQM 2p2Mib (−ξHe
sepSHecand/S−) yXy +0.0

−0.3

*QMi�KBM�iBQM Q7 12*UM-γV13* (−ξC) yXy +0.0
−0.3

γ@`�v b?B2H/BM; #v M2mi`QM b?mii2` (ξshutterγ ) −yXj yXj
a+�ii2`2/ M2mi`QM U−ξβscatV −yXk yXyk

L2mi`QM@BM/m+2/ γ@`�v U−ξnγV −RXj kXy stat
+0.5
−0.1 sys

SBH2mT (ξβpileup) +0.2 +0.4
−1.2

Sβ kXe stat
+0.6
−1.3 sys

jXdX 1{+B2M+v εHe �M/ εβ
h?2 /2i2+iBQM 2{+B2M+B2b- εHe �M/ εβ BM 1[X URV- r2`2 +�H+mH�i2/ #v i?2 bBKmH�iBQMX aBM+2 i?2
i`B;;2` BM2{+B2M+v 7Q` i?2 M2mi`QM /2+�v �M/ 3>2UM-TV3> rBi?Qmi b+�ii2`BM; r2`2 2biBK�i2/
iQ #2 bK�HH 2MQm;? 7`QK i?2 bBKmH�iBQM U< 10−3 �M/ < 10−4- `2bT2+iBp2HvV- i?2 bvbi2K�iB+
mM+2`i�BMiB2b Q7 i?2 2{+B2M+B2b r2`2 2p�Hm�i2/ 7Q` i?2 2p2Mi b2H2+iBQMb /2b+`B#2/ BM i?2 7Q`K2`
bm#b2+iBQMbX q2 bmKK�`Bx2/ i?2 `2bmHib Q7 i?2 +mi 2{+B2M+B2b �M/ mM+2`i�BMiB2b Q7 εHe �M/
εβ BM h�#H2 e �M/ dX h?2 p�Hm2 BM i?2 2{+B2M+v +QHmKM 7Q` 2�+? +mi K2�Mb i?2 `�iBQ Q7 i?2
M2mi`QM /2+�v r?B+? r�b `2D2+i2/ r?2M QMHv i?2 +Q``2bTQM/BM; +mi r�b �TTHB2/X

h?2 mM+2`i�BMiB2b Q7 i?2 +mi 2{+B2M+B2b r2`2 2biBK�i2/ #v i�FBM; BMiQ �++QmMi TQbbB#H2
/2pB�iBQMb Q7 i?2 +mi i?`2b?QH/bX 6Q` BMbi�M+2- i?2 /Bb+`2T�M+v #2ir22M i?2 K2�bm`2K2Mi �M/
i?2 bBKmH�iBQM BM i?2 2M2`;v bT2+i`� Q7 i?2 +QbKB+@`�vb 7Q` �HH K2�bm`2K2Mi b2`B2b r�b 8ĜNW �b
b?QrM BM 6B;X 8X >2M+2 r2 �++QmMi2/ 7Q` � +?�M;2 r?2M i?2 +mi i?`2b?QH/ BM 2M2`;v r�b b?B7i2/
#v i?2 /Bb+`2T�Mi p�Hm2 �b � +mi mM+2`i�BMivX h?2 mM+2`i�BMiB2b 7Q` i?2 Efield

max +mi �M/ i?2 HQr
2M2`;v +mi �i UEanode

thres r2`2 Q#i�BM2/ BM i?Bb r�vX h?2 mM+2`i�BMiB2b 7Q` i?2 Qi?2` +mib r2`2
2biBK�i2/ BM i?2 b�K2 K�MM2`X 6Q` i?2 i`�+F ;2QK2i`v UvV- i?2 MQM@mMB7Q`KBiv Q7 NX8W Q7 i?2
/`B7i p2HQ+Biv r�b +QMbB/2`2/X h?2 mM+2`i�BMiv #v i?2 i`BiBmK +mi r�b 2biBK�i2/ �b i?2 rB/i?
Q7 i?2 5.9 keV s@`�vb QM i?2 T2�Ff7mHH@BMi2;`�iBQM `�iBQ BM i?2 r�p27Q`KX h?2 mM+2`i�BMiB2b Q7
i?2 i?`2b?QH/ Q7 XE +QmH/ #2 +�mb2/ #v i?2 KBb�HB;MK2Mi Q7 i?2 #2�K TQbBiBQM- r?B+? r�b
2biBK�i2/ iQ #2 H2bb i?�M k KKX q2 #m/;2i2/ Rk KK- r?B+? +Q``2bTQM/b iQ R rB`2 rB/i?- 7Q`
i?2 +QMb2`p�iBp2 2biBK�iBQMX

k9

h�#H2 d 1{+B2M+v UεβV mM+2`i�BMiv #m/;2ib Ua2`B2b eV
*mi M�K2 1{+B2M+v UWV lM+2`i�BMiv UWV

Efield
max +mi UξβsepV −RXj +0.5

−0.7

GQr 2M2`;v +mi �i Eanode
thresh −yXj +0.1

−0.2

h`BiBmK /2+�v `2D2+iBQM −yXe yXye
h`�+F ;2QK2i`v Uy@/B`2+iBQMV −RXj yXk

h`�+F ;2QK2i`v UXEV −jXk yXyj
L2mi`QM TQH�`Bx�iBQM yXRj

W p�Hm2 7Q` /2+�v T`QiQM yXj8
εβ NjXN +0.6

−0.8

LQi2 i?�i bQK2 mM+2`i�BMiB2b �`2 MQi BM/2T2M/2Mic Sβ �M/ SHe- εβ �M/ εHe ?�p2 TQbB@
iBp2 +Q``2H�iBQMb i?`Qm;? Efield

max +mi- ?Qr2p2`- i?2 2z2+ib r2`2 M2;HB;B#H2 UIyXRWV #2+�mb2 i?2
mM+2`i�BMiB2b Q7 ξHe

sep �M/ εHe r2`2 bK�HH 2MQm;?X h?2 mM+2`i�BMiB2b Q7 ξβpileup �M/ ξHe
pileup- r?B+?

/2b+`B#2 ?Qr i?2 TBH2mT 2p2Mib r2`2 B/2MiB}2/- �HbQ ?�p2 � TQbBiBp2 +Q``2H�iBQM- r?BH2 i?Bb
2z2+i Bb �HbQ H2bb i?�M yXRW �M/ M2;HB;B#H2X h?2`2 �`2 Qi?2` T�`�K2i2`b r?B+? ?�p2 +Q``2@
H�iBQMbc ξβscat r�b /2i2`KBM2/ #v ξHe

scat- i?2 mM+2`i�BMiv Q7 εβ #v i?2 2M2`;v +mib UEfield
thres �M/

Eanode
thres V r2`2 #Qi? /2i2`KBM2/ #v i?2 /Bb+`2T�M+v #2ir22M i?2 K2�bm`2K2Mi �M/ i?2 bBKmH�@

iBQM Q7 i?2 +QbKB+@`�vX "2+�mb2 i?2v ?�/ M2;�iBp2 +Q``2H�iBQMb- r2 �/QTi i?2 [m�/`�iB+ bmK
Q7 mM+2`i�BMiB2b BM h�#H2 3 �b � +QMb2`p�iBp2 2biBK�i2 Q7 mM+2`i�BMiv 7Q` i?2 M2mi`QM HB72iBK2X

h�#H2 3 o�Hm2b �M/ lM+2`i�BMiv #m/;2ib Ua2`B2b eV
h2`K o�Hm2 lMBi _2H�iBp2 mM+2`i�BMivUWVg
SHe UjX83R ± 0.006 stat

+0.004
−0.002 sys)× 105 2p2Mib yXR3 stat

+0.11
−0.06 sys

Sβ URX99R ± 0.039 stat
+0.011
−0.018 sys)× 104 2p2Mib kXd stat

+0.8
−1.3 sys

εHe NNXNN +0.01
−0.00 sys % +0.01

−0.00 sys

εβ NjXN +0.6
−0.8 sys % +0.7

−0.9 sys

ρ kk3d ±10 sys 1016 �iQKb/m3 yX9 sys

σ0 5333± 7 sys 1028 m2 0.13 sys

v0 kkyy Kfb 2t�+i
τn 3eN ± k9 stat

+13
−11 sys b kXe stat

+1.5
−1.1 sys

6Q` 2�+? b2`B2b Q7 i?2 K2�bm`2K2Mi- � p�Hm2 Q7 i?2 M2mi`QM HB72iBK2 rBi? mM+2`i�BMiB2b r�b
/2`Bp2/ BM i?2 b�K2 K�MM2`X h?2 `2bmHib �`2 b?QrM BM h�#H2 NX q2 Q#b2`p2/ MQ bvbi2K�iB+
2z2+i /m2 iQ i?2 ρ p�Hm2b /2b+`B#2/ BM a2+X kXd BM i?2 T`2b2Mi b2MbBiBpBivX h?2 �p2`�;2 r�b
+�H+mH�i2/ #v }iiBM; QMHv rBi? bi�iBbiB+�H mM+2`i�BMiB2b- r?2`2 χ2fM/7 4 8X3f8X h?2 bvbi2K�iB+
mM+2`i�BMiB2b Q7 �HH K2�bm`2K2Mi b2`B2b r2`2 2tT2+i2/ iQ +Q``2H�i2 rBi? 2�+? Qi?2`X h?mb-
r2 i`2�i2/ i?2K �b iQ #2 7mHHv +Q``2H�i2/ �b +QMb2`p�iBp2 2biBK�iBQMc i?2 mTT2` �M/ HQr2`
bvbi2K�iB+ mM+2`i�BMiB2b r2`2 /2i2`KBM2/ #v i�FBM; �p2`�;2b Q7 i?2 /�i� TQBMib b?B7i2/ iQ RσX
"v +QK#BMBM; �HH K2�bm`2K2Mi b2`B2b- r2 Q#i�BM2/ � M2mi`QM HB72iBK2 Q7

τn = 898 ± 10 stat
+15
−18 sys s. UkyV

ke

K. Hirota, et. al., PTEP, to be published. 
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中性子β崩壊　角相関項
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中性子β崩壊　角相関項
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中性子β崩壊　角相関項

A項 寿命と組み合わせてCKM行列 Vud

D項 時間反転対称性の破れ
B項 超対称性模型に感度

相関項の電子エネルギー依存性

a項 陽子エネルギーから終状態相互作用を検証
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中性子β崩壊　角相関項
角相関　Ａ項
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PDGの最高値（PERKEOIII） 
A=-0.11985±0.00021  

主なAの誤差の原因 
•　偏極度　  ~ ΔA/A＝ 0.064% 
•　magnetic mirror effect    ~ ΔA/A＝ 0.045% 
•　統計　　　~ ΔA/A＝ 0.14%
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中性子β崩壊　角相関項
角相関　Ａ項

PERKEO	III実験

10.9.2013　PSI2013	
Bastian	Märkisch

43

Magnetic	field	:	

•	alignment	of	n−spin	

•	guide	e−,	p	onto	detectors	 
			⇒ 2	x	2	π	detector	

•	separation	into	hemispheres

detector

detector

neutron	beam

electron	tracks

B	=	150	mT

active	volume	~2m,	15x15cm²	

B	=	90	mT

54	water-cooled	copper	coils	
Total	Weight:		8	t	
Total	Length:		8	m	
Electric:	300	kW,	540	A

ソレノイド内を通過するパルス中性子からの	

Beta	decay電子をシンチレーターで検出。	

磁場に巻きつきながら検出器に到達する。
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中性子β崩壊　角相関項
角相関　Ａ項

The transition amplitude Vud of the CKM matrix [57,58]
can be derived with our result (4) and the neutron lifetime
(6) as input and using Eq. (3) from [20],

Vud ¼
!

5099.34 s
τnð1 þ 3λ2Þð1 þ ΔRÞ

"
1=2

¼ 0.97301ð10ÞRCð44Þτnð35Þλ
¼ 0.97301ð58Þ; ð5Þ

where ΔR includes both outer and universal radiative
corrections (RCs) and we use the value from [20].
Following Particle Data Group procedures, we update
the world average of the neutron lifetime measurements
to include new measurements [59–61],

τn ¼ 879.7ð8Þ s: ð6Þ

The neutron result Eq. (5) is in agreement with the
average result from superallowed beta decays of Vud ¼
0.97395ð23Þ [20], Eq. (4), and only 2.5 times less precise,
see also [56]. For comparison with earlier results, we note
that the universal radiative corrections have significantly

changed recently and also nuclear corrections are being
addressed [19,20]. Using the radiative corrections from
[62,63] instead, we obtain Vud ¼ 0.97351ð60Þ.
As a first application of our result to searches for new

physics, we derive an improved limit on hypothetical left-
handed tensor interaction. Following the scheme of [64,65]
and using our result of the beta asymmetry (4), our average
of the neutron lifetime (6), the average nuclear F t value
[20], and the limit on scalar interaction from [17], we obtain

−0.0048 < CT=CA < 0.0007; ð95% C:L:Þ: ð7Þ
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TABLE I. Summary of corrections to the measured experimen-
tal asymmetry and uncertainties. All quantities are given as
fractions ΔA=A of the asymmetry parameter. The fit parameter
actually is λ, but we list corrections on A for comparability with
earlier measurements.

Effect on
asymmetry A

Relative
correction
ð10−4Þ

Relative
uncertainty
ð10−4Þ

Neutron beam
Polarization and 90.7 6.4
Spin-flip efficiency

Background
Time variation −0.8 0.8
Chopper −1.9 0.7

Electrons
Magnetic mirror effect 46.1 4.5
Undetected backscattering 5.0 1.5
Lost backscatter energy 0 1.4

Electron detector
Dead time (5)a 0.35
Temporal stability 3.7
Nonuniformity 4.2 2.1
Nonlinearity ð−1Þa 4
Calibration (input data) 1

Theory
Radiative corrections ð−10Þa 1

Total systematics 138.1 10.3
Statistical uncertainty 14.0

Total 17.4
aAlready included in the fit results shown in Fig. 4: measured by
the data acquisition system or included in the fit function.

PHYSICAL REVIEW LETTERS 122, 242501 (2019)

242501-5
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中性子β崩壊　角相関項
角相関　Ａ項

UCNA実験　

B.	Plaster	et	al.,	PHYSICAL	REVIEW	C	86,	055501	(2012)

UCNを7Tの磁場で完全に	

偏極させ容器に閉じ込め
る。1Tのソレノイド磁場
で	

両端の検出器で測定す
る。	

検出器は低圧ガス検出器
とシンチレーター。
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中性子β崩壊　角相関項UCNA Data Sets

9PPNS 2018

δA/A Stat

[%]

δA/A Syst

[%] ‘𝑨𝑨’ Result

2007 4.0 1.8 PRL 102, 012301 (2009)

2008-9 0.74 1.1 PRL 105, 181803 (2010), PRC 86, 055501 (2012)

2010 0.46 0.82 PRC 87, 032501(R) (2013)

2011-13 0.37 0.56 PRC 97, 035505 (2018)

A0 = –0.12015(34)stat(63)syst

UCNA Combined 

2010 + 2011-2013:

Polarization:

0.56% → 0.17%



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 47

中性子β崩壊　角相関項

UCNA 2011-2013 Error Budget

20PPNS 2018
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中性子β崩壊　角相関項
角相関　a項 Next Leading Order項の測定
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FIG. 2. (Color online) The emiT-detector array. (a) Side view showing proton-detector planes, with 16 proton cells (2 × 8) in each plane, and
50-cm-long electron detectors. (b) End view showing the four proton-detector planes and four electron detectors. The magnetic field, directed
parallel to the average neutron velocity, causes the proton and electron trajectories to be curved as indicated by the greatly exaggerated paths
shown. In this paper, we refer to the magnitude of the relative angles between a proton detector and electron detector; e.g., for proton detector p1,
these are 35◦, 55◦, 125◦, and 145◦, for e4, e1, e3, and e2 respectively. For reference, distances are measured from the center of the detector array.

states, while the average of rates includes the spin-independent
β-neutrino correlation (a term).

In order to isolate the neutron-spin-dependent terms, we
define the asymmetry

wpiej = N
piej

+ − N
piej

−

N
piej

+ + N
piej

−
. (8)

In principle, the N
piej

± follow from integrating Eq. (2) over the
neutron beam, the detectors’ acceptances, electron momentum,
and neutrino angles for a fixed time so that

wpiej ≈
A⟨βeP · p̂e⟩+ B⟨P · p̂ν⟩+ D

〈
βe

(pp

pν

)
P · (p̂p × p̂e)

〉

⟨1⟩ + a⟨βep̂e · p̂ν⟩
,

(9)

where βe = ve/c is the electron velocity, P is the neutron
polarization at a given position, and the angle brackets (⟨ ⟩)
indicate that each term is averaged over energies, the neutron-
beam distribution, and solid angles for proton detector pi and
electron detector ej . As shown below, the D-coefficient term
can be isolated by forming a specific combination of wpiej that
cancels the parity-violating A and B correlations.

B. The ideal experiment

In order to explain the analysis technique, we begin by
considering an ideal experiment with uniform longitudinal
neutron polarization (P = P ẑ), uniform neutron-beam density,
and uniform efficiencies for all proton and electron detectors.
Consider a proton detected in p1 in coincidence with an
electron detected in either detector e2 or e3 as shown in Fig. 2.
(Coincidence rates of detectors with smaller relative angle,
e.g., p1 with e1 and e4, were about 15–25 times lower and were
not used to extract D in this analysis.) For longitudinal neutron
polarization, the asymmetry from Eq. (9) can be written as

wpiej ≈ P κpiej

[
D

〈
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(
pp

pν

)
ẑ · (p̂p × p̂e)

〉

+A⟨βe cos θe⟩ + B⟨cos θν⟩
]
, (10)

where θe and θν are the polar angles of the electron and
antineutrino with respect to the neutron polarization P, and

κpiej = 1
⟨1⟩ + a⟨βep̂e · p̂ν⟩

.

It is useful to define an instrumental constant that characterizes
the sensitivity of wpiej to the triple correlation, i.e., K

piej

D =
∂wpiej /∂D, or

K
piej

D ≈ κpiej

〈
βe

(
pp

pν

)
ẑ · (p̂p × p̂e)

〉
. (11)

The K
piej

D used in the analysis were determined by Monte
Carlo studies and are discussed in Sec. VI G.

To isolate the triple correlation, we note that the longitudinal
component of the cross product, ẑ · (p̂p × p̂e), has opposite
sign for p1e3 and p1e2 coincidences: for p1e3, it is positive, and
for p1e2, it is negative. Thus we form a difference of spin-flip
asymmetries for the two electron detectors. For example, for
p1 we have vp1 = 1

2 (wp1e3 − wp1e2 ). From Eq. (10), the vpi for
longitudinal polarization are

vp1 ≈ K̄DPD

+P
A

2
[κp1e3⟨βe cos θe⟩p1e3 − κp1e2⟨βe cos θe⟩p1e2 ]

+P
B

2
[κp1e3⟨cos θν⟩p1e3 − κp1e2⟨cos θν⟩p1e2 ], (12)

where K̄D = 1
2 (Kp1e3

D − K
p1e2
D ). Due to the P -odd, T -even

correlations combined with the strong anticorrelation of proton
and electron momenta, the asymmetries depend strongly on
the axial position of the proton cell. (Data are shown in
Figs. 12 and 13.) For example, if we assume D = 0, the
vpj and wpiej are equal but opposite for the upstream proton
cell and an axially symmetric downstream proton cell, e.g.,
vp1 = − vp15 . Also note that in the absence of the 560-µT
magnetic field, the vpi are opposite for the adjacent proton
cell, e.g., vp1 = − vp2 . Thus, for an ideal experiment with
uniform longitudinal polarization and beam, the average of
vpi from an upstream-downstream pair of proton cells (e.g.,
vp1 and vp15 ) or adjacent cells (e.g., vp1 and vp2 ) will cancel
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Conclusions: This is the most sensitive measurement of D in nuclear β decay. Our result can be interpreted as a
measurement of the phase of the ratio of the axial-vector and vector coupling constants (CA/CV = |λ|eiφAV ) with
φAV = 180.012◦ ± 0.028◦ (68% confidence level). This result can also be used to constrain time-reversal-violating
scalar and tensor interactions that arise in certain extensions to the Standard Model such as leptoquarks.
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I. INTRODUCTION

The symmetries of physical processes under the trans-
formations of charge conjugation (C), parity (P ), and time
reversal (T ) have played a central role in the development
of the Standard Model of elementary-particle interactions [1].
Time-reversal-symmetry violation (or T violation), which is
equivalent to CP violation under the assumption of CPT
symmetry, has been of particular interest because it is sensitive
to many kinds of new physics. The CP-violating parameters
of the Standard Model are the Cabibbo-Kobayashi-Maskawa
(CKM) phase, which enters in the mixing of three generations
of quarks, and the parameter θQCD . The effect of the CKM
phase is strongly suppressed in the permanent electric dipole
moments (EDMs) of the neutron [2] and heavy atoms [3,4], and
recent EDM results combine to set upper limits on θQCD . All
laboratory measurements to date are consistent with a single
source of CP violation, i.e., the phase in the CKM matrix.
An exception may be the 3.2σ deviation observed recently as
an asymmetry in the production of pairs of like-sign muons
reported by the D0 Collaboration [5].

In spite of this success, laboratory and astrophysical
observations, which include neutrinos with nonzero masses,

the abundance of nonbaryonic dark matter, and the baryon
asymmetry of the universe, provide strong evidence that the
Standard Model is incomplete. Generation of the baryon
asymmetry requires CP violation that cannot be accounted
for by Standard-Model physics [6,7]. This provides strong
motivation to search for new sources of CP violation. Such
CP-violating phases would also, in general, affect T -odd
observables in neutron decay, in particular, the T -odd, P -even
triple correlation in polarized neutron decay.

We have measured the triple correlation in the decay of
polarized neutrons at the NIST Center for Neutron Research
(NCNR) using the emiT apparatus [8– 10]. The D coefficient
is uniquely sensitive to the relative phase of vector and axial-
vector β-decay amplitudes and is also sensitive to scalar and
tensor currents. Our result, first reported in Ref. [11], sets a
new limit on this phase as well as on certain combinations of
scalar and tensor currents.

This paper presents the details of the experiment and
analysis and examines the implications of this result. The
paper is organized as follows: The context of the measurement
is presented in the remainder of this introduction. In Sec. II
the measurement principle based on the symmetries of the
apparatus is presented. The Monte Carlo simulations used

035505-10556-2813/2012/86(3)/035505(19) ©2012 American Physical Society

PHYSICAL REVIEW C 86 , 035505 (2012)

Search for a T -odd, P-even triple correlation in neutron decay

T. E. Chupp,1 R. L. Cooper,1 K. P. Coulter,1 S. J. Freedman,2 B. K. Fujikawa,2 A. Garcı́a,3,4 G. L. Jones,5 H. P. Mumm,6

J. S. Nico,6 A. K. Thompson,6 C. A. Trull,7 F. E. Wietfeldt,7 and J. F. Wilkerson3,8,9

1University of Michigan, Ann Arbor, Michigan 48104, USA
2Physics Department, University of California, Berkeley, and Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

3CENPA and Physics Department, University of Washington, Seattle, Washington 98195, USA
4Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA

5Physics Department, Hamilton College, Clinton, New York 13323, USA
6National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

7Physics Department, Tulane University, New Orleans, Louisiana 70118, USA
8Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599, USA

9Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
(Received 28 May 2012; published 14 September 2012)

Background: Time-reversal-invariance violation, or equivalently CP violation, may explain the observed
cosmological baryon asymmetry as well as indicate physics beyond the Standard Model. In the decay of
polarized neutrons, the triple correlation D⟨J⃗n⟩/Jn · (β⃗e × p̂ν) is a parity-even, time-reversal-odd observable
that is uniquely sensitive to the relative phase of the axial-vector amplitude with respect to the vector amplitude.
The triple correlation is also sensitive to possible contributions from scalar and tensor amplitudes. Final-state
effects contribute to D at the level of 10−5 and can be calculated with a precision of 1% or better.
Purpose: We have improved the sensitivity to T -odd, P -even interactions in nuclear β decay.
Methods: We measured proton-electron coincidences from decays of longitudinally polarized neutrons with
a highly symmetric detector array designed to cancel the time-reversal-even, parity-odd Standard-Model
contributions to polarized neutron decay. Over 300 million proton-electron coincidence events were used to
extract D and study systematic effects in a blind analysis.
Results: We find D = [−0.94 ± 1.89(stat) ± 0.97(sys)] × 10−4. This differs from the result of our recent paper
[Phys. Rev. Lett. 107 , 102301 (2011)] due to refinement of corrections for background and backscattering.
Conclusions: This is the most sensitive measurement of D in nuclear β decay. Our result can be interpreted as a
measurement of the phase of the ratio of the axial-vector and vector coupling constants (CA/CV = |λ|eiφAV ) with
φAV = 180.012◦ ± 0.028◦ (68% confidence level). This result can also be used to constrain time-reversal-violating
scalar and tensor interactions that arise in certain extensions to the Standard Model such as leptoquarks.

DOI: 10.1103/PhysRevC.86.035505 PACS number(s): 24.80.+y, 11.30.Er, 12.15.Ji, 13.30.Ce

I. INTRODUCTION

The symmetries of physical processes under the trans-
formations of charge conjugation (C), parity (P ), and time
reversal (T ) have played a central role in the development
of the Standard Model of elementary-particle interactions [1].
Time-reversal-symmetry violation (or T violation), which is
equivalent to CP violation under the assumption of CPT
symmetry, has been of particular interest because it is sensitive
to many kinds of new physics. The CP-violating parameters
of the Standard Model are the Cabibbo-Kobayashi-Maskawa
(CKM) phase, which enters in the mixing of three generations
of quarks, and the parameter θQCD . The effect of the CKM
phase is strongly suppressed in the permanent electric dipole
moments (EDMs) of the neutron [2] and heavy atoms [3,4], and
recent EDM results combine to set upper limits on θQCD . All
laboratory measurements to date are consistent with a single
source of CP violation, i.e., the phase in the CKM matrix.
An exception may be the 3.2σ deviation observed recently as
an asymmetry in the production of pairs of like-sign muons
reported by the D0 Collaboration [5].

In spite of this success, laboratory and astrophysical
observations, which include neutrinos with nonzero masses,

the abundance of nonbaryonic dark matter, and the baryon
asymmetry of the universe, provide strong evidence that the
Standard Model is incomplete. Generation of the baryon
asymmetry requires CP violation that cannot be accounted
for by Standard-Model physics [6,7]. This provides strong
motivation to search for new sources of CP violation. Such
CP-violating phases would also, in general, affect T -odd
observables in neutron decay, in particular, the T -odd, P -even
triple correlation in polarized neutron decay.

We have measured the triple correlation in the decay of
polarized neutrons at the NIST Center for Neutron Research
(NCNR) using the emiT apparatus [8– 10]. The D coefficient
is uniquely sensitive to the relative phase of vector and axial-
vector β-decay amplitudes and is also sensitive to scalar and
tensor currents. Our result, first reported in Ref. [11], sets a
new limit on this phase as well as on certain combinations of
scalar and tensor currents.

This paper presents the details of the experiment and
analysis and examines the implications of this result. The
paper is organized as follows: The context of the measurement
is presented in the remainder of this introduction. In Sec. II
the measurement principle based on the symmetries of the
apparatus is presented. The Monte Carlo simulations used

035505-10556-2813/2012/86(3)/035505(19) ©2012 American Physical Society

PHYSICAL REVIEW C 86 , 035505 (2012)

Search for a T -odd, P-even triple correlation in neutron decay

T. E. Chupp,1 R. L. Cooper,1 K. P. Coulter,1 S. J. Freedman,2 B. K. Fujikawa,2 A. Garcı́a,3,4 G. L. Jones,5 H. P. Mumm,6

J. S. Nico,6 A. K. Thompson,6 C. A. Trull,7 F. E. Wietfeldt,7 and J. F. Wilkerson3,8,9

1University of Michigan, Ann Arbor, Michigan 48104, USA
2Physics Department, University of California, Berkeley, and Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

3CENPA and Physics Department, University of Washington, Seattle, Washington 98195, USA
4Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA

5Physics Department, Hamilton College, Clinton, New York 13323, USA
6National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

7Physics Department, Tulane University, New Orleans, Louisiana 70118, USA
8Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599, USA

9Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
(Received 28 May 2012; published 14 September 2012)

Background: Time-reversal-invariance violation, or equivalently CP violation, may explain the observed
cosmological baryon asymmetry as well as indicate physics beyond the Standard Model. In the decay of
polarized neutrons, the triple correlation D⟨J⃗n⟩/Jn · (β⃗e × p̂ν) is a parity-even, time-reversal-odd observable
that is uniquely sensitive to the relative phase of the axial-vector amplitude with respect to the vector amplitude.
The triple correlation is also sensitive to possible contributions from scalar and tensor amplitudes. Final-state
effects contribute to D at the level of 10−5 and can be calculated with a precision of 1% or better.
Purpose: We have improved the sensitivity to T -odd, P -even interactions in nuclear β decay.
Methods: We measured proton-electron coincidences from decays of longitudinally polarized neutrons with
a highly symmetric detector array designed to cancel the time-reversal-even, parity-odd Standard-Model
contributions to polarized neutron decay. Over 300 million proton-electron coincidence events were used to
extract D and study systematic effects in a blind analysis.
Results: We find D = [−0.94 ± 1.89(stat) ± 0.97(sys)] × 10−4. This differs from the result of our recent paper
[Phys. Rev. Lett. 107 , 102301 (2011)] due to refinement of corrections for background and backscattering.
Conclusions: This is the most sensitive measurement of D in nuclear β decay. Our result can be interpreted as a
measurement of the phase of the ratio of the axial-vector and vector coupling constants (CA/CV = |λ|eiφAV ) with
φAV = 180.012◦ ± 0.028◦ (68% confidence level). This result can also be used to constrain time-reversal-violating
scalar and tensor interactions that arise in certain extensions to the Standard Model such as leptoquarks.

DOI: 10.1103/PhysRevC.86.035505 PACS number(s): 24.80.+y, 11.30.Er, 12.15.Ji, 13.30.Ce

I. INTRODUCTION

The symmetries of physical processes under the trans-
formations of charge conjugation (C), parity (P ), and time
reversal (T ) have played a central role in the development
of the Standard Model of elementary-particle interactions [1].
Time-reversal-symmetry violation (or T violation), which is
equivalent to CP violation under the assumption of CPT
symmetry, has been of particular interest because it is sensitive
to many kinds of new physics. The CP-violating parameters
of the Standard Model are the Cabibbo-Kobayashi-Maskawa
(CKM) phase, which enters in the mixing of three generations
of quarks, and the parameter θQCD . The effect of the CKM
phase is strongly suppressed in the permanent electric dipole
moments (EDMs) of the neutron [2] and heavy atoms [3,4], and
recent EDM results combine to set upper limits on θQCD . All
laboratory measurements to date are consistent with a single
source of CP violation, i.e., the phase in the CKM matrix.
An exception may be the 3.2σ deviation observed recently as
an asymmetry in the production of pairs of like-sign muons
reported by the D0 Collaboration [5].

In spite of this success, laboratory and astrophysical
observations, which include neutrinos with nonzero masses,

the abundance of nonbaryonic dark matter, and the baryon
asymmetry of the universe, provide strong evidence that the
Standard Model is incomplete. Generation of the baryon
asymmetry requires CP violation that cannot be accounted
for by Standard-Model physics [6,7]. This provides strong
motivation to search for new sources of CP violation. Such
CP-violating phases would also, in general, affect T -odd
observables in neutron decay, in particular, the T -odd, P -even
triple correlation in polarized neutron decay.

We have measured the triple correlation in the decay of
polarized neutrons at the NIST Center for Neutron Research
(NCNR) using the emiT apparatus [8– 10]. The D coefficient
is uniquely sensitive to the relative phase of vector and axial-
vector β-decay amplitudes and is also sensitive to scalar and
tensor currents. Our result, first reported in Ref. [11], sets a
new limit on this phase as well as on certain combinations of
scalar and tensor currents.

This paper presents the details of the experiment and
analysis and examines the implications of this result. The
paper is organized as follows: The context of the measurement
is presented in the remainder of this introduction. In Sec. II
the measurement principle based on the symmetries of the
apparatus is presented. The Monte Carlo simulations used

035505-10556-2813/2012/86(3)/035505(19) ©2012 American Physical Society

SEARCH FOR A T -ODD, P -EVEN TRIPLE . . . PHYSICAL REVIEW C 86, 035505 (2012)

TABLE I. Expected contributions to D̸T for
neutron decay from parameters of the Standard
Model and beyond-Standard-Model physics based
on measurements in other systems. The broad
range of limits arises in the cases of significant
model dependence.

Source Limit on D̸T

CKM phase 10− 12

θQCD 2 × 10− 15

Left-right symmetry 10 − 7–10− 5

Non-SM fermions 10− 7–10− 5

Charged Higgs SUSY 10− 7–10− 6

Leptoquark 10− 5–10− 4

interactions [23–27]. For the neutron EDM, this limit is more
stringent than the sensitivity of the experiment described here
by as much as an order of magnitude. This argument is based on
the assumption of complete absence of cancellations between
different contributions to the neutron EDM, which cannot be
a priori excluded [27]. Table I summarizes the contributions
to D ̸T from the Standard Model and extensions.

C. Recent results

The two most recent measurements of D in neutron decay
are from emiT-I and the TRINE experiment at the Institute
Laue Langevin, Grenoble (ILL). For emiT-I, D = [ − 6 ±
12(stat) ± 5(sys)] × 10− 4 [9], and the TRINE result was D =
[ − 2.8 ± 6.4(stat) ± 3.0(sys)] × 10− 4 [28]. The Particle Data
Group average for the neutron [20] also includes results from
Refs. [29–31]. A measurement in 19Ne, where the final-state
interactions are more than an order of magnitude larger than
for the neutron, resulted in D19Ne = [0.7 ± 6] × 10− 4 [32,33].
We also note that the R coefficient of the T -odd, P -odd
correlation Jn · (pe × σ e), which is linearly sensitive to S and
T amplitudes, has recently been measured for the neutron [34]
and for 8Li [35].

II. THE emiT-II EXPERIMENT

The emiT experiment was designed to measure proton-
electron coincidences in the decay of neutrons polarized along
the axis of an array of detectors. The symmetry of the detector
array allowed us to discriminate the triple correlation from the
T -even, P -odd A- and B-coefficient correlations. The layout
of the experiment is shown in Fig. 1. The cold neutron beam
was transported by the neutron guide NG6 to the experiment.
The neutrons were polarized and passed through a spin flipper.
Downstream of the spin flipper, neutron spins were adiabati-
cally transported through rotation of the magnetic field to the
longitudinal direction, along the axis of the detector array.

The detector array, illustrated in Fig. 2, consists of four
electron detectors alternating with four proton-detector
planes arranged in an octagonal geometry concentric with
the neutron beam. Each of the four proton-detector planes
consists of 16 separate cells arranged in two rows of eight
cells. The protons are detected by negatively biased surface
barrier detectors (SBDs) that are incorporated into focusing
cells as illustrated in Fig. 3. Within the fiducial volume of the
detector array, neutrons are polarized parallel or antiparallel
to the magnetic field depending on the state of the spin flipper.
The magnetic field in the detector region is approximately
560 µT in magnitude and is nominally aligned parallel to the
neutron beam and detector axis.

A. Electron-proton coincidence events

The data set consists of 512 sets of coincidence events from
the combination of the 64 proton cells and the four electron
detectors for the two spin-flipper states. The total number of
counts for a given run time is labeled as N

piej

± , where the ±
indicates the spin-flipper state (neutrons nominally parallel or
opposite to the magnetic field B), pi labels the proton cell, and
ej labels the electron detector. The neutron-spin dependence of
the count rates depends on the correlations labeled by A, B, and
D and is given by the difference of rates for the two spin-flipper
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FIG. 1. Layout of the emiT-II experiment beamline. The neutron beam is nominally unpolarized upstream of the polarizer and is vertically
polarized downstream. Polarized neutrons are guided within beryllium-coated glass tubes to the detector. As shown, the spin flipper reverses
the direction of the vertical magnetic field B over a short distance so that the neutron spin Jn, which remains polarized vertically upward,
reverses with respect to the magnetic field. Downstream of the spin flipper, solenoids rotate the magnetic field into the horizontal direction,
parallel to the neutron beam.
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Neutron EDM

Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

EDMs of diamagnetic 
atoms (Hg,Xe,Ra,Rn)

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

Spin is reversed. 

T reversal
＋
-

＋
-

Electric charges 

don’t change.

u
d
d

u
d
d

s,b s,b

c,tc,t

γ

W-

W+

d~

χ0

u
d
d

u
d
d

γ

d~

Standerd Model : New Physics (SUSY ...) :
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原子核EDM

Coefficient values, from the compilation of:  
[J. Engel et al., Prog. Part. Nucl. Phys. 71 (2013) 21]

( ) ( ) ( )
( ) ( ) ( )
( ) ( )

2.3 17 1.6 17 3.9 20
Hg 0.19 4.9 0.0

2.3 18 1.7 18 2 21
Xe 0.

(0) (1)
T

(0) (1)
T

(0)

11 0.11 0

14 1)6
n

(1

0.38 10 0 10 2.0 10

0.29 10 0.22 10 4 10

1.5 10 1.4 10

NN NN

NN NN

NN NN

g g Cd

g C

g g

d

d

g

π π

π π

π π

+ − + − + −
− − −

+ − + − + −
− − −

− −

= − × ⋅ + × ⋅ − × ⋅

= − × ⋅ − × ⋅ + × ⋅

= − × ⋅ + × ⋅

:  Vanishingly small contribution fromHgd (1)
NNgπ

:  No contribution fromnd TC

 

nucleon EDMs Nucleon-electron int.

Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

EDMs of diamagnetic 
atoms (Hg,Xe,Ra,Rn)

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings
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複合核共鳴における対称性の破れ

Neutron 
EDM (    )

atomic

QCD

Fundamental 
CP phases

TeV

Energy

nuclear

EDMs of paramagnetic 
molecules

 (YbF, PbO, HfF+)
Atoms in traps (Tl,Rb,Cs)

EDMs of diamagnetic 
atoms (Hg,Xe,Ra,Rn)

EDMs of nuclei 
and ions   

(deuteron, etc)

Muon EDM

Pospelov Ritz, Ann Phys 318 (05) 119

gluon
self-couplings

eN couplings

基本的CPの破れ

gπNN

Pospelov Ritz, Ann Phys 318 (05) 119

page

Title(核子を使ったCP violationの探索実験) 
Conf(RCNP Meeting “CP-violation in elementary particles and composite systems”) 
Date(2014/11/10) At(RCNP) 8

核子を使ったCP violationの探索実験

nucleon EDM T-odd P-odd pion-nucleon couplings

T-odd P-odd pion-nucleon coupling



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 58

対称性の破れの増幅
P-violation in NN interaction

p p

−(1.7±0.8)×10−715MeV
−(2.3±0.8)×10−745MeV
−(1.3±0.8)×10−745MeV
−(2.4±1.1±0.1)×10−7800MeV

核子-核子　反応での P非対称度
15MeV -(1.7±0.8)×10-7

45MeV -(2.3±0.8)×10-7

800MeV -(2.4±1.1±0.1)×10-7

中性子-原子核　反応での P非対称度Epithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

81Br(En=0.88eV)
111Cd(En=4.53eV)

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

139La 0.097±0.003En = 0.734 eV
81Br 0.021±0.001En = 0.734 eV

111Cd -(0.013 +0.007-0.004)En = 4.53 eV

隣接するs波とp波の干渉によって、非対称度が 106 増幅する

s波の裾

p波



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 58

対称性の破れの増幅
P-violation in NN interaction

p p

−(1.7±0.8)×10−715MeV
−(2.3±0.8)×10−745MeV
−(1.3±0.8)×10−745MeV
−(2.4±1.1±0.1)×10−7800MeV

核子-核子　反応での P非対称度
15MeV -(1.7±0.8)×10-7

45MeV -(2.3±0.8)×10-7

800MeV -(2.4±1.1±0.1)×10-7

中性子-原子核　反応での P非対称度Epithermal Neutron Capture Reactions

n A
139La(En=0.734eV) 0.097±0.003

81Br(En=0.88eV)
111Cd(En=4.53eV)

0.021±0.001

−(0.013+0.007−0.004)

of p-wave resonance 
cross section

~ 2% of total cross section

139La 0.097±0.003En = 0.734 eV
81Br 0.021±0.001En = 0.734 eV

111Cd -(0.013 +0.007-0.004)En = 4.53 eV

隣接するs波とp波の干渉によって、非対称度が 106 増幅する

p波共鳴の断面積に対して
全断面積のおよそ２％
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P対称性の破れの増幅
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P対称性の破れの増幅
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時間反転対称性の破れの増幅
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Title(Introduction to NOP-T) 
Conf(Consolidation Meeting on NOP-T) 
Date(2015/06/30) At(Nagoya) 28

The interference between s-wave and p-wave 
results in 
the interference between partial waves with different channel spin.

T-violation
Compound State

representation changes

異なるチャンネルスピンの部分波間の干渉によって
時間反転対称性の破れでも、 
同様の増幅効果がある
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時間反転対称性の破れに対する感度
異なるチャンネルスピンの部分波間の干渉によって
時間反転対称性の破れでも、同様の増幅効果がある

T-violation
P-violationgCP/gP

Estimation in effective field theory
Y.-H.Song et al., Phys. Rev. C83 (2011) 065503

compare with EDM

from upper limit of nEDM

��CP = (J)
WT

W
��P

となる。ちなみに 式 3の値を使った場合は |WT/W | < 2.7 × 10−3、 加重平均された値を使った
場合は |WT/W | < 8.7× 10−4 となる。

式 4で計算した値を使って 139Laの p-waveにおける T-violating cross section ∆σTをGudkov

の計算式 [1]を使って計算する。139Laの p-waveでの全断面積 15 barnに対して 2%のP-violation

があるので P-violating cross section ∆σP = 0.3 barn。κ(J)=0.89を使うと

|∆σT| = κ(J)

∣∣∣∣
WT

W

∣∣∣∣∆σP

→ |∆σT| < 1.0× 10−4 barn (6)

となる。

2 散乱振幅の各係数の見積もり
中性子が原子核に吸収され複合核を作る際の前方散乱振幅 f ′ を以下のように書く。

f ′ = A′ +B′(σ · I) + C ′(σ · k) +D′σ · (I × k) (7)

厚さを持つターゲットを使う場合、入射中性子呼び、透過中性子を表すスピノル Ui と Uf の関係は

Uf = SUi, S = ei(n−1)kz, n = 1 +
2πρ

k2
f (8)

であり、
S = A+B(σ · I) + C(σ · k) +Dσ · (I × k) (9)

A = eiZA′
cos b

B = eiZA′ sin b

b
ZB′

C = eiZA′ sin b

b
ZC ′

D = eiZA′ sin b

b
ZD′

Z = 2πρz/k

b = Z
√
B′2 + C ′2 +D′2 (10)

となる (A′、B′、C ′、D′、A、B、C、D、b は複素数)。
T-violationの効果は、図 1のように偏極中性子をターゲット偏極と垂直に入射した際の透過ビー
ムの偏極非対称度を通して探索すると最も効率が良い。上述の散乱振幅を使用して以下を計算
する。

Ax = 4(ReA∗D+ ImB∗C)

Px = 4(ReA∗D− ImB∗C)

Ax + Px = 8ReA∗D (11)

2

from upper limit of Hg EDM

139Laを用いた T-violation探索実験の測定時間

奥平琢也
名古屋大学 φ研

2017年 12月 21日

1 WT/W の計算
基礎相互作用における T-violating interaction と P-violating interaction の大きさ WT/W を
きちんと見積もる。Neutron- Deuteron 散乱における T-odd P-odd cross sectionと P-odd cross

sectionの比は Y.H.Songらによって求められている [2]. これがWT/W に等しいとする。

WT
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T-violating pion coupling constant ḡ(0)π と ḡ(1)π に関してはそれぞれ以下のように n-EDM search

と 199Hg-EDM searchから制限がかかっている。

ḡ(0)π < 2.5× 10−10, ḡ(1)π < 0.5× 10−11 (2)

P-violating pion coupling constant h1
π に関しては値が明確に公表されているわけではないが、二

つの実験で測定されている。一つは Bowmanらによる 18Fを使用した実験で、Zero consistentな
結果が得られている。

h1
π = (0.456± 0.913)× 10−7 [4] (3)

もう一つは NPDGamma Collaborationによる n+p→d+γ 反応を使った実験で、ゼロではない結
果が得られている。これは Flyの Doctor論文に乗っていた Preliminaryな結果であり、未だ最終
的な値は publishされておらず、今後この値は変わりうる。

h1
π = (3.04± 1.23)× 10−7 [5] (4)

本計算ではより単純な系であると言う観点から (2)の値を使用する。ちなみにこの二つの値の加重
平均をとると h1

π = (1.37± 0.77)× 10−7 となる。
式 4の値を使用した場合、 ∣∣∣∣

WT

W

∣∣∣∣< 3.9× 10−4 (5)
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��CP = (J)
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��P~ 1

1.4. Overview and organization of this thesis 5

enhanced with a large atomic number, and the paramagnetic enhancement of the electron EDM is given
by [20, 21, 22]

dpara(de) ∼ 10
Z3α

J(J + 1/2)(J + 1)2
de, (1.10)

where J is the angular momentum, Z is the atomic number. The current best limit on the electron EDM
is given by a measurement using the molecule YbF [23] as,

|de| < 10.5× 10−28e · cm (90%C.L). (1.11)

On the other hand, nuclear EDMs have been studied in massive atoms such as xenon and mercury, whose
total electron angular momentum equal to zero. Although this method has the advantage to be able to
accumulate statistics over a long time, the effect from EDM will be reduced by the interaction of the
electron cloud with the E field [24]. The best limit for nuclear EDM is given by the measurement using
199Hg as [25]

|dHg| < 3.1× 10−29e · cm (95%C.L). (1.12)

The neutron EDM (nEDM) has also been studied for a long time. It is advantageous that neutron is a more
simple system than the massive atom to compare the experimental results and theoretical calculations.
However it is hard to collect statics over a long time due to the life time of neutron and a difficulty to
generate neutrons. The history of the upper limit of nEDM is shown in Fig 1.2. Currently the most
sensitive nEDM search is given by the measurement using a storage method with ultracold neutrons
(UCN) at ILL as

|dn| < 2.9× 10−26e · cm (90%C.L). (1.13)

The nuclear EDM can be used to estimate nEDM, and the limit from 199Hg gives a similar sensitivity to
above nEDM limits.
Although a new type of neutron source for high-density UCN, which enable us to search the nEDM of
the order from 10−27 to 10−28 e·cm, has been internationally developed, the improvement of the upper
limit of the nEDM has saturated in recent years as shown in Fig 1.2. Thus a completely different method
with different systematic uncertainties is required to improve the experimental sensitivity to search for
T-violation.

1.4 Overview and organization of this thesis

We are proposing a new method to search for T-violation using a neutron induced compound nucleus.
Large enhanced P-violation has been observed in the neutron induced compound nucleus due to the in-

from NPDGamma
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due to the relation Γn
p = Γn

p,j= 1
2
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. A mixing angle φ of j = 1/2 and j = 3/2 components can
then be defined as

x = cosφ, y = sinφ. (2.17)

κ(J) is given as a function of x and y for the case of J = I − 1
2 and J = I − 3
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The formula indicates that the T-violation sensitivity strongly depends on the value of x and y or φ. As
examples, φ dependencies of κ(J) of 139La, 131Xe, 81Br and 117Sn are shown in Fig 2.3. The value
of κ(J) has not yet been measured in all nuclei, and it is necessary to determine κ(J) to estimate the
T-violating cross section by measuring x.
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2.2. Enhancement of T-violation in a compound nucleus 13

obtain N ∼ 105. Therefore the weak matrix element can be described as

|W | = | ⟨s|HPNC |p⟩ |

=

∣∣∣∣∣∣

N∑

ij

aibj ⟨i|HPNC |j⟩

∣∣∣∣∣∣

∼ ⟨i|HPNC |j⟩
N

×
√
N. (2.12)

Here, the condition that the phase of ai and bj appear at random are used in Eq 2.12. Therefore
2W/Ep − Es in Eq 2.7 can be written as

2W

Ep − Es
∼ |W |

D
∼ ⟨i|HPNC |j⟩

∆E

√
N, (2.13)

where ⟨i|HPNC |j⟩/∆E is the magnitude of the P-violating effect in the single particle state which
is order of ∼ 10−7, and

√
N = 102 ∼ 103. The factor 2W/(Ep − Es) is referred to as "dynamic

enhancement".
On the other hand,

√
Γn
s /Γ

n
p in Eq 2.7 is referred to as "structural enhancement". The neutron width

is proportional to a factor of the centrifugal potential, (kR)2l+1. If we use typical values of k ∼ 2 ×
10−4 fm−1 and R ∼10 fm, this enhancement factor

√
Γn
s /Γ

n
p is approximately 103. If we assume that x

is the order of 1, we can obtain AL ∼ 10−1, and the large enhancement in the compound nucleus can be
explained theoretically. However, x has not been determined.

2.2 Enhancement of T-violation in a compound nucleus

V. P. Gudkov predicted that CP-violation can be also enhanced through the same mechanism of P-
violation enhancement [48]. The T-violating cross section ∆σT is written as

∆σT = κ(J)
WT

W
∆σP (2.14)

where ∆σP is the P-violating cross section, WT and W are the T-violating and P-violating matrix ele-
ments, and κ(J) is a spin factor. κ(J) is represented by two channel spin components of S = I + 1/2

and S = I − 1/2 and the spin of the target nucleus I , and represented as
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x and y satisfy
x2 + y2 = 1 (2.16)
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The formula indicates that the T-violation sensitivity strongly depends on the value of x and y or φ. As
examples, φ dependencies of κ(J) of 139La, 131Xe, 81Br and 117Sn are shown in Fig 2.3. The value
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T-violating cross section by measuring x.
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κ(J)は核スピンとp波共鳴の部分幅の関数として書ける

κ(J)を決定するために 

φを測定する必要がある
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The formula indicates that the T-violation sensitivity strongly depends on the value of x and y or φ. As
examples, φ dependencies of κ(J) of 139La, 131Xe, 81Br and 117Sn are shown in Fig 2.3. The value
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κ(J)は核スピンとp波共鳴の部分幅の関数として書ける

κ(J)を決定するために 

φを測定する必要がある

2.2. Enhancement of T-violation in a compound nucleus 13

obtain N ∼ 105. Therefore the weak matrix element can be described as
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Here, the condition that the phase of ai and bj appear at random are used in Eq ??. Therefore 2W/Ep − Es

in Eq ?? can be written as

2W

Ep − Es
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∼ ⟨i|HPNC |j⟩
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√
N, (2.13)

where ⟨i|HPNC |j⟩/∆E is the magnitude of the P-violating effect in the single particle state which
is order of ∼ 10−7, and

√
N = 102 ∼ 103. The factor 2W/(Ep − Es) is referred to as "dynamic

enhancement".
On the other hand,

√
Γn
s /Γ

n
p in Eq ?? is referred to as "structural enhancement". The neutron width

is proportional to a factor of the centrifugal potential, (kR)2l+1. If we use typical values of k ∼ 2 ×
10−4 fm−1 and R ∼10 fm, this enhancement factor

√
Γn
s /Γ

n
p is approximately 103. If we assume that x

is the order of 1, we can obtain AL ∼ 10−1, and the large enhancement in the compound nucleus can be
explained theoretically. However, x has not been determined.

2.2 Enhancement of T-violation in a compound nucleus

V. P. Gudkov predicted that CP-violation can be also enhanced through the same mechanism of P-
violation enhancement [?]. The T-violating cross section ∆σT is written as

∆σT = κ(J)
WT

W
∆σP (2.14)

where ∆σP is the P-violating cross section, WT and W are the T-violating and P-violating matrix ele-
ments, and κ(J) is a spin factor. κ(J) is represented by two channel spin components of S = I + 1/2

and S = I − 1/2 and the spin of the target nucleus I , and represented as

x2 =
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, y2 =
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x and y satisfy
x2 + y2 = 1 (2.16)

j=1/2成分とj=3/2成分の
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The formula indicates that the T-violation sensitivity strongly depends on the value of x and y or φ. As
examples, φ dependencies of κ(J) of 139La, 131Xe, 81Br and 117Sn are shown in Fig 2.3. The value
of κ(J) has not yet been measured in all nuclei, and it is necessary to determine κ(J) to estimate the
T-violating cross section by measuring x.

[deg] 
1
φ

0 50 100 150 200 250 300 350

)|J(κ|

3−10

2−10

1−10

1

10

210

310
kappa_final(x*3.141592653589/180.,[0], [1])

zzzz

139La I=7/2 J=4

131Xe I=3/2 J=1

81Br I=3/2 J=2

117Sn I=1/2 J=1

139La I=7/2 J=4

131X
e I=3/2 J=1

117Sn I=1/2 J=1

81Br I=3/2 J=2

Figure 2.3: Comparison of the φ dependence of κ(J) for 139La (black line),131Xe (pink line) ,117Sn (blue
line) and 81Br (red line).

2.2. Enhancement of T-violation in a compound nucleus 13

obtain N ∼ 105. Therefore the weak matrix element can be described as

|W | = | ⟨s|HPNC |p⟩ |

=

∣∣∣∣∣∣

N∑

ij

aibj ⟨i|HPNC |j⟩

∣∣∣∣∣∣

∼ ⟨i|HPNC |j⟩
N

×
√
N. (2.12)

Here, the condition that the phase of ai and bj appear at random are used in Eq 2.12. Therefore
2W/Ep − Es in Eq 2.7 can be written as

2W

Ep − Es
∼ |W |

D
∼ ⟨i|HPNC |j⟩

∆E

√
N, (2.13)

where ⟨i|HPNC |j⟩/∆E is the magnitude of the P-violating effect in the single particle state which
is order of ∼ 10−7, and

√
N = 102 ∼ 103. The factor 2W/(Ep − Es) is referred to as "dynamic

enhancement".
On the other hand,

√
Γn
s /Γ

n
p in Eq 2.7 is referred to as "structural enhancement". The neutron width

is proportional to a factor of the centrifugal potential, (kR)2l+1. If we use typical values of k ∼ 2 ×
10−4 fm−1 and R ∼10 fm, this enhancement factor

√
Γn
s /Γ

n
p is approximately 103. If we assume that x

is the order of 1, we can obtain AL ∼ 10−1, and the large enhancement in the compound nucleus can be
explained theoretically. However, x has not been determined.

2.2 Enhancement of T-violation in a compound nucleus

V. P. Gudkov predicted that CP-violation can be also enhanced through the same mechanism of P-
violation enhancement [48]. The T-violating cross section ∆σT is written as

∆σT = κ(J)
WT

W
∆σP (2.14)

where ∆σP is the P-violating cross section, WT and W are the T-violating and P-violating matrix ele-
ments, and κ(J) is a spin factor. κ(J) is represented by two channel spin components of S = I + 1/2

and S = I − 1/2 and the spin of the target nucleus I , and represented as

x2 =
Γn
p,j= 1

2

Γn
p

, y2 =
Γn
p,j= 3

2

Γn
p

. (2.15)

x and y satisfy
x2 + y2 = 1 (2.16)

14 Chapter 2. Discrete symmetry violation in a compound nucleus

due to the relation Γn
p = Γn

p,j= 1
2

+ Γn
p,j= 3

2

. A mixing angle φ of j = 1/2 and j = 3/2 components can
then be defined as

x = cosφ, y = sinφ. (2.17)

κ(J) is given as a function of x and y for the case of J = I − 1
2 and J = I − 3

2

κ(J) =

⎧
⎪⎨

⎪⎩

(−1)2I
(
1 + 1

2

√
2I−1
I+1

y
x

)
(J = I − 1

2)

(−1)2I+1 I
I+1

(
1− 1

2

√
2I+3
I

y
x

)
(J = I + 1

2)
.

The formula indicates that the T-violation sensitivity strongly depends on the value of x and y or φ. As
examples, φ dependencies of κ(J) of 139La, 131Xe, 81Br and 117Sn are shown in Fig 2.3. The value
of κ(J) has not yet been measured in all nuclei, and it is necessary to determine κ(J) to estimate the
T-violating cross section by measuring x.

[deg] 
1
φ

0 50 100 150 200 250 300 350

)|J(κ|

3−10

2−10

1−10

1

10

210

310
kappa_final(x*3.141592653589/180.,[0], [1])

zzzz

139La I=7/2 J=4

131Xe I=3/2 J=1

81Br I=3/2 J=2

117Sn I=1/2 J=1

139L
a I=7/2 J=4

131X
e I=3/2 J=1

117Sn I=1/2 J=1

81B
r I=3/2 J=2

Figure 2.3: Comparison of the φ dependence of κ(J) for 139La (black line),131Xe (pink line) ,117Sn (blue
line) and 81Br (red line).

14 Chapter 2. Discrete symmetry violation in a compound nucleus

due to the relation Γn
p = Γn

p,j= 1
2

+ Γn
p,j= 3

2

. A mixing angle φ of j = 1/2 and j = 3/2 components can
then be defined as

x = cosφ, y = sinφ. (2.17)

κ(J) is given as a function of x and y for the case of J = I − 1
2 and J = I − 3

2

κ(J) =

⎧
⎪⎨

⎪⎩

(−1)2I
(
1 + 1

2

√
2I−1
I+1

y
x

)
(J = I − 1

2)

(−1)2I+1 I
I+1

(
1− 1

2

√
2I+3
I

y
x

)
(J = I + 1

2)
.

The formula indicates that the T-violation sensitivity strongly depends on the value of x and y or φ. As
examples, φ dependencies of κ(J) of 139La, 131Xe, 81Br and 117Sn are shown in Fig 2.3. The value
of κ(J) has not yet been measured in all nuclei, and it is necessary to determine κ(J) to estimate the
T-violating cross section by measuring x.

[deg] 
1
φ

0 50 100 150 200 250 300 350

)|J(κ|

3−10

2−10

1−10

1

10

210

310
kappa_final(x*3.141592653589/180.,[0], [1])

zzzz

139La I=7/2 J=4

131Xe I=3/2 J=1

81Br I=3/2 J=2

117Sn I=1/2 J=1

139La I=7/2 J=4

131X
e I=3/2 J=1

117Sn I=1/2 J=1

81Br I=3/2 J=2

Figure 2.3: Comparison of the φ dependence of κ(J) for 139La (black line),131Xe (pink line) ,117Sn (blue
line) and 81Br (red line).

κ(J)は核スピンとp波共鳴の部分幅の関数として書ける

κ(J)を決定するために 

φを測定する必要がある

2.2. Enhancement of T-violation in a compound nucleus 13

obtain N ∼ 105. Therefore the weak matrix element can be described as

|W | = | ⟨s|HPNC |p⟩ |

=

∣∣∣∣∣∣

N∑

ij

aibj ⟨i|HPNC |j⟩

∣∣∣∣∣∣

∼ ⟨i|HPNC |j⟩
N

×
√
N. (2.12)

Here, the condition that the phase of ai and bj appear at random are used in Eq ??. Therefore 2W/Ep − Es

in Eq ?? can be written as

2W

Ep − Es
∼ |W |

D
∼ ⟨i|HPNC |j⟩

∆E

√
N, (2.13)

where ⟨i|HPNC |j⟩/∆E is the magnitude of the P-violating effect in the single particle state which
is order of ∼ 10−7, and

√
N = 102 ∼ 103. The factor 2W/(Ep − Es) is referred to as "dynamic

enhancement".
On the other hand,

√
Γn
s /Γ

n
p in Eq ?? is referred to as "structural enhancement". The neutron width

is proportional to a factor of the centrifugal potential, (kR)2l+1. If we use typical values of k ∼ 2 ×
10−4 fm−1 and R ∼10 fm, this enhancement factor

√
Γn
s /Γ

n
p is approximately 103. If we assume that x

is the order of 1, we can obtain AL ∼ 10−1, and the large enhancement in the compound nucleus can be
explained theoretically. However, x has not been determined.

2.2 Enhancement of T-violation in a compound nucleus

V. P. Gudkov predicted that CP-violation can be also enhanced through the same mechanism of P-
violation enhancement [?]. The T-violating cross section ∆σT is written as

∆σT = κ(J)
WT

W
∆σP (2.14)

where ∆σP is the P-violating cross section, WT and W are the T-violating and P-violating matrix ele-
ments, and κ(J) is a spin factor. κ(J) is represented by two channel spin components of S = I + 1/2

and S = I − 1/2 and the spin of the target nucleus I , and represented as

x2 =
Γn
p,j= 1

2

Γn
p

, y2 =
Γn
p,j= 3

2

Γn
p

. (2.15)

x and y satisfy
x2 + y2 = 1 (2.16)

j=1/2成分とj=3/2成分の
混合角φを定義



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 64

非対称増幅効果の理論的研究
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今回の測定

電気双極子能率
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EDMとの関連
0でないと新物理が見つかったことになる

0でないと新物理が見つかったことになる

電気双極子能率

時間反転対称性を破るアイソスカラー結合定数

時間反転対称性を破るアイソテンソル結合定数

時間反転非対称パラメータ (leading terms)複合核反応

時間反転対称性を破るアイソベクトル結合定数
原子電子双極子能率の測定で小さいことが分かっている

電機双極子能率と相補的に 
パラメータ空間を探索

電機双極子能率とは 
異なる系統誤差で探索
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時間反転対称性の破れに対する感度
時間反転対称性の破れの増幅は、異なるチャンネルスピンの部分波間の干渉
成り立っているか実験的に確認する必要
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We would remind the reader that n, is the direction of the neutron moment, nY the 
direction of the y-quantum moment, u the neutron polarization, and A the y- 
quantum helicity. Expressions for the coefficients aO-u,, in terms of the invariant 
amplitudes VI-V4 (see eq. (15)) are given in appendix A. The P-even correlations 
without photon helicity (a,-CL,) are written down first, then the P-even with A 
(u5-a*), then the P-odd without A (~+-a,,) and, finally the P-odd correlations with 
A (ul~-ul,). We mark by the tilde the T-odd correlations &, &, c?,~, ~5,~. To avoid 
confusion let us stress that we here do not consider an interaction violating T- 

invariance. The corresponding correlations arise due to the resonance scattering 
phases. Expressions for the correlations are written down in such a way that if 
summation or integration over some variable (a, II,, A) is carried out, then all 
correlations containing this variable vanish. 

The origin of the correlations (17) can be seen without calculations. Arising in 
them, the neutron momentum is due to the p-wave capture. Therefore the P-even 
correlations, independent of the n, are due mainly to the s-wave capture If,l*, those 
dependent on the first power of n, by the interference of f, and f2, and those 
dependent on the second power of n, by the If212. The P-odd correlations, which 
are due to the interference of f3 and f4 with f, and f2, can be obtained from the 
P-even correlations by means of multiplication by A. This fact corresponds to the 
symmetry between the amplitudes fj and f, and f4 and f2 which has been discussed 
above. If one knows the origin of the correlation it is easy to determine the 
dependence of corresponding coefficient ai on neutron energy and give a rough 
estimate of its magnitude. Of course, this can be done using the exact formulae 
from appendix A. Expressions for the coefficients uO-a,,, presented in appendix A 
for the general case, are cumbersome. Therefore, we consider a simple example for 
which the most complete experimental data exist: the reaction “‘Sn(n, y) with 
transition to the ground state of “*Sn. The nucleus “‘Sn has spin I = f and positive 
parity. The ground state of “‘Sn has the quantum numbers Jp = O+. Therefore only 
the resonances with angular momentum J = 1 are important for us. Probably, the 
known p-wave resonance, E = 1.33 eV, has the angular momentum J,, = 1. The 
average distance between resonances in “‘Sn equals D- 100 eV. Therefore, at 
energies of the order of several eV it is enough to take into account this resonance 
only. AS far as the s-resonances are concerned, these are far from the domain of 
our interest. In order to see the scale of the amplitudes, we separate the contribution 
of the nearest s-wave resonance. We take into account the contribution of the other 
s-resonances and of the direct capture as the correction. Then the amplitudes Vi 

are as follows: 

1 h&(1+4 v _ 
1 
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where 
2Ji+l 

gi = 2(21+ 1) 

and wSP= i(slH&) is real. All summations over the s, p resonances are carried out 
at fixed J,, Jp, j. 

AS the basis states of the photon we use spherical waves. Therefore, for the 
calculation of the angular distribution one should use the wave function of the final 
y-quantum: 

+v =fi+MI +f2+E1 +_&hE, +hhlI . (16) 

The functions 1(1 M1 and $EI are determined by eqs. (8). Now 1 &.I* should be multiplied 
by the polarization density matrix of the y-quantum, then averaged over the polariz- 
ations of the initial nucleus and summed over the polarizations of the final nucleus. 
If we are not interested in the polarization of the y-quantum, then its density matrix 
should be taken in the form pAAS= hh S I (A is the y-quantum helicity). For the 
calculation of the average circular polarization, pAA, = A&,*,. It is possible to simplify 
the calculations based on the following fact: the factors depndent on the angular 
variables and momenta in the third and the fourth terms in eq. (16) can be obtained 
from the first and second terms by means of multiplication by the matrix AL?,,, in 
the space of helicity states (as the function $M, can be obtained from 4E1, see eq. 
(8)). Therefore it is enough to do calculations for the first and second terms in eq. 
(16). All the other results can be obtained by simple replacements: VI -, V, +A V,, 
V2+ V2 +hV,, A* = 1. For example, the interference of the first and third terms 
multiplied by the matrix phhr= Shhr, has the same structure as the squared first term 
multiplied by pAAP = A&*,. This means that the two pseudoscalars (weak interaction 
and the photon helicity A) are equivalent for angular variables. 

3. Cross section of the (n, y) reaction 

For the cross-section calculation, the formulae for the expansion of D-functions 
product and for the summation of 3-j symbols product, presented, for example, in 
ref. 19), should be used. After cumbersome calculations we obtain the following 
expression for the cross section of the reaction (n, y): 

da@,,, A) 
d&? 

=~{ao+al(nn * n,) +~?,a * [n,Xn,l+a3[(n, * n,)*-$1 

+i&(n, * n,)a - [n,xn,]+a5A(a - n,)+a,A(o - n,)+a,A 

x[(u * n,)(n; II,) -$(u . n,)] +a,A[(u - n,)(n, * ny) -8~ * +)I 

+adu - n,)+a,,(u . 4 +a,,[(u. n,)(n; nJ-4~ - dl 

+a12[(u - n,>(n,* n,>-f(u - n,)l+ad +ad(n,* n,) 

+a”,5Au.[n,Xn,]+a,,A[(n,.,n,)2-f] 

(17) Flambaum, Nucl. Phys. A435 (1985) 352

Unpol. neutrons

Pol. neutrons
3Heフィルタによって 
可能になった
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時間反転対称性の破れに対する感度

Mitchell, Phys. Rep. 354 (2001) 157En [eV]

|A
L| 

[%
]

139La

81Br

232Th

108Pd
232Th 113Cd 108Pd

232Th238U131Xe 107Ag
232Th

238U
232Th
121Sb

113Cd
232Th

127I115In

113Cd
117Sn

109Ag
115In

133Cs

縦
非
対
称
度

Pの非対称度

Pの非対称度が大きく 
中性子のエネルギーが 
小さいものが候補

だが、他ももちろん 
ありうる
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時間反転対称性の破れに対する感度

9

時間反転対称性の破れの候補核

P-violationが大きい

共鳴エネルギーが小さい

|κ(J)|が大きい

原子核スピンが小さい

自然同位体比が大きい

　核偏極技術

139La

◎
◎

7/2 △
◎

DNP

◎
⚪

3/2 ⚪

131Xe

△
?

OP

81Br

⚪
◎

3/2 ⚪
⚪
?

ー

117Sn

◎
⚪

1/2 ◎
×
?

ー
?

全ての原子核でκ(J)は未定。測定により決定する必要がある

伊藤 
 25pK309-7

古賀 
25pK309-6 

本実験では使用する核種によって実験感度が変わる 
まず最初に適した核種を選び出す必要がある。
候補原子核
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（n, γ）反応による物理の確認、増幅の見積もり
（n, γ）反応断面積

11

(n,γ)反応断面積

n

●角度ごとでp波共鳴を見るための角度分解能	
●終状態を同定するためのエネルギー分解能

（n,γ）Cross section (non-polarized neutron)

φ及び終状態の角運動量の関数Breit-Wigner

p波共鳴の形が角度ごとで変わる
a1,a3を抽出
φを求める

を持つγ線検出器が必要

　γ

θ

無偏極中性子を入射させ、かつγ線の偏極を測定しない場合
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（n, γ）反応による物理の確認、増幅の見積もり

neutron energy [eV]

139La(n,γ) P-wave resonance 0.73 eV

x：j＝1/2　x=cosφ 
y：j＝3/2　y=sinφ

YL YH

（n, γ）反応断面積

a1x と a1y は理論的に計算できる

p波のピークの形を実測と比較して 
φを求めることができる

の値で a1 内での大きさが変化x = cos �
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（n, γ）反応による物理の確認、増幅の見積もり
J-PARC  MLF BL04 ANNRI

14 Ge（+BGO）Detectors, θ＝70,90,110 deg.
Intensity :    ~ 3 x 105 n/cm2/s     :  0.9 eV < En < 1.1eV @300kW
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（n, γ）反応による物理の確認、増幅の見積もり

12

J-PARC BL04

Ge結晶
BGO

Target
Neutron Beam

γ

エネルギー分解能 : 2.4keV @ 1.33MeV 

検出効率 : 3.64±0.11% @ 1.33MeV 

DAQレート : ~200kHz

陽子ビームの入射時間と 
中性子吸収によるガンマ線の検出時間から 
Time of Flight法 で中性子エネルギーを決定
ゲルマニウム検出器でガンマ線のエネルギーを決定

22個のGe検出器でγ線の角度分布を測定

71 °

36°

72 °108°
90 °

109°

144°

Downstream

J-PARC BL04  Ge検出器群を使用する
特定の中性子エネルギーでの特定のγ線の角度分布を測定する→大強度中性子が必要
J-PARC  MLF BL04 ANNRI
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13

実験結果及び、解析
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等方的に放出される14N(n,γ)由来のγ線を使う 
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14

p波共鳴の角度分布
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FIG. 13. ∂N/∂tlap in the vicinity of the p-wave resonance for each θ̄γ The central figure means degrees to the direction of
neutron momentum of cluster detectors and coaxial detectors. The hexagons and the circles in the central of the figure mean
each crystal of cluster detector and coaxial detector respectively.
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FIG. 14. Visualization of the definition of NL and NH.

by unpolarized neutrons can be written as1

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

rs

|Vrs |
2 +

∑

rp

∣∣Vrp

∣∣2 ,

a1 = 2Re
∑

rsipj

VrsV
∗
rpzrpjP (JrsJrp

1

2
j1IF ),

a3 = 3
√
10 Re

∑

rpjr′pj
′

VrpV
∗
r′p
zrpjzrpj′

×P (JrpJr′pjj
′2IF )

⎧
⎨

⎩

2 1 1
0 1/2 1/2
2 rp j′

⎫
⎬

⎭

(20)

15

NL NH

角度ごとのpeakの変化を定量的に評価する.  
Peakの前後での積分値NL,NHを計算し、非対称度ALHの角度依存性を求める

Neutron Energy[eV]

8

possible contamination since the estimated upper limit of1

0.08% is smaller than the statistical error of the photo-2

peak.3

According to the data acquisition system, two pulses4

detected within 4µs did not have amplitude information,5

which amounted 2% of the total γ-ray counts in the vicin-6

ity of the p-wave resonance. The 2% loss was corrected7

in following analysis.8

Two pulses detected within 0.4µs were processed as a9

single pulse. Corresponding event loss was estimated as10

0.2% of the total γ-ray counts in the vicinity of the p-11

wave resonance, which is negligibly small compared with12

the statistical error of the corresponding γ-ray counts and13

is ignored in following analysis.14

We extend Eq. 44 to describe the angular distribution15

γ-rays as16

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pA

∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT dσnγ
dΩγ

(E,Ωγ)

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(21)

We write this definition as17

∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)

= I0

∫
dE′d3pAΦ(tlap, E

′,pA)
dσnγ
dΩγ

(E,Ωγ),

Φ(tlap, E
′,pA)

=
∂2φ

∂En∂t

(
E′, tlap − L

√
mn

2E′

)

× 1

(2πmAkBT )3/2
e−p2

A/2mAkBT

× 1

σt(E)

(
1− e−nσt(E)∆z

)
.

(22)

The γ-ray count to be measured by the d-th detector can18

be written as19

∂N

∂tlap
(tlap, θ̄d) =

∫

Ωd

dΩγ

∫ f(1/4)+
d

f(1/4)−
d

dfd

× ∂2Iγ
∂tlap∂Ωγ

(tlap,Ωγ)ψd(Eγ ,Ωγ , fd),

(23)

where the photo-peak region is taken as the full-width at20

quarter-maximum, that implies w = 1/4. Fig. 16 shows21

the N(tlap, θ̄γ) for 5161 keV γ-rays. The peak shape of2223

the p-wave resonance varies according to θ̄γ . Here we24

define the NL and NH as25

NL(θγ) =

∫ Ep

Ep−2Γp

∂N

∂tlap
(t′, θ̄γ)dtlap,

NH(θγ) =

∫ Ep+2Γp

Ep

∂N

∂tlap
(t′, θ̄γ)dtlap,

∂N

∂En
=

dtlap
dEn

∂N

∂tlap
. (24)

We define the asymmetry between NL and NH as2627

ALH =
NL −NH

NL +NH
. (25)

The angular dependence of the NL−NH and NL+NH is28

shown in Fig. 18. The asymmetry ALH has a correlation2930

with cos θ̄γ as31

ALH = (B +A cos θ̄γ) (26)

where32

B = −0.0747± 0.0105, A = −0.3881± 0.0236. (27)

III. ANALYSIS33

We analyze our experimental result using the formula-34

tion of possible angular correlations of individual γ-rays35

emitted in (n,γ) reactions induced by low energy neutrons36

according to s- and p-wave amplitudes [22]. We put I as37

the spin of target nuclei, J the spin of the compound38

nucleus, F the spin of the final state of γ-ray transition,39

l the orbital angular momentum of the incident neutron.40

We define the total neutron spin as j = s + l where s41

is the neutron spin. The j equals to 1/2 for s-wave neu-42

trons (l=0) and j=1/2,3/2 for p-wave neutrons (l=1).43

The differential cross section of (n,γ) reaction induced44

by unpolarized neutrons can be written as45

dσnγf

dΩγ
=

1

2

(
a0 + a1 cos θγ + a3

(
cos2θγ − 1

3

))
,

a0 =
∑

is

|Vis |
2 +

∑

ip

∣∣Vip

∣∣2 ,

a1 = 2Re
∑

isipj

VisV
∗
ipzijP (JisJip

1

2
j1IF ),

a3 = 3
√
10 Re
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VipV
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×P (JipJi′pjj
′2IF )
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⎩
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(28)

36deg detector

ALHを角度ごとにプロット
F(x)=Ax+BでFit 
A=-0.388±0.024 
B=-0.075±0.011

実験値 理論値 この方程式を解きφを求める

11

As shown in Fig. 19 and Eq. 36, the branching ratio from1

s2-wave resonance to the ground state is very small. The2

negative s-wave amplitude V1, p-wave amplitude V2 and3

positive s-wave amplitude V3 can be written as4

V1f = −λ1f
(
|E1|
E

) 1
4 Γ1/2

E − E1 + iΓ1/2
,

V2f = −λ2f
(

E

E2

) 1
4 Γ2/2

E − E2 + iΓ2/2
,

V3f = −λ3f
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E3

E

) 1
4 Γ3/2

E − E3 + iΓ3/2
.

(37)

The terms a0, a1 and a3 is given as5
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√
35xy + y2

)
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(38)

We define6

(a0,1,3)L =

∫ Ep

Ep−2Γp

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA),

(a0,1,3)H =

∫ Ep+2Γp

Ep

dE′
∫

d3pA a0,1,3Φ(tlap, E
′,pA).

(39)

Here we ignore the a3 term since it is proportional7

to λ22f and is suppressed relative to the s-wave neutron8

width according to the centrifugal potential by the fac-9

tor of (kR)2. Under this approximation, the Eq. 28 is10

reduced as11

dσnγf

dΩγ
=

1

2
(a0 + a1 cos θγ) ,

(40)

Substituting Eq. 40 into Eq. 21, the angular dependence12

of the γ-ray count in the neutron energy regions Ep −13

2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written14

as15

(
∂2Iγ

∂tlap∂Ωγ
(tlap,Ωγ)

)

L,H

=
I0
2
((a0)L,H + (a1)L,HP1(cos θγ)) .

(41)

Convoluting with Eq. 23, the γ-ray count to be measured16

by the d-th detector can be written as17

(Iγ,d)L,H =
I0
2

(
(a0)L,HP 0,d + (a1)L,HP 1,d

)
.

(42)

Since the energy dependence of x1 and y1 is negligibly18

small in the vicinity of the p-wave resonance (ip = 2),19

(a1)L,H is a linear function of x1 and y1, thus a function20

of φ1. φ is determined by comparing (Iγ,d)L−(Iγ,d)H and21

(Iγ,d)L + (Iγ,d)H with the measured values NL −NH and22

NL+NH in Eq. 25 shown in Fig. 18. The angular depen-23

dences ofNL−NH andNL+NH are fitted by the functions24

of f(P̄d,1/P̄d,0) = A′P̄d,1/P̄d,0+B′ and g(P̄d,1/P̄d,0) = C ′
25

respectively. A′, B′ and C ′ are fitting parameters. Since26

the a1 is a odd function at E = E2, (a0)L,H, (a0)L,H can27

be written as28

C ′ =
I0
2
((a0)L + (a0)H) (43)

A′

C ′ =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ1 − 0.345 sinφ1. (44)

The fitting results of C ′ and A′/C ′ are29

C ′ = 5.071± 0.0052,
A′

C ′ = −0.4285± 0.0255. (45)

Two solutions are obtained as30

φ1 = (111.0+15.2
−7.9 )◦, (150.1+7.9

−15.2)
◦. (46)

IV. DISCUSSION31

From the result, x1 is calculated as32

x1 = −0.342+0.132
−0.234, −0.867+0.161

−0.060. (47)

W which given in Eq. 1 is calculated from obtained x as33

W = (−1.743+0.798
−1.096) meV, (−0.688+0.044

−0.157) meV.(48)

The parameters in Table. II are used in the calculation.34

The ratio of the P-odd amplitude and P-odd T-odd35

amplitude is given as36

|fPT|
|fP|

= κ(J)
WT

W
, (49)

where fPT is the P-odd T-odd amplitude, fP the P-odd37

amplitude, WT the Podd T-odd matrix element and W38

c c

角度依存性をFlambaum Formalismの理論計算と比較する

φの決定
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κ(J)の決定

Angular Distribution of γ-rays from Neutron-Induced  
Compound States of 140La
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regions Ep − 2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written as

(
∂2Iγ

∂tm∂Ωγ
(tm,Ωγ)

)

L,H

=
I0
2
((a0)L,H + (a1)L,HP1(cos θγ)) .

(6.13)

By convoluting with Eq. 5.9, the γ-ray count to be measured by the d-th detector can be written as

(Iγ,d)L,H =
I0
2

(
(a0)L,HP d,0 + (a1)L,HP d,1

)
. (6.14)

As the energy dependence of x and y is negligibly small in the vicinity of the p-wave resonance (r = 2),
(a1)L,H is a linear function of x and y, thus a function of φ. The value of φ is determined by comparing(
(Iγ,d)L − (Iγ,d)H

)
/
(
(Iγ,d)L + (Iγ,d)H

)
with the measured values ALH in Eq. 5.14.

ALH =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ− 0.345 sinφ

= 0.295x− 0.345y. (6.15)

Two solutions can be obtained as

φ = (99.2+6.3
−5.3)

◦, (161.9+5.3
−6.3)

◦. (6.16)

We also obtain x from Eq. 6.16 as

x = −0.16+0.09
−0.11, −0.95+0.03

−0.04. (6.17)

To visualize the solutions, Eq. 6.15 is drawn in the xy-plain and the crossing points of the Eq. 6.15 and
a unit circle imply the solutions.
The value of W , which is given in Eq. 2.7, is also obtained as

W = (13.2+18.1
−5.3 ) meV, (2.21+0.10

−0.06) meV. (6.18)

The published value of AL = (9.56 ± 0.35) × 10−2 in Ref. [64] and the parameters in Table. 5.1 are
used in the calculation.
The J = I + 1

2 case corresponds to the p-wave of the 139La at E = E2. Finally, the value of |κ(J)|
corresponding to the φ obtained is determined as

κ(J) = 4.84+5.58
−1.69, 0.99+0.08

−0.07 (6.19)

and |κ(J)| is shown in Fig. 6.4. The experimental sensitivity for the T-violation search is discussed using
this κ(J) of 139La in Section 7.3.

T-violationもP-violationと同様に106倍程度増幅していることを示唆

T.Okudaira, et. al., Phys. Rev. C 97, 034622
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実験感度の見積もり: T-violatingなcross section
複合核内の核子同士のT-violationの大きさとP-violationの大きさの比: WT/Wを見積もる
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7.3 Estimation of the sensitivity for the T-violation search

The sensitivity for the T-violation search with 139La can be estimated by using the formalism described
in Section 2.3 due to the determination of κ(J). Since about 50% nuclear polarization has been achieved
with LaAlO3, we assume the case for using the LaAlO3 crystal as the nucleus target. First of all, the
current limit of the WT/W is needed to be estimated in Eq. 2.14.

7.3.1 Estimation of the upper limit of the WT/W

The upper limit of the ratio of the T-violating weak matrix element to P-violating weak matrix element
in the nucleon nucleon interaction in the compound nucleus WT/W is estimated using the current upper
limit of the EDM searches. The ratio of the T-odd P-odd cross section ∆σTP to the P-odd cross section
∆σP in neutron-deuteron scattering was calculated using the meson-exchange model of Effective Field
Theory (EFT) by Y. H. Song. et. al [65]. We assume that the ratio is equal to WT/W as

WT

W
=

∆σTP

∆σP
≃ (−0.47)

(
ḡ(0)π

h1π
+ (0.26)

ḡ(1)π

h1π

)
, (7.4)

Here, ḡ(0)π and ḡ(1)π are isoscalar and isovector time reversal invariant meson-nucleon coupling constants,
and h1π is a P-violating meson exchange coupling constant, where the superscript denotes the isospin
change for the process. The upper limits of ḡ(0)π and ḡ(1)π are estimated from the n-EDM and 199Hg-EDM
search respectively as

ḡ(0)π < 2.5× 10−10, ḡ(1)π < 0.5× 10−11 [65]. (7.5)

The value of h1π was obtained from the measurement of the P-violation of n + p → d + γ reactions as

h1π = (3.04± 1.23)× 10−7 [66]. (7.6)

However, since this value is a preliminary result, it may change.
WT/W is calculated using Eq 7.4, Eq. 7.5 and Eq. 7.6 as

∣∣∣∣
WT

W

∣∣∣∣< 3.9× 10−4. (7.7)

The T-violating cross section in the 0.74 eV p-wave resonance of 139La can be estimated using Eq 2.14
as

|∆σT| = κ(J)

∣∣∣∣
WT

W

∣∣∣∣∆σP

→ |∆σT| < 1.0× 10−4 barn (7.8)

Here, the value of κ(J) =0.89, which is a pessimistic case, and ∆σP = 0.3 barn is used. .

pion exchangeの際のT-violatingなCoupling Constant

pion exchangeの際のP-violatingなCoupling Constant
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n+p→d+γ実験によって
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regions Ep − 2Γp ≤ E ≤ Ep and Ep ≤ E ≤ Ep + 2Γp can be written as

(
∂2Iγ

∂tm∂Ωγ
(tm,Ωγ)

)

L,H

=
I0
2
((a0)L,H + (a1)L,HP1(cos θγ)) .

(6.13)

By convoluting with Eq. 5.9, the γ-ray count to be measured by the d-th detector can be written as

(Iγ,d)L,H =
I0
2

(
(a0)L,HP d,0 + (a1)L,HP d,1

)
. (6.14)

As the energy dependence of x and y is negligibly small in the vicinity of the p-wave resonance (r = 2),
(a1)L,H is a linear function of x and y, thus a function of φ. The value of φ is determined by comparing(
(Iγ,d)L − (Iγ,d)H

)
/
(
(Iγ,d)L + (Iγ,d)H

)
with the measured values ALH in Eq. 5.14.

ALH =
(a1)L − (a1)H
(a0)L + (a0)H

= 0.295 cosφ− 0.345 sinφ

= 0.295x− 0.345y. (6.15)

Two solutions can be obtained as

φ = (99.2+6.3
−5.3)

◦, (161.9+5.3
−6.3)

◦. (6.16)

We also obtain x from Eq. 6.16 as

x = −0.16+0.09
−0.11, −0.95+0.03

−0.04. (6.17)

To visualize the solutions, Eq. 6.15 is drawn in the xy-plain and the crossing points of the Eq. 6.15 and
a unit circle imply the solutions.
The value of W , which is given in Eq. 2.7, is also obtained as

W = (13.2+18.1
−5.3 ) meV, (2.21+0.10

−0.06) meV. (6.18)

The published value of AL = (9.56 ± 0.35) × 10−2 in Ref. [64] and the parameters in Table. 5.1 are
used in the calculation.
The J = I + 1

2 case corresponds to the p-wave of the 139La at E = E2. Finally, the value of |κ(J)|
corresponding to the φ obtained is determined as

κ(J) = 4.84+5.58
−1.69, 0.99+0.08

−0.07 (6.19)

and |κ(J)| is shown in Fig. 6.4. The experimental sensitivity for the T-violation search is discussed using
this κ(J) of 139La in Section 7.3.
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To visualize the solutions, Eq. 6.15 is drawn in the xy-plain and the crossing points of the Eq. 6.15 and
a unit circle imply the solutions.
The value of W , which is given in Eq. 2.7, is also obtained as

W = (13.2+18.1
−5.3 ) meV, (2.21+0.10

−0.06) meV. (6.18)

The published value of AL = (9.56 ± 0.35) × 10−2 in Ref. [64] and the parameters in Table. 5.1 are
used in the calculation.
The J = I + 1

2 case corresponds to the p-wave of the 139La at E = E2. Finally, the value of |κ(J)|
corresponding to the φ obtained is determined as

κ(J) = 4.84+5.58
−1.69, 0.99+0.08

−0.07 (6.19)

and |κ(J)| is shown in Fig. 6.4. The experimental sensitivity for the T-violation search is discussed using
this κ(J) of 139La in Section 7.3.

を使うと より
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7.3 Estimation of the sensitivity for the T-violation search

The sensitivity for the T-violation search with 139La can be estimated by using the formalism described
in Section 2.3 due to the determination of κ(J). Since about 50% nuclear polarization has been achieved
with LaAlO3, we assume the case for using the LaAlO3 crystal as the nucleus target. First of all, the
current limit of the WT/W is needed to be estimated in Eq. 2.14.

7.3.1 Estimation of the upper limit of the WT/W

The upper limit of the ratio of the T-violating weak matrix element to P-violating weak matrix element
in the nucleon nucleon interaction in the compound nucleus WT/W is estimated using the current upper
limit of the EDM searches. The ratio of the T-odd P-odd cross section ∆σTP to the P-odd cross section
∆σP in neutron-deuteron scattering was calculated using the meson-exchange model of Effective Field
Theory (EFT) by Y. H. Song. et. al [65]. We assume that the ratio is equal to WT/W as

WT

W
=

∆σTP

∆σP
≃ (−0.47)

(
ḡ(0)π

h1π
+ (0.26)

ḡ(1)π

h1π

)
, (7.4)

Here, ḡ(0)π and ḡ(1)π are isoscalar and isovector time reversal invariant meson-nucleon coupling constants,
and h1π is a P-violating meson exchange coupling constant, where the superscript denotes the isospin
change for the process. The upper limits of ḡ(0)π and ḡ(1)π are estimated from the n-EDM and 199Hg-EDM
search respectively as

ḡ(0)π < 2.5× 10−10, ḡ(1)π < 0.5× 10−11 [65]. (7.5)

The value of h1π was obtained from the measurement of the P-violation of n + p → d + γ reactions as

h1π = (3.04± 1.23)× 10−7 [66]. (7.6)

However, since this value is a preliminary result, it may change.
WT/W is calculated using Eq 7.4, Eq. 7.5 and Eq. 7.6 as

∣∣∣∣
WT

W

∣∣∣∣< 3.9× 10−4. (7.7)

The T-violating cross section in the 0.74 eV p-wave resonance of 139La can be estimated using Eq 2.14
as

|∆σT| = κ(J)

∣∣∣∣
WT

W

∣∣∣∣∆σP

→ |∆σT| < 1.0× 10−4 barn (7.8)

Here, the value of κ(J) =0.89, which is a pessimistic case, and ∆σP = 0.3 barn is used. .1.0x10-4 barnより良い精度で中性子吸収断面積を測ればupper limit更新
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J-PARCでの実験の可能性

f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)

Spin Independent 
P-even T-even

T-violation 
P-odd T-odd

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

振幅

有限厚さの試料の「振幅」

Spin Independent 
P-even T-even

T-violation 
P-odd T-odd

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even
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J-PARCでの実験の可能性

KEK, JAEA

Indiana Univ,. Kentucky Univ., 
RCNP, Nagoya Univ.

RCNP, Hiroshima Univ., 
Nagoya Univ., KEK

NOPTREX Collaboration
Neutron Optical Parity and Time Reversal EXperiment

J-PARC P76 KEK 2018S12
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偏極各標的の開発
結晶育成 東北大金属材料研 核偏極基礎研究 阪大核物理研究センター

低温技術 緩和時間制御

名古屋大学 

理化学研究所 

日本女子大 

足利大 

広島大

広大自然開発センター
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阪大核物理センター 

広島大、名古屋大 

山形大

広島大 

名古屋大
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冷凍機開発
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J-PARCでの実験の可能性
P(139La)≥0.4, V≥4cm×4cm×2.8cm
B0≤0.1T

Measurement Time [day]

discovery potential 
corresponding to 

dn =3.0×10-26 e cm

discovery potential 
corresponding to 

dn =3.0×10-27 e cm

既存技術の集約

P( 3He)=70%, P( 139La)=40%

(究極技術)

P( 3He)=100%, P( 139La)=100% 
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n-n oscillation
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NNbar oscillation

¢B = 2

quark-lepton unified seesaw mechanism
SU (2)L £SU (2)R £SU (4)c realized in the multi-TeV scale

ønn̄ ∑ 5£1010 spost-sphaleron baryogenesis
K.S.Babu et al., Phys. Rev. D 87, 115019 (2013)

D. G. Phillips II et al.,  arXiv: hep-ex/1410.1101

There are several theories predict nnbar osc. in that scale.

ønn̄ > 0.86£108 sCurrent limit by direct searches

Baryogenesis

102-103 improvement is necessary

ønn̄ ª 1010 s

Neutron-Antineutron oscillation
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Neutron-Antineutron oscillation

M =
µ
mn ° i∏/2 ±m

±m mn ° i∏/2

∂
√=

µ
n
n̄

∂

|n±i=
1
p

2
(|ni±|n̄i) m± = (mn ±±m)° i∏/2

P (n(t ) = n̄) = |hn̄ |n(t )i|2 = [sin2(t/ønn̄)]e°∏t ' (t/ønn̄)2

ønn̄ = 1/|±m|

Sensitivity (Figure of Merit)/ N T 2
Number of 
neutrons

(Average square of ) 
free flight time
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Neutron-Antineutron oscillation
Free Neutron vs Bound Neutrons  

NNbar Search Sensitivity Comparison 
(see backup slides on complementarity of free and bound neutron search)

2
bound freeRt t= ´

intranuclear 
search exp.
limits:
Super-K,
Soudan-2
Frejus

Free neutron
search limit 
(ILL - 1994)

Goal of new n-nbar search
with free neutrons

Factor of 1,000 
sensitivity increase

35

Recent S‐K (2011)
limit based
on 24 candidates
and 24.1 bkgr.
from atm. Q

Future Hyper‐K

LBNE 35 kt, 10 years, if  zero atm. Q background ? (R&D issue)

Post‐Sphaleron Baryogenesis

Babu et al

?
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Neutron-Antineutron oscillation
Figure 1: The ILL n�n̄ oscillation search experiment. Details of the detector
are included in Fig. 7 [82].

~ 600 m/s
n
v

Bent n-guide 58Ni coated,
L ~ 63 m, 6 q12 cm2

Figure 2: Configuration of the horizontal n � n̄ search experiment at
ILL/Grenoble [56].

30

Free Neutron Search
M. Baldo-Ceolin et al., Z Phys. C 63 (1994) 409

ønn̄ > 0.86£108 s

Can be improved by 102-103
by improved n source and optics

O(1010) s
Physics motivation

Cold neutron (600 m/s)
T ª 0.1 s
ILL reactor cold source

/ N T 2
Sensitivity

(4.8±0.2)
π’s 
(200-250
MeV)

T~0.11s

0.95
0.05

(L~76m, vn~700m/s)

1011 n/s × 1 yr
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Neutron-Antineutron oscillation

2GeV 14Hz 5MW

cold neutron production ~ 12×ILL

2014: ESS Construction start

2019: ESS first neutrons NNbar commissioning start

The European Spallation Source (ESS)
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Neutron Optics for nnbar

Cold neutron source

200m length

z = 0
z

Improve phase space acceptance

(Liouville's theorem)

Conversion target 
(surrounded by detectors)

Carbon disc

(~100μm thickness)

Magnetic shield (10nT)
Vacuum (10-5Pa)

Ellipsoid along the beam axis 
minor axis = 4 m

major axis = 200.04 m

10 m ∑ z ∑ 40 m

~5 pions with total ~2GeV 
and zero momentum.

Additional optics

Main optics

10-4 sr

10-2 sr

~10-2 sr
+

Target

Additional optics

Main optics

Ω ∑ 1.5 m
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Neutron Optics for nnbar

(4.8±0.2)π’s 
(200-250MeV)

T~0.11s

0.95

0.05

(L~76m, vn~700m/s)

1011 n/s × 1 yr



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 90

Neutron Optics for nnbar

The conceptual scheme of antineutron detectorThe conceptual scheme of antineutron detector

 

pionsAn  5〉〈→+    (1.8 GeV) 

Annihilation target: ~100  thick Carbon film 

annihilation  4 Kb        nC capture  4 mb 
 



第6回勉強会 
「中性子基礎物理」2020年12月7日 
北口雅暁（名古屋大学KMI） page 91

Scattering Experiment to study 
Intermediate-range Force
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中性子は重力を感じる

中性子の自由落下
Dabbs et al., Phys. Rev. 139 (1965) B756

g = 9.74±0.03 m s-2

g = 9.801±0.013 m s-2
Gregoriev et al., Proc. 1st Int. Conf. Neutr. Phys., Kiev, 1 (1988) 60

gloc = 9.814 m s-2

gloc = 9.7974 m s-2
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λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

重力による干渉縞

中性子は重力を感じる
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Scattering Experiment to study Intermediate-range Force

ガス散乱

θ

Xe

Newtonian + α 
in nm range

Gravity in short range
non-Newtonian gravity

International	Workshop	on	Particle	Physics	at	Neutron	Sources	
24-26	May	2018	ILL	/	LPSC 4

Consider	the	effect	of	Yukawa-like	term	in	neutron	
scattering	amplitude

α

Multiple	Boson	
Exchange	Models
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Scattering Experiment to study Intermediate-range Force

ガス散乱

θ

Xe

Newtonian + α 
in nm range

Gravity in short range
non-Newtonian gravity
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Scattering Experiment to study Intermediate-range Force

Lifetime Exp.

Scattering Exp. 

2D neutron Detector

Gas target

neutron beam
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Scattering Experiment to study Intermediate-range Force

14

Article	written	about	our	experiment	on	
physicsworld.com :

International	Workshop	on	Particle	Physics	at	Neutron	Sources	
24-26	May	2018	ILL	/	LPSC

14

Article	written	about	our	experiment	on	
physicsworld.com :

International	Workshop	on	Particle	Physics	at	Neutron	Sources	
24-26	May	2018	ILL	/	LPSC

C. C. Haddock, et. al.,  
Phys. Rev. D 97, 062002 (2018). 
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Neutrons for Dark Universe
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ここで有効ポテンシャル

Veff (φ) ≡ V (φ) + ρ̃e
βφ

MPl (8)

を導入する。ポテンシャル V (φ)を単調減少関数とすると，有効ポテンシャルの形
は図 1，2のようになる。

図 1: 高密度領域 図 2: 低密度領域

物質場とスカラー場がカップリングするため，物質密度によって有効ポテンシャ
ルの関数形が異なる。有効ポテンシャルを最小にするスカラー場 φminは

V,φ(φmin) +
β

MPl
ρ̃e

βφmin
MPl = 0 (9)

を満たし，Veff (φmin)の曲率がスカラー場の質量mminを決め

m2
min = V,φφ(φmin) +

β2

M2
Pl

ρ̃e
βφmin
MPl (10)

と定義できる。ここで，V,φ ≡ dV/dφ，V,φφ ≡ d2V/dφ2である。
したがって，高密度領域ではスカラー場の質量が大きくなるため，対応するコン
プトン波長が短くなり，スカラー場の寄与が見られなくなる。これが Chameleon

機構である。次で具体的にこれを見ることにする。

3.1 Solution for a compact object

地球や太陽などの compact object でスカラー場 φがどのような解を持つかを見
る。そのために，compact object が静的球対称で，半径R，一様密度 ρc，全質量
Mc = 4πR3ρc/3 であると考える。また，compact object は孤立しており，周りの

3

Neutrons for Dark Energy

ダークエネルギーとカメレオン機構

物質場と結合するスカラー場を導入

2014年度 第 44回 天文・天体物理若手夏の学校

により Einsteinフレームに移ると,

Sg =

∫
d4x

√
−ḡ

[
M2

Pl

2
R̄− 1

2
(∇̄µφ)

2 − V (φ)

]
(3)

となる.ここでスカラー場 φは

e2βφ/MPl = f ′(R), β ≡ 1√
6

(4)

により定義され,ポテンシャル V (φ)は

V (φ) =
M2

Pl

2

Rf ′(R)− f(R)

f ′(R)2
(5)

で与えられる (φ依存性が顕わでないが,式 (4)を通
じて φの関数となっている).また, Smに含まれる計
量テンソルを通じて, φ は物質場と結合することに
なる.

3 Chameleon Mechanism

式 (3)を φについて変分すると

!̄φ = V ′(φ) +
β

MPl
e4βφ/MPlgµν

∑

i

T (i)
µν (6)

を得る.ただし T (i)
µν は, Jordanフレームにおける i番

目の物質のエネルギー運動量テンソルである.以下で
は簡単のため, 1種類の非相対論的物質のみが存在す
る場合を考える.

Einsteinフレームでは, φと物質場との結合により
ρそのものは保存しないが, ρ̃ ≡ e3βφ/MPlρという組
合せが保存する.つまり ρ̃は φと独立である.これを
用いると,式 (15)は以下のように書ける.

!̄φ = V ′(φ) +
β

MPl
ρ̃eβφ/MPl (7)

この式の右辺から, φの運動は物質場に依存した実効
ポテンシャル

Veff(φ) ≡ V (φ) + ρ̃eβφ/MPl (8)

により決まることがわかる.以下

V ′(φ) < 0, V ′′(φ) > 0, V ′′′(φ) < 0 (9)

を要請する.このとき Veff(φ)の概形は図 1のように
なり,極小を持つ.

図 1: 実効ポテンシャル Veff(φ)

Veff を極小にするような φ = φmin は

V ′(φmin) +
β

MPl
ρ̃eβφmin/MPl = 0 (10)

を満たし,その極小のまわりの摂動に対応する質量は

m2 = V ′′(φmin) +

(
β

MPl

)2

ρ̃eβφmin/MPl (11)

となる.式 (9)の要請の下では,密度 ρの増加ととも
にmも増加することがわかる.

コンパクト天体近傍のカメレオン場の形状は,天体
があまり小さくない場合には,内側では天体の密度 ρc

から,外側では背景密度ρbからそれぞれ決まるVeff(φ)

の極小をとると考えられる.この場合には,カメレオン
場の値の変化は天体表面にごく近い領域 (thin-shell)

でのみ起こる (J. Khoury and A. Weltman. 2004).

天体内外で滑らかに接続するような静的な解は,次の
ようになる.

φ =

⎧
⎪⎪⎨

⎪⎪⎩

φc , inside
βρc

3MPl

(
r2

2 + R3
s
r − 3

2R
2
s

)
+ φc , shell

− βρc

MPl
ϵR

3
c
r e−mb(r−Rc) + φb , outside

ここで ρc, Rcはそれぞれ天体の密度と半径, φc,φbは
天体の充分内側, 外側における φmin の値である. ま
た, ϵは thin-shellパラメータと呼ばれ, shellの厚さ
Rc − Rs および δφc ≡ φc − φb と, 次のように関係
する.

ϵ =
MPl

β

|δφc|
R2

cρc
≈ Rc −Rs

Rc
(12)

本研究では, ϵ ≪ 1の場合のみ考える.
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から,外側では背景密度ρbからそれぞれ決まるVeff(φ)

の極小をとると考えられる.この場合には,カメレオン
場の値の変化は天体表面にごく近い領域 (thin-shell)

でのみ起こる (J. Khoury and A. Weltman. 2004).

天体内外で滑らかに接続するような静的な解は,次の
ようになる.

φ =

⎧
⎪⎪⎨

⎪⎪⎩

φc , inside
βρc

3MPl

(
r2

2 + R3
s
r − 3

2R
2
s

)
+ φc , shell

− βρc

MPl
ϵR

3
c
r e−mb(r−Rc) + φb , outside

ここで ρc, Rcはそれぞれ天体の密度と半径, φc,φbは
天体の充分内側, 外側における φmin の値である. ま
た, ϵは thin-shellパラメータと呼ばれ, shellの厚さ
Rc − Rs および δφc ≡ φc − φb と, 次のように関係
する.

ϵ =
MPl

β

|δφc|
R2

cρc
≈ Rc −Rs

Rc
(12)

本研究では, ϵ ≪ 1の場合のみ考える.
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により Einsteinフレームに移ると,

Sg =

∫
d4x

√
−ḡ

[
M2

Pl

2
R̄− 1

2
(∇̄µφ)

2 − V (φ)

]
(3)

となる.ここでスカラー場 φは

e2βφ/MPl = f ′(R), β ≡ 1√
6

(4)

により定義され,ポテンシャル V (φ)は

V (φ) =
M2

Pl

2

Rf ′(R)− f(R)

f ′(R)2
(5)

で与えられる (φ依存性が顕わでないが,式 (4)を通
じて φの関数となっている).また, Smに含まれる計
量テンソルを通じて, φ は物質場と結合することに
なる.

3 Chameleon Mechanism

式 (3)を φについて変分すると

!̄φ = V ′(φ) +
β

MPl
e4βφ/MPlgµν

∑

i

T (i)
µν (6)

を得る.ただし T (i)
µν は, Jordanフレームにおける i番

目の物質のエネルギー運動量テンソルである.以下で
は簡単のため, 1種類の非相対論的物質のみが存在す
る場合を考える.

Einsteinフレームでは, φと物質場との結合により
ρそのものは保存しないが, ρ̃ ≡ e3βφ/MPlρという組
合せが保存する.つまり ρ̃は φと独立である.これを
用いると,式 (15)は以下のように書ける.

!̄φ = V ′(φ) +
β

MPl
ρ̃eβφ/MPl (7)

この式の右辺から, φの運動は物質場に依存した実効
ポテンシャル

Veff(φ) ≡ V (φ) + ρ̃eβφ/MPl (8)

により決まることがわかる.以下

V ′(φ) < 0, V ′′(φ) > 0, V ′′′(φ) < 0 (9)

を要請する.このとき Veff(φ)の概形は図 1のように
なり,極小を持つ.

図 1: 実効ポテンシャル Veff(φ)

Veff を極小にするような φ = φmin は

V ′(φmin) +
β

MPl
ρ̃eβφmin/MPl = 0 (10)

を満たし,その極小のまわりの摂動に対応する質量は

m2 = V ′′(φmin) +

(
β

MPl

)2

ρ̃eβφmin/MPl (11)

となる.式 (9)の要請の下では,密度 ρの増加ととも
にmも増加することがわかる.

コンパクト天体近傍のカメレオン場の形状は,天体
があまり小さくない場合には,内側では天体の密度 ρc

から,外側では背景密度ρbからそれぞれ決まるVeff(φ)

の極小をとると考えられる.この場合には,カメレオン
場の値の変化は天体表面にごく近い領域 (thin-shell)

でのみ起こる (J. Khoury and A. Weltman. 2004).

天体内外で滑らかに接続するような静的な解は,次の
ようになる.

φ =

⎧
⎪⎪⎨

⎪⎪⎩

φc , inside
βρc

3MPl

(
r2

2 + R3
s
r − 3
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)
+ φc , shell

− βρc

MPl
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3
c
r e−mb(r−Rc) + φb , outside

ここで ρc, Rcはそれぞれ天体の密度と半径, φc,φbは
天体の充分内側, 外側における φmin の値である. ま
た, ϵは thin-shellパラメータと呼ばれ, shellの厚さ
Rc − Rs および δφc ≡ φc − φb と, 次のように関係
する.

ϵ =
MPl

β

|δφc|
R2

cρc
≈ Rc −Rs

Rc
(12)

本研究では, ϵ ≪ 1の場合のみ考える.

インフレーションするために負の圧力が必要　→スカラー場
←太陽系・地上実験で「第５の力」が 
　見つからない

→カメレオン機構

runaway couple to matter
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Neutrons for Dark Energy

物質場と結合するスカラー場を導入
→物質密度によって有効ポテンシャルが変形する

ここで有効ポテンシャル

Veff (φ) ≡ V (φ) + ρ̃e
βφ

MPl (8)

を導入する。ポテンシャル V (φ)を単調減少関数とすると，有効ポテンシャルの形
は図 1，2のようになる。

図 1: 高密度領域 図 2: 低密度領域

物質場とスカラー場がカップリングするため，物質密度によって有効ポテンシャ
ルの関数形が異なる。有効ポテンシャルを最小にするスカラー場 φminは

V,φ(φmin) +
β

MPl
ρ̃e

βφmin
MPl = 0 (9)

を満たし，Veff (φmin)の曲率がスカラー場の質量mminを決め

m2
min = V,φφ(φmin) +

β2

M2
Pl

ρ̃e
βφmin
MPl (10)

と定義できる。ここで，V,φ ≡ dV/dφ，V,φφ ≡ d2V/dφ2である。
したがって，高密度領域ではスカラー場の質量が大きくなるため，対応するコン
プトン波長が短くなり，スカラー場の寄与が見られなくなる。これが Chameleon

機構である。次で具体的にこれを見ることにする。

3.1 Solution for a compact object

地球や太陽などの compact object でスカラー場 φがどのような解を持つかを見
る。そのために，compact object が静的球対称で，半径R，一様密度 ρc，全質量
Mc = 4πR3ρc/3 であると考える。また，compact object は孤立しており，周りの

3

高密度 低密度
→高密度では場の質量が大きくなる
→到達距離が短くなる　→スカラー場の影響が小さくなる
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により Einsteinフレームに移ると,
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d4x
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2 − V (φ)

]
(3)

となる.ここでスカラー場 φは

e2βφ/MPl = f ′(R), β ≡ 1√
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(4)

により定義され,ポテンシャル V (φ)は

V (φ) =
M2

Pl

2

Rf ′(R)− f(R)

f ′(R)2
(5)

で与えられる (φ依存性が顕わでないが,式 (4)を通
じて φの関数となっている).また, Smに含まれる計
量テンソルを通じて, φ は物質場と結合することに
なる.

3 Chameleon Mechanism

式 (3)を φについて変分すると

!̄φ = V ′(φ) +
β

MPl
e4βφ/MPlgµν

∑
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T (i)
µν (6)

を得る.ただし T (i)
µν は, Jordanフレームにおける i番

目の物質のエネルギー運動量テンソルである.以下で
は簡単のため, 1種類の非相対論的物質のみが存在す
る場合を考える.

Einsteinフレームでは, φと物質場との結合により
ρそのものは保存しないが, ρ̃ ≡ e3βφ/MPlρという組
合せが保存する.つまり ρ̃は φと独立である.これを
用いると,式 (15)は以下のように書ける.

!̄φ = V ′(φ) +
β

MPl
ρ̃eβφ/MPl (7)

この式の右辺から, φの運動は物質場に依存した実効
ポテンシャル

Veff(φ) ≡ V (φ) + ρ̃eβφ/MPl (8)

により決まることがわかる.以下

V ′(φ) < 0, V ′′(φ) > 0, V ′′′(φ) < 0 (9)

を要請する.このとき Veff(φ)の概形は図 1のように
なり,極小を持つ.

図 1: 実効ポテンシャル Veff(φ)

Veff を極小にするような φ = φmin は

V ′(φmin) +
β

MPl
ρ̃eβφmin/MPl = 0 (10)

を満たし,その極小のまわりの摂動に対応する質量は

m2 = V ′′(φmin) +

(
β

MPl

)2

ρ̃eβφmin/MPl (11)

となる.式 (9)の要請の下では,密度 ρの増加ととも
にmも増加することがわかる.

コンパクト天体近傍のカメレオン場の形状は,天体
があまり小さくない場合には,内側では天体の密度 ρc

から,外側では背景密度ρbからそれぞれ決まるVeff(φ)

の極小をとると考えられる.この場合には,カメレオン
場の値の変化は天体表面にごく近い領域 (thin-shell)

でのみ起こる (J. Khoury and A. Weltman. 2004).

天体内外で滑らかに接続するような静的な解は,次の
ようになる.

φ =

⎧
⎪⎪⎨
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φc , inside
βρc

3MPl

(
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s
r − 3
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)
+ φc , shell

− βρc

MPl
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ここで ρc, Rcはそれぞれ天体の密度と半径, φc,φbは
天体の充分内側, 外側における φmin の値である. ま
た, ϵは thin-shellパラメータと呼ばれ, shellの厚さ
Rc − Rs および δφc ≡ φc − φb と, 次のように関係
する.

ϵ =
MPl

β

|δφc|
R2

cρc
≈ Rc −Rs

Rc
(12)

本研究では, ϵ ≪ 1の場合のみ考える.

ダークエネルギーとカメレオン機構
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Neutrons for Dark Energy

Ratra-Peeblesポテンシャル

→キャビティを通過する際にポテンシャルの影響をうける

!  - Coupling to matter.  How well is the chameleon screened? 
"  - 2.4 meV - Measured dark energy scale 
n  - Ratra-Peebles Index.  Shape of the field.

[cm]

[cm]

カメレオン場の探索
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Neutrons for Dark Energy

中性子干渉計を用いたカメレオン場の探索
Neutron interferometer experiment  at 

ILL

Physics Letters B 743 (2015)
See poster by T. Jenke

ILL実験
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Neutrons for Dark Energy

カメレオン場の探索

arXiv: 1512.09134�2015�

Science 349.6250, 849 (2015)

PRD 93, 062001 (2016)

Physics Letters B 743 (2015)

Constraints in Chameleon-Matter coupling/  
Ratra-Peebles index space 
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Neutrons for Dark Energy

Isolated 40,000 Kg room is supported by six airsprings 
Active Vibration Control eliminates vibrations less than 10Hz  
Temperature Controlled to +/- 5 mK

Neutron Optics and Interferometry Facility (NIOF)

中性子干渉計を用いたカメレオン場の探索　＠NIST
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Neutrons for Dark Energy

テストピースを作成 
理研精密加工

NISTで評価実験 
干渉縞を観測

中性子干渉計を用いたカメレオン場の探索　＠NIST
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動力学的回折を用いた探索

過去の実験では未知相互作用の存在が考慮されていない

→ 未知相互作用の存在を仮定 & 温度因子と中性子電子散乱長を決定

することで現在の未知相互作用の存在上限を超える

5

“中性子回折を用いた未知相互作用の探索について”

2020年 9月16日 日本物理学会 at オンライン

名古屋大学 素粒子物性研究室 D1 藤家 拓大 page

結晶構造因子
結晶構造因子は以下の式で書き下せる

核散乱 未知相互作用項形状因子

FH = eW(H) [bN + Z(1 − f(H))bne + b5(H)] H; 運動量移行

(Unc. 2%) by PDG 2018

中性子電子散乱

for Germanium at 293 K

by Butt et. al., 1988

W(H) = B
16π2 H2,

B = − 0.57 ± 0.01 [Å]

温度因子
bne = (−1.345 ± 0.025) × 10−3 [fm]
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動力学的回折を用いた探索

6

“中性子回折を用いた未知相互作用の探索について”

2020年 9月16日 日本物理学会 at オンライン

名古屋大学 素粒子物性研究室 D1 藤家 拓大 page

結晶構造因子

Yukawa型のポテンシャルを想定する

V. V. Nesvizhevsky et. al., 2008

H;   Reciprocal lattice vector
Z;   Atomic Number
α;   coupling constant
mn; neutron mass
M;  atomic mass
G;  gravity constant
λ;   effective range

結晶の周期性を用いて展開可能

b5(H) = − α ( 2m2
nMG
ℏ2 ) λ2

5
1 + (Hλ5)2

V = − G
m1m2

r [1 + α exp(−r/λ)]

核散乱 未知相互作用項形状因子

vH = A
4π

Vcell
eW(H) [bN + Z(1 − f(H))bne + b5(H)]

中性子電子散乱温度因子

H; 運動量移行
Structure Form Factor FH

vH = 2mṼ = ∑
n

Vnexp (i ⃗H ⋅ ⃗x n)
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動力学的回折を用いた探索

7

“中性子回折を用いた未知相互作用の探索について”

2020年 9月16日 日本物理学会 at オンライン

名古屋大学 素粒子物性研究室 D1 藤家 拓大 page

結晶構造因子

中性子電子散乱長の実験値

→ Argonne-Garching実験と 
Dubna実験間で3σの乖離

核散乱 未知相互作用項形状因子

vH = A
4π

Vcell
eW(H) [bN + Z(1 − f(H))bne + b5(H)]

中性子電子散乱温度因子

H; 運動量移行
Structure Form Factor FH

Conversely, bne can be deduced from values !10" and !11"
with Eq. !4", which provides !see Fig. 1"

bne
Si!"0.89!32"#10"3 fm. !12"

This value agrees with the Argonne-Garching value but does
not exclude the Dubna value !see Fig. 2". The same method
applied to germanium !diamond structure with a0
!5.6575 Å) using bnuclear!8.1929(17) fm #21$,
bmeas(Q111)!8.0829(15) fm #22$, B!0.57(1) Å2 #23$, and
f (Q111)!0.8542 #19$ leads to the value bne

Ge!0.28(83)
#10"3 fm. Although measurements on Ge (Z!32) could,
in principle, lead to a value of bne two-times more precise
than on Si (Z!14), this advantage is compensated by the
two-times-larger scattering length, which implies a two-
times-larger absolute error on b(Qhkl), the relative accuracy
of Shull’s method being 0.02% in both cases. Moreover, no
bnuclear value for Ge of comparable precision to Eq. !11" is
available at present. Hence we only consider Si in the fol-
lowing.

IV. PROPOSED EXPERIMENT

In Fig. 1, values !10" and !11" are represented as a func-
tion of 1" f (Q). It is seen that the !111" reflection is not the
optimal choice to calculate the slope of the line since it is
close to the origin. Higher-order reflections are more appro-
priate, as shown by the simulated data. The error bars of
these simulated points are calculated with the error %B
!0.0027 Å2 on the temperature factor !9" only, assuming an
ideal experiment with an infinite accuracy on bmeas . With
such large uncertainties, there is no hope to reach a high
precision on bne , in particular to distinguish between the
Argonne-Garching !solid line in Fig. 1" and Dubna !broken
line" values. However, if enough !at least two" reflections are
measured, both B and bne could be deduced from the data.
The precision of the extracted B and bne can be improved by
increasing the number of reflections.
Let us now determine the possibly observable reflections.

A diamond-structure crystal has a face-centered cubic lattice,
which implies that all Miller indices have to be either even or
odd #13$. Moreover, for a diamond structure, the structure
factor !7" leads to three types of reflections: !i" forbidden
when h$k$l!2$4n , where n is natural; !ii" weak when
h$k$l is odd; and !iii" strong when h$k$l!4$4n . A
thermal-neutron beam has typically a maximum flux for &
!1.2 Å and the accessible angular range of the setup is as-
sumed to be 0'2('110°. These conditions combined with
Eq. !5" imply that sixteen reflections between !111" and
!642" could be measured with reasonable intensities for Si.
However, if the incident beam has a typical full spectrum

0.8'&'2.5 Å, contamination has to be taken into account.
Let us first consider contamination by single reflections. For
instance, while the !111" reflection is pure for 15°'2(
'45° thanks to the absence of the !222" reflection which is
forbidden !hence the result of Refs. #4,16$", !333" and !444"
would be measured on 45°'2('110° and 61°'2(
'110°, respectively. This mixing implies that the reflected
intensity would not be described by Eq. !6" and that no struc-
ture factor could easily be extracted. Among the 16 consid-
ered reflections, seven could be contaminated by single re-
flections. The remaining nine reflections are listed in Table I.
Besides this single-reflection contamination, multiple scatter-
ing should also be taken into account. Since the theoretical
description of this effect is rather involved #24$ its impact
must be evaluated for each specific experimental situation. In
general, however, the impact of this effect on the measure-
ment can be minimized or even avoided experimentally by a
proper orientation of the crystal with respect to the Ewald
sphere. We suppose that because of this possibility no con-
sideration of this contamination was made in Refs. #4,16$.
For the scope of the present paper it seems therefore well

justified to assume that Eq. !6" is valid for the nine reflec-
tions of Table I. However, this requires experimental verifi-
cation for each considered reflection in the actual measure-
ment. Three crystal blades would suffice to measure them all
#for instance, a crystal blade cut parallel to the !220" planes
could be used to measure the !111", !422", !511", !533",
!711", and !551" reflections$. Among these reflections, three
are strong !underlined in Table I"; the intensities range be-

FIG. 1. Experimental bnuclear of Eq. !11" and b(Q111) of Eq. !10"
compared with the theoretical curves !4" for bnuclear!4.1507 fm,
bne!"1.31 !Argonne-Garching", and "1.59#10"3 fm !Dubna".
The simulated points correspond to the reflections of Table I; they
are calculated with the Argonne-Garching bne value, with error bars
only due to the uncertainty on the temperature factor !9".

FIG. 2. Comparison of the theoretical bne value !3" with the
Argonne-Garching and Dubna experimental values and with the
result !12". The simulated point has the Argonne-Garching value
with an error bar of 0.06#10"3 fm, as estimated in the text.

NEUTRON CHARGE RADIUS DEDUCED FROM BRAGG . . . PHYSICAL REVIEW C 66, 055210 !2002"

055210-3

↓Koester et.al., 1988

← Alexandrov et. al., 1985

by Sparenberg et. al., 2002

これまでの実験手法と異なる 
結晶回折を用いてこの乖離問題
へアプローチが可能
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動力学的回折を用いた探索

入射中性子

回折透過波

結晶面
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θB 

回折反射波
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“中性子回折を用いた未知相互作用の探索について”

2020年 9月16日 日本物理学会 at オンライン

名古屋大学 素粒子物性研究室 D1 藤家 拓大 page

中性子の動力学的回折

�� = 2⇡
D

�H

D; Crystal depth
θB; Bragg angle
k0; Wave vector
H; Reciprocal lattice vector
Z; Atomic Number
a; unit cell volume
A; Constant value of crystal

回折波の強度分布はその結晶厚さ(D)，結晶内ポテンシャル(vH)に依存

ペンデル干渉縞

核散乱 未知相互作用項形状因子

FH = eW(H) [bN + Z(1 − f(H))bne + b5(H)]

中性子電子散乱温度因子

結晶内ポテンシャル
vH = 4π

Vcell
FH
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多層膜パルス中性子干渉計

例えば 物質の中性子散乱長 を測定する場合
Δϕ = (n−1)knd = Nbdλn

T = 2π
Nbd

位相変化

縞の周期 周期の変化を見れば 
散乱長が求まる

BL05波長 
スペクトル

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
波長 (nm)

現在の 
利用帯域広帯域 

ミラー 
利用時（予想）

Time of flight 方向に干渉縞 BL05干渉計セットアップ

ground counts is about 0.05 counts per second. At ! ¼ 0 we
have observed interference fringes with the maximum
contrast of 62% by scan of phase-shifter-coil current. In
the same scanning range of the phase-shifter-coil current, we
have observed the loss of the contrast of interference fringes
with the tilting angle of the second BSE (Fig. 3).

The change of the contrast due to the change of neutron
glancing angle of the second BSE while the operation of the
tilting was small. The glancing angle of the BSE was
monitored by the alignment laser in Fig. 1 and the change of
the glancing angle was less than 1:1" 10#4 rad in our
measurements. This was able to cause only the change of
1.5% of the observed contrast and this effect is taken into
account as systematic error in following discussion. Irregular
drift of phase of interferogram about 0.01 rad/min was also
found, and this is taken into account as systematic error too.
They do not affect our conclusion.

3. Discussion

The vertical momentum distribution of the neutron beam
was determined only by two vertical slits on the beam line
(Slit 1 and Slit 2 in Fig. 2). The vertical beam collimation
was independent from the reflection off the multilayer
mirrors as one-dimensional crystals. We have changed the
width of the slits and the distance between the two slits in
order to change the momentum distribution. Table I shows
the two conditions of the slits and the distance. The standard
deviation of the vertical wavenumber distribution made by a
pair of slits with the width of w and the distance of l is
written as

"kT ¼
1
ffiffiffi
6

p
w

l
k0; ð3Þ

where k0 is the longitudinal wavenumber of the beam. In this

experiment k0 was 7.14 nm#1. We regarded this "kT as the
standard deviation of Gaussian distribution for eq. (1) and
estimated the coherence length by using eq. (2).

The measured vertical coherence function of each slit
condition is shown in Fig. 4. The contrast decreased with the
spatial shift between the superposed two beams. The
coherence lengths giving the contrast of 1=e was 58 &
2 nm at the wide collimation. That of the narrow collimation
was 129 & 10 nm. The estimated values by using eq. (2) are
59 nm and 130 nm respectively.

4. Conclusions

We have confirmed that the contrast varies according to
the coherence function determined by the collimation of the
beam and that the measured coherence length is consistent
with the estimate by eq. (2). The achievement of precision
manipulation for this type of interferometer system has been
demonstrated by the clear understanding of the three-
dimensional coherency depending on the beam collimation
and the wavelength dispersion as shown in the present study
and the ref. 5. The present result also shows wide
applicability of our new cold neutron interferometer of

Slit 2

beam vertical shift

1st BSE 2nd BSE

be
am

Slit 1

1st BSE

2nd BSE

Fig. 2. Twisting the optical setup shown in Fig. 1. The vertical shift between superposed two paths can be controlled continuously with the tilting angle !.
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Fig. 1. Experimental setup. Beam Splitting Etalon (BSE) can make larger spatial separation between two waves. The first BSE separates up- and down-spin
components into two parallel waves spatially and the two waves are superposed each other spatially on the second BSE. Both sides of one etalon plate of
the BSE are flat for entrance and exit of a neutron beam.

Table I. Collimation conditions to change the vertical momentum
distribution of the neutron beam.

Collimation 1 Collimation 2

(wide) (narrow)

Slits width, w (mm) 40 10

Distance, l (mm) 4855 2675

"kT (nm#1) 0.024 0.011

Estimate of LT
c (nm) 59 130

Measured LT
c (nm) 58 & 2 129 & 10

3080 J. Phys. Soc. Jpn., Vol. 72, No. 12, December, 2003 M. KITAGUCHI et al.

多層膜ミラー

大強度パルス中性子

超精密加工

多層膜 
パルス中性子 
干渉計

ビームスプリッティングエタロン
で経路を分割・重ね合わせ

Δϕ = 2πmnλnL
h 2 ΔV
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Neutrons for General Relativity

1m2, long-wavelength interferometer 
can search the effect of General Relativity.

COW Lense-Thiring

Jamin type

Mach-Zehnder

pulsed neutron

Long

Large area

Intermediate-range force

Matter

COW exp.

干渉縞の確認干渉縞の確認
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Y. Seki et al.
J. Phys. Soc. Jpn. 79
(2010)124201.

λ~100μm

post-Newtonian

Continuous development is important.
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まとめ

中性子崩壊寿命はビッグバン元素合成、CKM行列ユニタリティの検証、
dark decay 探索に感度がある。
UCN貯蔵法、ビーム法など方法で値が異なっており、相互検証が必要。
J-PARCでも最初の結果。アップグレード進行中。

複合核反応ではCP対称性の破れが増幅されて観測される可能性がある。

複合核の取り扱いを実験的・理論的に確かめる研究が進行中。

崩壊角相関項も新物理に感度。

中性子は重力の研究や、ダークエネルギーなど未知の相互作用の探索 
にも利用できる。

中性子反中性子振動は、バリオン数の破れ探索に感度がある。


