PiEFZ AL = RAF BT RER

KR K= W%ﬂﬁntzﬁl—

ol E—

R FYEZDHERE2025 (PPP2025), September 1st, 2025,
INFTIZyoR—), REV KR FEEREZH R



PEF &I

s GFERICEFRREBEBRTAEFDODUVEDT,. ZDH>HLERDEVED,
o 1932FITF VROV INFEER,
« BHERTIEARZET. FEXRFRZIZEFBINT-IRETEELTLS,

bZF HREF
Proton Neutron
d u
u u d d
* Mass: 938.2720881(29) MeV/c 939.56542052(54) MeV/c
e Lifetime: not detected (>0.9 x 103%) s 878.4(5) s
* Electric charge: e* O(<1x107%Y)e

* Spin h/2 h/2
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Alpher, Bethe, and Gamow, Phys. Rev. 73 (1948) 803
"The Origin of Chemical Elements"
https://doi.org/10.1103/PhysRev.73.803
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https://www.exploratorium.edu/explore/origins/big-bang
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baryon-to-photon ratio n = ny,/n.,

R.L. Workman et al. (Particle Data Group), 3
Prog. Theor. Exp. Phys. 2022, 083C01 (2022)



Recent observation by SUBARU telescope

Resent observation from SUBARU telescope gives very small Y, value.

Correction of Metallicity Y, value
C [=<) — This Work
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Akinori Matsumoto et al 2022 ApJ 941 167, https://doi.org/10.3847/1538-4357/ac9eal
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Neutron Lifetime Puzzle
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» Measured neutron lifetime values with beam method and storage method show
significant discrepancy (more than 4.60)
Experimental uncertainties that were not taken into account? (phys. Rev. D 103,

074010)
New physics?
- Dark decay? (Mod. Phys. Lett. A 35, 2030019 (2020))

- Soft scattering with dark matter? (Phys. Rev. D 103, 035014)

- Mirror neutron oscillation? (Ep) C 79: 484 (2019))



Neutron lifetime in the weak interaction

Ratio of axial to vector coupling (g,/gy)
B decay occurs with only g, and g,..
Due to the strong interaction, g, is 27% larger than g,

Coupling constant of the weak interaction

(determined from muon decay lifetime)  Radiation correction
Effects of electromagnetic forces

Electron mass involved after collapse

1 GEm2
F'tte
— =—— V(1 +32*)f(1 + RC)
T, 2T
An element of Determined by combination
Neutron lifetime CKM matrix of nuclear spin. Some nuclei

do not contain A.
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Measurement of A = g, /gy

Neutron decay in the standard model
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PERKEO Il result
The B-Asymmetry Parameter A is the most A=-0.11958 +0.00021
sensitive for A parameter, which can measured A =-1.27641+0.00056
by energy and angular distribution of electrons
against neutron spins. PERKEO Il experiment

detector

electron tracks

\
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B. Maerkisch et al.(2019) https://doi.org/10.1103/PhysRevlett.122.242501
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Small “a” measurement
aSPECT experiment

Measurement of the B- v, correlation a

noise proton electron
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M. Beck et al. (2020) https://doi.org/10.1103/PhysRevC.101.055506
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CKM unitarity

If the CKM matrix is 3 generations, it should be a unitary matrix (determinant is 1).
It can be verified Standard Model with very strong restriction (~10 TeV).

7, . Storage method

J1 —|Vsl?2 = 0.9745(2)

Vud: CKM unitarity
(Vus from Kaon decay)
PDG2022

! Cabbibo angle anomaly |V dl (O+ N 0+) _
u =

(-30)
0.97373(11) exp.(9)rc(27 Ins

Vud: Super-allowed

with radiative correction
PRL 121, 241804 (2018)

7, - beam method
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7, = 879.4(6) s
1.264 12166111216181 '1127 12172I1I2I74l1121761112178 128 1.282 A =1.2756(13)

Al=Ig /g |

[Vual? + Vsl ? + [Vigp|? = 0.9985(6) )y, ,|(Dyy,.)
R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)



Lattice QDC calculation for A
LETTER

https://doi.org/10.1038/s41586-018-0161-8

A per-cent-level determination of the nucleon axial
coupling from quantum chromodynamics

C. C. Chang"?, A. N. Nicholson>*%, E. Rinaldi*>®, E. Berkowitz®7, N. Garron®, D. A. Brantley"®°, H. Monge-Camacho"°,
C.J. Monahan'®!!, C. Bouchard®'?, M. A. Clark'?, B. Jo6'4, T. Kurth"!®, K. Orginos®!®, P. Vranas"® & A. Walker-Loud"®*

Resent lattice calculation achieve to calculate g, in 1% level.
g,=—-1.271%0.0013

C. C. Chang et al., Nature 558, 91-94 (2018). https://doi.org/10.1038/s41586-018-0161-8
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Measurements of Neutron lifetime



Methods to measure neutron lifetime

» Beam method

Bunch of neutron beam

\ A Detector N
F

.I.1II'_

X

T
Time for passing «

protons or
electrons

1+

&

5

» Counts beta decay protons or
electrons from neutron beam
and estimate the beta decay
event fraction with injected
neutron flux

» Storage method

Bottled ultra-cold neutrons

Survived neutrons .

» Confines ultra-cold neutrons
into strage and then counts
survived neutrons as a
function of confinement time
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1s* precise lifetime experiment by Robson in 1951

Phys. Rev. 83 (1951) 349:; at Chalk River reactor in Canada, 3 cm diam. thermal neutron beam with 2x109 n/cm?/s flux

The protons from the radioactive decay of the neutron have been identified by measuring their charge
to mass ratio with an electrostatic field and magnetic lens spectrometer. Coincidences have been obtained
between these protons and the corresponding beta-particles from the neutron decay using a second
magnetic lens spectrometer to measure the energies of the beta-particles. In this manner the beta-spectrum
of the neutron has been measured over the region from 300 kev to the end point and has been found to be
consistent with the energy distribution expected for an allowed transition. The end point of the spectrum is

782 kev with a probable error of 413 kev. The half-life of the neutron is 12.8 minutes with a probable error
of £=2.5 minutes.
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F1c. 1. Plan view of the apparatus mounted outside
the main shield of the pile.

P. Geltenbort Session D14: Mini-Symposium:The Neutron Lifetime Anomaly - future directions. APS April Meetina 2019, Denver. CO, 13th April 2019



History of the neutron lifetime
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UCNT experiment

filling volume

trap volume
—cleaner

primary detector
---- monitor

» The most accurate
Halbach experiment have done in
Los Alamos in 2021.

F. M. Gonzalez et al ( UCN t Collaboration),
Phys. Rev. Lett. 127, 162501 (2021)

polarizing
magnet

— ey e
‘\,[: Spin-ﬂipper “=7 1 meter

T, = 877.7 + o.zsstatf‘;;ggsyst s

» Storing UCNs in magnetic
bottle, and detecting with
scintillation detector.

21

N. Callahan et al. Phys. Rev. C 100, 015501



Beam method
NIST experiment by proton counting

alpha, triton

detector
LY .
* precision S S
wperture detector
O .,, ”h neutron beam
6y 3 ,."'
oot MITTor trap electrodes door open
* F (+800 V) (ground)

1. Monochromatic beam is transported to the magnetic trap.
Neutron flux is monitored by a well calibrated °Li/SSD detector.

2. Protons from the neutron decays captured in the magnetic
trap with electrodes. Stored protons are released and detected
by a SSD with thin surface layer.

T, =887.7+ 1.2 [stat.]| + 1.9 [syst.] s = 887.7 + 2.3 [combined] s

A.T. Yue et al., "Improved determination of the neutron lifetime." Physical review letters 111.22 (2013): 222501.
J. Nico et al., "Measurement of the neutron lifetime by counting trapped protons in a cold neutron beam." Physical Review C 71.5 (2005): 055502.



Neutron lifetime puzzle
with new physics



Theoretical considerations for the gap
between Beam and Storage methods

PHYSICAL REVIEW LETTERS 120, 191801 (2018)

Editors' Suggestion Featured in Physics

Dark Matter Interpretation of the Neutron Decay Anomaly

Bartosz Fornal and Benjamin 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)

The puzzle can be explained if an unobservable decay mode
at 1% otherthann - p+e~ +v.

How about neutron decay to dark sector?

1. n- yy
2 n-xo

3 noye e

24



Neutron - dark matter + photon

Predicts y-ray emission of 1% of neutron decay
0.782 MeV < E, < 1.664 MeV from Q values of neutron and ‘Be

| 2
NOT Detected

Search for the Neutron Decay n—>X+y, where X is a dark matter particle.
Z.Tang et al, Phys. Rev. Lett. 121, 022505, https://doi.org/10.1103/PhysRevLett.121.022505

"2 Quanta

Dark Matter Seen

https://www.quantamagazine.org/neutron- The UCNtau experiment at Los Alamos
lifetime-puzzle-deepens-but-no-dark-matter- National Laboratory, which uses the “bottle
seen-20180213/ method” to measure the neutron lifetime.
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Beta decay to hydrogen
In @ hew state

* Probability of hydrogen formation
n->p+e +v,>H+V,
is calculated as 4x10°°,

 Atheoryindicate to 3000 times larger transition to another state of
hydrogen.
— The hydrogen is insensitive for proton counting.

— 3000 times hydrogen formation expect 1.3%, which is consistent with the
value from the experimental difference of 1.15+/-0.27%

e Second Flavor of Hydrogen Atom (SFHA) is deduced by second solution of
Dirac equation.

1
RO,_l(r)ocﬁ, g=1+/(1—a?
— 1++/(1— a?)isthe normalone, 1 — /(1 — a?) is the new one.

 The SFHA is dark, which is only coupled with 21 cm line.

Couldn’t atomic physics find the state? @

26
E. Oks, New Astronomy, 2024, 113 102275 https://doi.org/10.1016/j.newast.2024.102275



https://doi.org/10.1016/j.newast.2024.102275

Dark matter kicking out UCNs

 Some dark matters are captured in the gravity of the Earth.
 They are thermalized (300 K or 25 meV), and can interact with UCNs.

* Even small momentum transfer (g = 9 eV/c for 50 neV), UCNs are
kicked out from the container.

o P

UCNs (~1 mK)

UCNs are kicked out to outside
outside of the container

Dark matter (~300 K)

-

Is there any other experimental limits for this? @

S. Rajendran and H. Ramani, Phys. Rev. D 103, 035014(2021),
https://doi.org/10.1103/PhysRevD.103.035014
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Exited state in a neutron

* Neutrons are in an excited state when generated and transition to
the ground state on a timescale of of seconds.

* The neutrons in the exited state have longer lifetime of 888 s than
the ground state of 880 s.

7, [s] 2
890 production 1
e

w0 D

beam
880 experiment .o Tg
875 :§ ?’

bottle
870 experiment

Tpeam
865 ~ 25ms 4

bbbbbb

t [s]
0.001 0.010 0.100 1 10 100

Does such an exotic state couldn’t yet found in other experiments? @

B. Koch and F. Hummel, Phys. Rev. D 110, , 073004 (2024),
https://doi.org/10.1103/PhysRevD.110.073004
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Space measurements

Credit: Johns Hopkins Applied Physics
Laboratory, USA

* Neutron lifetime obtained by a Lunar Exploration Satellite

 Measurement of distance dependence of the thermal neutron from the
moon surface
T, =887+ 14%]s
Lunar Prospector, Jack T. Wilson, et al., PRC 104, 045501 (2021)

Galactic cosmic-ray

(Epi-) thermal neutron
Fast

Tin . Altitude
neutron LunarSwaace ™
: .Nucmar . (L7375nﬂ {j
~ lﬂ reaction T -
2,000 k
Moon ( m) Few neutron

-
-
e

* Itisclassified “storage experiment” with thermal neutrons.
— Dark matter will not affect on this measurement.

* Plan for a new satellite
— MoMoTarO, N. Tsuji et al., PoS(ICRC2023)296
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Neutron lifetime puzzle

D - _
© 915 Our first result
= -
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£ 9005 Prog. Theor. Exp. Phys. 2020, 123C02 (2020) |
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Measured neutron lifetime values with beam method and storage method show
significant discrepancy (more than 4.60).
New type of measurement is ongoing at J-PARC.

» Counting not proton but electron from the beta decay.

» Deferent observable and different systematics.



Experiment at J-PARC



Neutron Lifetime experiment
using pulsed neutron at J-PARC

e -;|mmagé’§s;m K. Mishima?, Y. Fuwa?, T. Hasegawa?, T. Hoshino?,
‘ = -4 R.Hosokawa? G. Ichikawa3, S. leki>, T. Ino3,

Y. lwashita®, M. Kitaguchi!, S. Makise?,

S. Matsuzaki*, T. Mogi’, K. Morikawal,

N. Nagakura’, H. Okabe?!, H. Otono?,

Y. Seki®, D. Sekiba?, T. Shima?®, H. E. Shimizul9,

H. M. Shimizu?l, N. Sumi3, H. Sumino®, M. Tanida?,

T. Tomita4, H. Uehara4, T. Yamada®, S. Yamashital?l,
K. Yano?, T. Yoshioka*

Nagoya Univ.1, JAEA?, KEK3, Kyushu Univ.4, Tohoku
Univ.>, Kyoto Univ.%, The Univ. of Tokyo’, Univ. of
Tsukuba?, Osaka Univ.?, Sokendail9, Iwate Pref.
Univ.11
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Lifetime measurement at J-PARC/BL0O5
by electron detection

Neutron beam bunch

BLOS  Cold neutron beam (polarized) —_——
e 71
- — - [ w
j ﬁ/‘ ¥ g N - ¥
Spin Flip
Chopper (SFC) ~  TPC

;> Makes pulsed neutron beam
into bunches by magnetic mirrors
and spin flippers y

Beam catcher

» Detector: Time Projection Chamber (TPC)
« Gas: *He, CO,, *He
(~85%, ~15%, 0.5 - 2 ppm, respectively)
Total pressure: 100 kPa or 50 kPa Drift wires
* Signals are detected with a Multi Wire
Proportional Chamber (MWPC)

Neutron beam bunch

: 3He dencity “Boam axis
L 1 (Sge/EHe) o : 3He neutr]?n absorption cross section Drift cathode
n — Vg : Velocity of neutron
PGoVo (S.B/gﬁ) Sge  :Number of He neutron absorption event
Sgp : Number of neutron fdecay

EHe, &g : Efficiency
» We aim to provide the most precise experimental neutron lifetime value for beam method
as an important piece to solve the neutron lifetime puzzle

* Goal: measurement with ~1 s accuracy

33



A new result from J-PARC

T HEFTFEEDLLIHND

The improved results using data from 2014 to 2023 are as follows:

T, = 877.2 +1.7(stat.) %0 (sys.) = 877.2

[Y. Fuwa et al., arXiv:2412.19519v1]

+4.
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Beam method
(proton trap)
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— 895 : Beam method
L - (proton trap)
g - + Bottle method
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This value gives a 2.30 tension with the average value

obtained from the proton trap.
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https://arxiv.org/abs/2412.19519v1

Background suppression with solenoidal magnetic field

f

Signal region

Superconducting
ﬁ Neutron Magnet
Beam

Neutron beam [-ray Anode wires—> \ Gaseous
frsay Detecto
ft direction ﬁ B /Q ﬁ Drift direction N
b 0
‘Without magnetic field @ ‘With magnetic field ¢
Vacuum
N. Sumi et al., Nucl. Inst. Meth. Phys Res A 1045(2023) 167586. Chamber §

1;—

To achieve 1s, we are N
preparing for background ‘
suppression by using multi-

0007008 00} 00 00) 000} 008 009 00 002 O

layered TPCin a solenoid & o
= s 5L
magnetic field. iE = L

The first data was obtained on this apparatus in
Feb. 2024. 3 hours of physics run, corresponds to
~80 s.

The next run will come in next Dec.
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Rauch, H., Zeilinger, A., Badurek, G., Wilfing, A., Bauspiess,
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“Verification of coherent spinor rotation of fermions”

Physics Letters A, 54(6), 425-427

https://doi.org/10.1016/0375-9601(75)90798-7.
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A. W. Overhauser and R. Colella

“Experimental Test of Gravitationally Induced Quantum Interference”
Phys. Rev. Lett. 33, 1237 (1974)

https://doi.org/10.1103/PhysRevlett.33.1237
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R. Colella and A. W. Overhauser S. A. Werner, “Observation of Gravitationally Induced Quantum Interference” 38
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Concept of New-Type Neutron Interferometer

The neutron wave should be handled in the precision of “few nm

To achieve high sensitivity interferometers, we need:

« Neutron Multilayer Mirrors to use arbitrary wavelength

« Beam Splitting Component to enable large interaction length

« Alignment Technique of each mirror to satisfy a coherence length

« Pulsed Neutron Source to observe the wavelength dependence of fringe

Pulseq
neutrOn

Neutron Mirrors

Diffraction Beam Splitting Com ponent

utron tl"“‘“‘ Lo

NlSI' Neutron Interferometer and Optics Facility

— 1  — —
= T




cnts

70
60
50
40
30
20
10

-10

Multl Iayer type neutron interferometer

. | AL N B
at J- PARC MLF BL05 “NOP”

Beam scan with Cd beam stop

______ 326um_

Imul:“ ll uII I

|]HI NN

IIII[IIIl[lIIIITIIIlHlllHlllllTllllH

N S S ST S
100 100.2 100.4 100.6 100.8 101
Cd pos. [mm]

70
60
50
40
30
20
10
0
-10

Differential cnt/0.02 mm

2T cam spitting BT

otalmiror  Hafmimor Bragg Law: A = 2dsin@
o

0

Ti
Ni
$
54 mm
Beam Splitting Etalon (BSE) potential

Interference

= § o)
S 0.6f{— oBeam : f_rlnge.
N - | —— H-Beam i
g 05:_ O-Beam w Cd SUDUUURRR SUNRR . ST (100 (OO | N SO RUR SN 1 .......
?u: 0_43_... éﬁH-Bea:med SN WOSPPOOR: U000 0 111011681 10 3 UUUROOOS SO SO
03:_ ............ ﬁ}*“ ...................................................
0.2 :_ SRS oo 1708 | NS ORI OO ol T S
= 4
0.1;7;-*-;:*;#--5------\‘
WY s
'wﬁn NI . i - " o
05 20 2580 35 40"4550™ 55

tof [ms]

« Two beam paths are completely separated
e Oscillation observed in TOF (visibility of 60%)
* Single path doesn’t make oscillation
We successfully demonstrated
the neutron interferometer

T. Fujiie et al., Phys. Rev. Lett. 132, 023402 (2024).



Measurement of coherent scattering length

Scattering length measured and reference

Al 0.103 mmt Al 0.965 mmt
Ti 0.100 mmt Al 0.287 mmt
E 200 :
2 A
g Q%
§ 150~ OY...
= B H
Ti 0.204 mmt
s0[-
oF .
'50:/| A I I
-50 0 50 100 150 200 )
y h V.Ni alloy Calclated ¢ [nm']
. . . . :
Inserting material in one path shifts the phase by V 0.315 mmt $i0.287 mmt
b =-0.3824 fm b=4.1491 fm

its scattering length.
Coherent scattering length of V

| out | S|I|con 0. 287 mm
: - e Tt IS R R (- this work (V-Ni) Scattering length of V
S A S — - this work () was 45% different
; ——— ---efeceeaaod -- Koester (1993
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0.8 N S : \ : ; . . .
R T = S = S — e R -- Penterson (1952) Further Investigation
033 ..... i e peee ~- MCreynolds (1950) g required.
ﬁé G 1 S 0 0 — TR
R — T. Fujiie et al., Phys. Rev. Lett. 132, 023402 (2024).
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Is Gravity Quantum?
Gravitational bound states of neutrons

mevnsszzzzzmr T <+
Py Gravity
Potential
% -
2 s n=5
= R T T TR e
s | /\/ 77— __.h=4
w 4&7 )
L N T n:3
3
Z ..... ,......,,““““________________r_]__:,ld
1 Wave function and energy
0:1lLIlIIl]]IllIIlJlllllllllll
0 10 20 30 40 50 60

Extremely slow (~ 7 m/s) neutrons (Ultra Cold Neutrons)
are bound by Earth's gravity and a surface potential.
The typical size and energies are ~10 pum and ~1 peV.

Height (um)

N (counts s™)

I Absorber

Absorber/Scatterer = State selector

Neutron

detector

Collimator Bottom mirrors

~10cm

Eigenstates higher than the ceiling are removed.

o1 Classical Mechanics =0
N ___(‘v?,’.@---"
e |
I Quantum Mechanics
"on % |The discovery of the
/: ground state!
®
10-3-_;__:::-1};:({)-_'::::::ZIZZIZZIZZZZZZZZBackground
o 10 20 30 40

Absorber height (um)

V. V. Nesvizhevsky, et al., Nature 415 (2002) 297-299.



Spatial Magnification of Quantum States (Tokyo)

Gl, et al., Phys. Rev. Lett. 112 071101 (2014).
Magnifying the neutron image by a convex mirror.

_ [ Eooof (a)
Resolution~3.4um 28 - 200—2 ¢t n<50
with 10B layer - 5100-
Pixelated detector . —enlE
g150— © 3 3
;- i Position Z' (mm)
> F
. [ . [ = B
Magnification rod 3 100~
x20 A
| ~25mm I
Pixelated detector <———> 0 i
Dispersion is n=1
. calculated by using 0 | 1

Il ' 1 1 ‘—i: .l i 1 ' 1 l 1 1 ' I [ | I 1 L 1 ' 1 L 1
04 0.5 0.6 0.7 0.8 0.9 1.0

the phase space of Position Z' (mm)

quantum mechanics. o _ ,
(Wigner function) Resolution is equivalent to 0.7 pm, but the systematic

~error disturbs the search for short-range gravity.

X

— Our group has developed a detector with sub-micron
7 resolution without magnification.

Slide from T1JI| 5 (KEK)



qBOUNCE Experiment

Inducing Rabi oscillations by the vibrating bottom mirror.

gy — . —
Py —o— —a
chs. 2 4 4
Regions | 1l 1] D
Eigenstate selection Oscillation Counting eigenstate

UCNSs oscillate between eigenstates at resonant frequency.
Raised neutrons are removed by the ceiling.

Energy measurement with ~3x10-4 accuracy

AEr = 1.915peV AEher = 2,676 peV

AES® =1922+0.005peV  AES™ = 2.687 % 0.007 peV

Slide from T1JI| 5 (KEK)

Oscillation strength (mm s™)

T. Jenke, et al., Nature Phys. 7 468-472 (2011).

T. Jenke, et al., Phys. Rev. Lett. 112, 151105 (2014).
G. Cronenberg, et al., Nature Phys. 14 1022-1026 (2018).
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High spatial resolution emulsion for ultracold neutrons

Structure of the detector Principle of track formation
. A charged particle  Aligned Ag grains
(cross section) AgBr crystals 9Q@h cromica
10 KA Q developmen

(1OBB4C96A)) NiC . A latent .'f}/;"i,: —_— ~100nm

~200nm_ "™ 50 nm image Sl o “

?_? E:Jncel-(;irramed ~40nm  Gelatin A\3D track
emulsion gel * Fine-grained nuclear emulsion gel (Nagoya Univ.)
~10 pm - Especially high resolution

9 " - Strong against y —ray background
Tracks from neutron absorptions
Absorptiongl| Charged particles / \
point a (~5pHm)

or ’Li (~3 um)
Sputtered at KURRI

Estimated Resolution < 100 nm (@ < 0.9 rad) \

= 1~2 order higher than existing detectors
Absorption efficiency ~41%

(velocity of neutrons ~10 m/s) N
Naganawa et al., Eur. Phys. J. C (2018) 78,959 < LG

v



Measurements of the quantum
bound states in the earth gravity

Measurements with the emulsion detector has been done at the reactor of ILL.
Three different conditions were measured.

Emulsion Emulsion Emulsion
detector detector detector
Absorber/scatterer Absorber/scatterer Absorber/scatterer
N P .. 30 um
) . Additional . Bl M=
Mirror Mirror mirror Mirror Additional
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15 em 15 cm 5cm 15 cm 5cm
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S1605 |72 L T i ey T | 5 Ln S ——
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Aot L |--n=2 \P‘\2 04794 + 00128 100 2:3 \sz 04794 + 00126 = r :;4 Iﬁf gggg;ig:gﬁi
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C100— 3.91+0.42 (&} T |---mes <\» g, 361+ 046 o O |eoms o 0.63 £ 0.00
F 063+ 0.00 - === Interference < 0632000 = ""mfg
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Neutron Whispering gallery

Filter
m=>5 mirror

Cd Collimator
0.1(X) x10(Y)

Cd Collimator
2(X) x 50 (Y)

i OnaXand 6-stage

L=18.03m

(Reflection position)

(Direct position)

Concave Mirror

RPMT
On a X-stage

The filter and the concave

mirror are temporary off the
beam axis.

Chopped reactor
neutron beam

Horizontal divergence
on=0.090 mrad.

xon and®

BLO5 low-divergence branch
MLF beam cycle: 25 Hz

Concave mirror

Crystal Optics

16x25%40, R=25, $po=16°
Surface RMS=0.58 nm
(0.08x0.08 mm?2)

DVt
H. Rauch, Nature Phys. 6 (2010) 79.

Neutrons bouncing on a concave mirror form bound
states near the surface due to centrifugal force,

called “Neutron whispering gallery”.
[V. V. Nesvizhevsky et al., Nat. Phys. 6, 114-117 (2010)].

For mirror curvature of R=25 mm and neutron

Deviation angle ¢ (mrad)

A

,

RPMT

ZnS(Ag)/sLiF

0~0.1 mm

Reliable inside r < 25 mm

Measurement

o N A O ®

-2

! |
© (=]

_ — 6 2 %9 Classical I
of v=1000 m/s correspondstoa = 4 X 10° g & | %%
. . 2 0.008 |4/ o
and typical height of the quantum state of 40 € [ | With additional loss
2 00081 Experiment
nm -
. E} f
0.004 ?
L ,,M .........
: : 0.002f st et~ O R
The experiment at J-PARC well agreed with the B
calculation from the Schrodinger equation. I T R AR R
Wavelength A (nm)
Wavelength distributions.

o ¢
a

%

Relative count

Calculation

o N A O ®

Deviation angle ¢ (mrad)
|
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1
»
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3(10‘3
£0.5{ Calculation '
& Experiment
€04
(4]
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Fosf v
& N
0.2f L 1
|
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E o |
0~ - ——
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Wavelength distributions of ¢ < 0.1 mrad.
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Why is gravity so weak?

Currently discovered interactions are brane 48  bulk
° Strong ~1 ‘ KK-graviton //
. ~ _2 ) A

* Electromagnetic 10 ... o=

¢ Weak ~ 10 : -

* Gravity ~ 1040 J
4D world Extra dimension
(BAL2DHER) (KKENFOHDICETEZDHER)

Comparing other 3 interactions, _ _
L ) Large extra dimension model

the gravity is too small. It is called *This figure is for illustrative purposes.
“Hierarchy problem”. LOI-BLO5 (2005)
To solve the problem, Large Extra Dimension model was proposed.
The model expects that
* The gravity is week because the gravitational force is escaping

to the other dimensions.
* In that case, gravity will be strong in short range.

mM /2
Nima Arkani-Hamed, Savas Dimopoulos and Gia Dvali V(r) = —Gy— (1 + ae™ T ) 54
Physics Letters B 429.3 (1998): 263-272. r




B. Heacock et al., Science, 373, 6560, 1239-1243 (2021).

Present limits T

10° 10° 10° 10
25 1 - : BRI | 10~ 12
10 Rekiovskr 2000 Mohideen et al. 1998
Haddock et al. 2018 =}
1 1in-14
1023 i NG ~Kamiya et al. 2015 | 10
o Neutron scattering i ‘ L ~ O
o} With Xe atom e 2
1021 : . ‘ : ) IR '10_16
Heacock et al. (2021) s,
W R R . L 10-18
5 Néutrqn
Bragg scattering
1074y Saase 22 ‘ 1107
161" 10~10 i 1G>
As, [m]

The limits is determined by experiments using neutrons.
Why neutron?
Background of Casimir force due to polarization of atoms
Polarizability of atom : ~103% m3
Polarizability of neutron :~1048 m3 >



Experimental Principle

Short range Yukawa-force expects small angle scattering.
1
aczF;(0) = 2a6Mm,,

dependence in the forward direction

(%) + 8, sin? 2
sin" -
T m,c*\ A n 2
Scattering amplitude
of short range gravity Terms added by T | Angle dependepce of
short ranee oravity forward scattering
A : Range of ) E,,: Neutron energy
short range gravity 0 : Scattering angle
degree
Differential cross section of short range gravity ¢ pé—————"——————pr—
is evaluated with Born approximation S g ; e
g Y N\ — IR S
c f A |
do 5 2 @%p | | .
— (bN) + Z(bN . aGFG(G)) + (aGFG(e)) E“N%f— 5 = Short range of gravity|
ds} 8‘%2[6 — — Nuclear Scat.x 1073
" Nuclear scattering — Isotropic 15
10
" Short range gravity — strong angular
o 0.05 04 015



Scattering of Nano-particles

Scatter radius 1 A
Many atoms N

Ar = — X —
are scattered together g 0
/

Ar / Momentum transfer
8 * A : Neutron wave length (0.1 < A[nm] < 1.0)
* 0 : Scattering angle

Optimal size of the N Nano-
target for A~ 100 nm Particle

1

acF;(0) =2aGMm,, — - The heavier target mass,
C . ege o
mncz(j) +8Ey, sin’; the better sensitivity
The total mass of atoms contained We are using nano particles of
in a nanoparticle vanadium, which has smallest

coherent scattering length



Fabrication of vanadium nano particle

* Vanadium nano particles are fabricated

by RF thermal plasma method.
* Averaged radius is 20 nm.

* Calculated the scattering length of the
nanoparticle from elemental analysis is

beon, = 0.719 + 0.23 fm
cf. b.on (V) =—0.555+ 0.03 fm

Particle size distribution

RF thermal plasma method

Evaporation
Induction coil

Heats the

water cooling tube

up to about 10,000 °C

I Nucleation - Aggregation I

Y

|.3 Nano particle I

Elemental analysis

-t ek ek
S & 8

Number of particle
8

=

- g 22 2] _EBlement| b ., [fm] | Mass%
- Prob 0.1339 C 6.6484 0.68
- L i Lo | sses | el
C o 0.3622 + 0.01144 B 530 002
- Lognormal distribution Mg 5.375 0.003
E_ fitting - - Al 3.449 0.009
. Si 4.15071 0.04
F Average radius:19.84 nm  Ca 4.70 0.004
;— Ti -3.370 0.001
- \% -0.555 92.71
Y AT il Cr 3.635 0.03
0w A 0 e | Mn | -3.750 0.002
Fe 9.45 0.08
/n 5.680 0.01




Excluded region of A-a parameters at 95 % C.L.

Experimental limit

10%
8 exclude region * Compared to noble gas target
102 — Mohideen ot a. it has high sensitivity in the Ag region of
1022? Haddock et al. several tens of nm.

3 "
102‘%— T However,,
1020 ) mainly due to the systematic error of 9.3% in the effective

§ 1019; Heacock et al. (2021) Kamiya et al. density,

1018%_ the upper limit is worse by about two orders of magnitude

than the current world best limit
107¢ NOP@2025(SANS) * New experiment using nanoparticles
1016:E
1oL . This can be resolved by performing
; 0143 SAXS measurements with a SANS cell.
1013§ | III! | | I | [II | | Jll 1 E_l b il (Spring_g : phOton energy - 40 KeV)

107° 107° 107
A [m]
Masayuki Hiromoto (Osaka University) 2025/07/31 e
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Why is there far more matter than antimatter?

Sakharov conditions - Obser'vatlon

® Baryon number violation
® Departure from thermal equilibrium
® C- and CP-violation

b/ 1y = (o 61£0.02)x10"

Standard Model
More CP-violation

® ® l«‘ﬁ‘@

(from unknown source) is required' | 2» 2. ° !@M

Since CP-violation = T-violation,
Permanent EDM search has High detection capability.
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neutron EDM

AFIEL=REFICER S FE— Ak
(nEDM)?f)\&_)%)t EJ'IE%#\ZtJEHH =
mamEED,

— COFEISERE REE FREZHE S,

R EF(E(u,d,d)D3IDDITF—IH SR
HEEHNF. PEFOREIFEE(M
fm)SBLND BRI AN HOTEHELINEDS
[CHESH, FER Do TLVELY,

— IET:EODJ:BE(i 18><10 26e cm

IZHE =,

- fd:‘:h\zzggé‘:lﬁiéo
“Strong CP Problem”
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Search of the neutron EDM

Current upper limit @PSI 2020 )

~ Experimental limit e

— dp = (0.0 + 114 + 0.25y5) X 107%%e - cm & ey
n stat SyS TT + o O M, BNL
— d| ¢ P 1074 q”s A U 4
> |dy| < 1.8 X 107%%e - cm(90%C. L) i A ] g%, 7 o
10% ] ' \6{%& DM S () }sensitiwly é d
C. Abel et al, Phys. Rev. Lett. 124, 081803 (2020) — dT _ 1024 o 2 I
& . 8, stored UCN E é F
T + Q.E 10% 4 AY é’é g r
"“‘:"/ T 1074 A Ay s Psizgzo 3 = Mg 2
1074 Current limit N ¥ C'j | ] 2
: U
Test of Time reversal symmetry U %

. . 1077 Fé f
— Same as CP symmetry assuming CPT conservation 10§ I :

1 % T T T T

T T T T T T T
1960 1970 1980 1990 2000 2010 2020

Strong-CP problem Publcaion eor

Slide courtesy: B. Lauss, nEDM workshop 2017, based on
NIMA 440, 471 (2000), Phys. Rev. D 92, 092003 (2015)

_ dn e (15 i 07) X 1 0_16§ e cm AIP Conf. Proc. 1753, 060002 (2016)
Jordy de Vries et al., Phys. Rev. D 104, 055039 (2021) Current EDM limits for Strong CP
-> 6 < 1010
Experimental
EDM limit

Constraint to theories

— SUSY mass scale

Possible strong-CPV

300 GeV) 2 sing —24 I
dy, ( Y ) tan B X 107“%e - cm = ~2 TeV (PSI limit)

CKM

= ~10 TeV (|dyl~1 X 107%7¢ - cm )

S. A. Abel and O. Lebedev, JHEP01(2006)133

K. Kirch and P. Schmidt-Wellenburg,
EPJ Web of Conferences 234 (2020) 01007
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Ultra Cold Neutron (UCN)

1 ~1A
Fermi Potential ~ 50nm
>

Magnetic Field
60 neV/T

gravity 102 neV/m

UCN can be confined ~ 100 sec

by material/gravity/magnetic potential

Ultra Cold Neutron
Energy ~ 100 neV
Velocity ~ 5m/s

Wave length ~ 50 nm
Interaction

Gravity 100 neV/m

Magnetic field 60 neV/T

Weak interaction
B-decay n—>p+e
Strong interaction
Fermi potential 252 neV (Ni)

atom distance : ~ A
UCN feels average nuclear potential

Unique property
UCN can be measured for ~ 100 secin trap

- Use various experiments
nEDM, n lifetime, gravity ....
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UCN production scheme in TUCAN Source
(TRIUMF Ultra-Cold Advanced Neutron)

Combination of
- Spallation neutron source
- Neutron moderator

- Super-thermal UCN production with superfluid
He (He-Il)

Y. Masuda et al, PRL 108 (2012) 134801
Spallation Neutron Source

- Fast neutron produced by accelerator driven
proton beam impingement on W target

- 20kW proton beam line (BL1U at TRIUMF
Meson hall)

RT D20 and 20K liquid deuterium (LD2)
moderator

Crucial aspects:

- Keep the He-ll temperature at ~1K to suppress
up-scattering by phonons under a heat load of
beam irradiation

Experlrr;ental /\ temperature velocity
/ phonon Smk S/
He-I

neutron

- 1%¥300500 m/s
B liquid D, )
X / oo
0. \ 3001 meV
’ o thermal 1 km/s
target ‘%’ o= ne\utzon D0 D,0
@ 3;1‘ ~25meV
proton © few 101°K 107 m/s

Spallation
reaction

~1MeV

Super-thermal UCN production
(Golub & Pendlebury, 1977)

cold n.eutron H\Pﬁphonon Energy E4 free neutron

\ TmeV | ...
@®ucnN (12K) ,
down phonon -roton
Cold neutrons (_| UCNSs | .dlspermon in He-Il

Up-scattering rate: 7,.! oc T

-1 Momentum Q
(T : He-ll temperature) 7'nm !




‘k’ ﬁHM?ﬁEO“ T U CA N % m ?Z\)t TRIUM F

Advanced Neutron source
i Wl & TRIUMF
1 - A

nced Neutron source
He cryostat
cools down HEXto 0.8 K at 10 W heat input

20-K LD,
creates cold flux

-
[ 300-K D,0

creates thermal flux

) ge——
graphite |
reflects neutrons
-

-
%\

Lead
reduces y-heating of superfluid

W Target L | ' Superfluid heat conduction channel
creates spallation neutrons - | ’ | removes cryostat from intense radiation
| : s

HEX
cools down isopure 4He to 1 K at 10 W heat input

—
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TUCAN EE&
TUCANERBRERERICTEBSPEFOERICEKIIULUZE

e 2025 6H MEERTH o
UCNZHRH !
— WBLBEHIEHYELEA
— HBIBBEFHERY,
- ‘Aiﬂ%,jcstae%i,
WXt 729 It
y ,&1715 BEXKZFETL—5—%

E{iu: E KEKZEMI 2 —AY - dEFTIL—THEMNMT ZTUCANERERRRN., hF+FOEIRNFRFZYE
MERA(TRIUMRA)IC T, KEKTHRELIAY DL E#EFE > TESHPMEF (UCN: Ultra-Cold Neutron)
— UCNEEXZCh be1fE(ciEz 5

i)

ol

H=

DEBICEHULE L.

5T & p E g pegpem  progpen
— 10ANEDE—LA(LTE - =T ==
KEONRERRTE. |
* TRIUMF[X2026%E(XE—LAHY
HizL\OCnEDMEROE
lEZEDDHETHE, |

68

KEK IPNS —a1—XREwWSI X (202557 A 78 )https://www?2.kek.jp/ipns/ja/news/7515/



EORERZEFIALE
B [ R ER 0 FRTE DN ER R



RFEZRIGTDN)TDEN

. R—AFRELE . BUMEEERO ST/ T4 (P) LA TLY
%

« R[FRWNVEEERDOHRTEPOHWNMNEASNTINS,

» BIZIXRBREFZEGFRENICETTHTDA Y IRIE
(3.0 £ 1.4) x 107 8= [H{E>TL V5,

D. Blyth et al., Phys. Rev. Lett. 121, 242002(2018), https://doi.org/10.1103/PhysRevLett.121.242002

gamma

deuteron

NPDGamma experiment@SNS, US
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Enhancement of P-violation in Compound Resonances

Mitchell, Phys. Rep. 354 (2001) 157
Shimizu, Nucl. Phys. A552 (1993) 293

22Th
)
S 238
-:1.01Aq §: o
A .."". 121§
& TR @
g o0 . 'NR-h 1t
0 . - .‘ .. J
107 for NN 10-2 .QIIJCE_,.' H -:|09A b

2023/07/03 The NOPTREX China Meeting
NOPTREX JEEE



. . \PR( .
Enhancement of symmetry violation l\qwlm

La-139
Neutron capture around p-wave resonance L i B B B B B B s
- - ?n':f%}';;ic H
- S T e = capture 3
polarized neutron :
= 10°
® > n
g 101 A
2
n A :,_;' 10°
Longitudinal asymmetry AL~ § _
n
7]
¥La E.=0.734eV  (.097+0.003 2 102
. . . . o
P-violation is enhanced in io®
the interference between s-wave and p-wave o
of compound nuclei. |
10‘5 IIlIIlI L1l I 1 I 1 llllllll 1 llllllll L1l I 1 IIlIIIlI :I lIlIIlIl 1 llIIlI

10" 10° 10° 10* 10° 10®° 10’
Neutron Energy (eV)

102 10! 10°

— T-violation is also enhanced !?

I

polarized neutron polarized target

e

Wr
Aot = k(J) WAO'p

Lk Discovery potential compare with EDM searches
" A |Acr] < 1.0 X 10~*barn
g (k X I) k~1 with 139La




NOPTREX

n Optical Parity and Time-Reversal EXperiment

T-violation search using compound nuclei

P-odd and T-odd interactions can be largely enhanced in neutron induced compound nuclei

New T-violation search experiment based on optical behavior of neutron can be performed
without final state interaction. The fundamental study and development of polarized target
and neutron polarization device are ongoing.

1. Optical Test

. St ssia Ll 2 Enhancement

| /C 1=0,1,(2,...) 3. New Type of New Physics Search e I(eIyLR =

Lo 139, ¥ Xe, 1780, *'Br, . ..

T-odd cross section: o - (k x I)
I

final-state interaction free

epithermal
polarized neutron

10%times enhancement

. Experiment with
— Development — (Enhancement mechanism \  /polarized target + neutron [

Neutron spin dependent asymmetry

T-even spin dependent

150

LL

3He neutron polarizer

k T. Okudaira ef. al. , NIM A 977, 164301 (2020) J

$ up spin cross section: .
"'30% 139La = ‘lft idoznpspin E‘ E, (eV) o I
polarization 3, +ﬁ+ ;%ﬁ%, ' o060 10321 ! ot o
. = Y 0.005 w/ 1393 polarization #*
Polarized target : LaAlO; T b ﬁﬁiﬁ# ﬁi 15#3 B % = poarization,
K. Ishizaki et al. NIM A1020, 165845 (2021) ] * T t g 0.003 m_{f#
75105;0' a0 700 800 1900 2000 2100 % 0.002 ; . “‘*‘}‘*‘}* V
time of flight (us) E m"‘
o 0.[}01
T. Yamamoto et al. Phys. Rev. C. 101, 064624 (2020) % 0 W‘;\ q,o.{uga‘%"%‘é }“ﬁ# ‘#g[, {;}' {){) ‘%J{ {}ﬁ
Enhancement factor was 8, ooonfs. Rwio 1%L PO'a"Za"O
7] 0 0.5 1 15 2 25 3

determined using (n,y) reaction
—T-violation enhancement in

TOF (ms)  arXiv:2309.08905 (2023)

Spin dependent cross section of

k139La+n : 106times! )

\_ 139 a+n was successfully observed ! )




T-violation search using compound nuclei NOPTREX

Neutron Optical Parity ans Time-Reverssl Experiment

......................................................................................................................

' Phase 1 experiment : T-violation search with parallel spins

Neutron spin 2 e Low T-violation gensntnwty
G , e Easy neutron spin transport
HGRarsR e Existing beamline

KEK IPNS Program Advisory Committee
Stage1 approval

—planned on 2025

.......................................................................................................................

Large 3He cell for 80%
neutron polarization

Polarized La target using
4T super conducting magnet

LaAlOs Crystal and dilution
refrigerator is now preparing

110W Laser system is
now constructing
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WL OH DIF— R Proton Decay BFEE
— (AB=-1, AL=-1/A(B-L)=-0) p — et #°
FEFRIPEFIREZFET S
‘—@ AB:Z * n+n—p+p+e +e
ex. SU@Q)LxSUR)grxSU4). w ” @ sphaleron
post-sphaleron baryogenesis P 4
Tan <5%x100s nen v="1
K.S.Babu et al., Phys. Rev. D 87, 115019 (2013) airon Ao Nt St Dl Bk DGy
Boho1k5 (AB=-2, AL=0/ A(B-L)=-2) (AB=0, AL=2 / A(B-L)=-2)
- HTE T —2—KUJLZ
RPEFIRED —BNR—YHR

neutrino LH <-> RH LH neutrino survives Baryon generated

B-L{R%F benyos

Non equv. (quark)

leptons

(neutrino) *

leptons

A77LAY EELLE)
BiE

IRFFERAVWERTFEDE,

RRETERNBRE
202556H 108 FHHEXTF L08R



INUF 2 ER & PHEFRPEFIRED

W< DD DF— R R
PHEFRPUEFIREIZFET S n ém mp—iAl2
D=7  AB=2 s = =M Im)  ms = (myxom) - iA/2

T T 2 _ rae2 _ApamAtiy 12
ex. SUQ).xSU@)g x SU), P(n(t) =n) =(a|n(0)|” = [sin“(t/Tha)le ™ = (t/Tha)

post-sphaleron baryogenesis Thia = 1/|6m|

Sensitivity (Figure of Merit)
Tan &b X 101%s 2
K.S.Babu et al., Phys. Rev. D 87, 115019 (2013) X N T
Boh-1fe5 Numb A f
- e o o
neutrons
ILLERFFENS DXEOHFEFE—L%E
RIPMRITIETRPEFERT
S S48, @
REBEFOMEIC
S I T 4'@ T aion

® >@ @

)
—®
\@ INA REF
7. > 0.86x 108 s ®

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

IRFFERVERTEYE,

RREERNTHRSE
2025%6H10H £HEX%
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Latest S-K (2020) LBNE 35 kt, 10 years, if zero atm. v background ? (R&D issue)

3.6 1032 * =7 Factorof 1000

w0

= 35 ? °
810

==

)

NS —n2A7 ]

Recent S-K (2011
limit based
on 24 candidates

gﬁwm

and 24.1 bkgr. ;
from atm, v SR S _______'\__ _______ :fif_ m_ ____________

Z New nuclear theory
s ko2 and uncertainty
S Friedman and Gal,2008
z
o B e S
= I

; ¥

intranuclear 107 & - . - —

search exp. 10 0 10 10

limits: Free NNbar oscillation time, sec

Super-K,

30333,,-2 Free neutron Goal of new n-nbar search

2 Frejus search limit with free neutrons
= ILL - 1994
NNBar@ESS FXpjas ( )
[ [ active coamic shaling ]_]
— — op——— m calrmeter
BERESRES 5 — el Z o ]
IEA1001F

> \ T annifitation
target mambrane
wutren ™ ot
beam % >
> artivetion \\
e

KIBEHRIR

Py

FHEXE

Mt e £
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4g? 1
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5m

- S LT BRI > KA SR

RFBDREIC & 22T 30
REOHHEFTHEERITRVWN?

SR A G

HEDLAL B

RTEPERAWERTFEDE,
REHEREFAERE

202546A 100 HHEXY 1tOME



FED

e MMEFIFEREZEF-LTLMZFTHY.,. TDOL
——1F MR RIS E Y IR EER I FF
LNoNTET-,

—HFICZDRIEZRAWN-ERICKY,. =FAF
DIREEXZDEREITOTET .

— RIT[FUCNTOEENSIHIAIZITHNTLNAS,

o FLLEERNWLOMILE EA>THETD
T. ERZEHF-> T =T,




	Slide 1: 中性子を用いた素粒子物理学実験
	Slide 2: 中性子とは
	Slide 3: 中性子と4つの相互作用
	Slide 4: 中性子と量子性
	Slide 5: 今日の内容
	Slide 6: 中性子と元素合成
	Slide 7: 宇宙の歴史
	Slide 8: ビッグバン元素合成(BBN)
	Slide 9: Recent observation by SUBARU telescope
	Slide 10: Neutron lifetime Puzzle
	Slide 11: Neutron Lifetime Puzzle
	Slide 12: Neutron lifetime in the weak interaction
	Slide 13: Measurement of lambda equals g sub cap A. over g sub cap V  
	Slide 14: Small “a” measurement aSPECT experiment
	Slide 15: CKM unitarity
	Slide 16: Lattice QDC calculation for lambda 
	Slide 17: Measurements of Neutron lifetime
	Slide 18:  Methods to measure neutron lifetime
	Slide 19
	Slide 20: History of the neutron lifetime
	Slide 21: UCNτ experiment
	Slide 22: Beam method NIST experiment by proton counting 
	Slide 23: Neutron lifetime puzzle  with new physics
	Slide 24: Theoretical considerations for the gap between Beam and Storage methods
	Slide 25: Neutron → dark matter + photon 
	Slide 26: Beta decay to hydrogen in a new state
	Slide 27: Dark matter kicking out UCNs 
	Slide 28: Exited state in a neutron
	Slide 29: Space measurements
	Slide 30: Neutron lifetime puzzle
	Slide 31: Experiment at J-PARC
	Slide 32:  Neutron Lifetime experiment  using pulsed neutron at J-PARC 
	Slide 33: Lifetime measurement at J-PARC/BL05 by electron detection
	Slide 34: A new result from J-PARC 
	Slide 35: Background suppression with solenoidal magnetic field
	Slide 36: 中性子の量子性を利用した実験 (中性子干渉) あと重力とか
	Slide 37: 中性子干渉計による スピノル回転の証明
	Slide 38: 波動関数への重力の影響 (COW実験)
	Slide 39: 不確定性原理 ハイゼンベルグと小澤の不等式
	Slide 40: Concept of New-Type Neutron Interferometer
	Slide 41: Multi-layer type neutron interferometer
	Slide 42: Measurement of coherent scattering length
	Slide 43: 少数多体系計算のための  3He中性子散乱長測定
	Slide 44: COW実験@J-PARC
	Slide 45: 干渉計回転の結果
	Slide 46: 重力場における中性子量子化 の測定 
	Slide 47: Is Gravity Quantum? Gravitational bound states of neutrons
	Slide 48
	Slide 49
	Slide 50
	Slide 51: Measurements of the quantum  bound states in the earth gravity
	Slide 52: Neutron Whispering gallery
	Slide 53: 短距離重力探索
	Slide 54: Why is gravity so weak?
	Slide 55: Present limits
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60: 中性子を用いた 時間反転対称性の破れ探索
	Slide 61
	Slide 62: 超冷中性子を用いた 中性子電気双極子モーメント探索実験
	Slide 63: 中性子電気双極子モーメント neutron EDM
	Slide 64: Search of the neutron EDM
	Slide 65: Ultra Cold Neutron (UCN)
	Slide 66: UCN production scheme in TUCAN Source (TRIUMF Ultra-Cold Advanced Neutron)  
	Slide 67
	Slide 68
	Slide 69: 複合核共鳴を利用した 時間反転対称性の破れ探索
	Slide 70: 原子核反応でのパリティの破れ
	Slide 71: 原子核内でのパリティの破れ
	Slide 72
	Slide 73
	Slide 74
	Slide 75: 中性子-反中性子振動 n-nbar oscillation 
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80: まとめ

