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Fundamental Physics with Neutrons
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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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Neutron Lifetime - Big Bang Nucleosynthesis

Thermal Equilibrium (T>1MeV) p n
+V + et ®-—0
P T Ve<>1 e_ n/p Ne-Q/T\ ° ® 1us
N+ Ve ¢ 12 te Neutron lifetime
O
) R
After Freezeout n/p ~ 1/6 ® o
n/p decreases due to neutron decay ® ® 1s
n—->pte +ve \ ‘
A=8
Nucleosynthesis (T~0.1 MeV) e @
Light elements are formed. d d
+n—>d+ ¢
P Y ®
d+d—>4He +vy
almost all neutrons present — 4He O *n
4
He

Neutron lifetime dominates theoretical uncertainty in “He abundance.
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Neutron Lifetime - Big Bang Nucleosynthesis
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Neutron Lifetime - Big Bang Nucleosynthesis
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Neutron Lifetime - CKM Unitarity
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Neutron Lifetime - CKM Unitarity

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

0.0235

0.0230

0.0225

HBE =maT+BBN
Nv=3.01+0.15
879.5s

i}

0.0220

Q,h?

0.0215

0.0210

Tn

0.0205

—
o

o
o)

C. Pitrou et al., Physics Reports 754 (2018) 1-66
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Fig. 29. Top: P(2ph?, 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 (£2,h?, N, ) space for BBN and CMB taken separately overlap away from the line defined by their respective average points.
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Neutron Lifetime - Dark decay

PHYSICAL REVIEW LETTERS 120, 191

801 (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

BAODOERE—RUAD 1 Bdbnid. E—LEEF

2018; published 9 May 2018)

EEDALZFHHATES

— BT — oY —ICHET 5 ERELTEHE L THT,

1. n-yy
2. n-yo

3 « NOyete—

sBomfEs

TR EAEYE, 2020F1287H
JEOAERE (BT EXRZFKMI)

Neutron Optics and Physics



Neutron Lifetime - Dark decay

n—=xy

FEFRRED 1 %D D r @ E = T8
FEF E9BeDQEMN50.782 MeV < Er < 1.664 MeV

@

Search for the Neutron Decay n—>X+y, where X is a dark matter particle.

@ II::II éhg—‘-‘ https://arxiv.org/abs/1802.01595

C., Quantamacazine

Neutron Lifetime Puzzle Deepens, but No
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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Neutron Lifetime - Dark decay

n-yg
hisFE =M oDHIE

PHYSICAL REVIEW LETTERS 121, 061802 (2018)

Neutron Stars Exclude Light Dark Baryons

David McKeen,'*" Ann E. Nelson,”' Sanjay Reddy,”* and Dake Zhou™**
'Pittsburgh Particle Physics, Astrophysics, and Cosmology Center, Department of Physics and Astronomy, University of Pitisburgh,
Pittsburgh, Pennsylvania 15260, USA
*TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada
"Depanmenz of Physics, University of Washington, Seattle, Washington 98195, USA
*Institute Jfor Nuclear Theory, University of Washington, Seattle, Washington 98195, USA

® (Received 26 February 2018; revised manuscript received 1 June 2018; published 6 August 2018)

Exotic particles carrying baryon number and with a mass of the order of the nucleon mass have been
proposed for various reasons including baryogenesis, dark matter, mirror worlds, and the neutron lifetime
puzzle. We show that the existence of neutron stars with a mass greater than 0.7 M, places severe
constraints on such particles, requiring them to be heavier than 1.2 GeV or to have strongly repulsive
self-interactions.

DOI: 10.1103/PhysRevLett.121.061802

— siit PEFEDFRELEE=E ™~ hFHSE —2tE58—~0D
3.0 == AR i | BRRE—FDHDILETEHE FETED

m— Soft /

25 /| BETEOEENZT 3.

O ollo3asroasa S A
% 2.0 T P EE T s ...... \ ....................................... x .................... m X= mn&?-%) a07 M@uJ:O)EPlHE?
cz“& 15 : EIFRETELELHE S,
O EIRIZIE2 Mg ETHEEL TS, xA°
0.5 repulsive’R B ZF> TSR E DR

EaBZTWERBEEHETES,

7 8 9 10 11 12 13 14 15
Radius (km)

SBoOiias

TR EAEYE, 2020F1287H
EREB (ZEEXZFKMI)

Neutron Optics and Physics

Laboratory for Particle Properties



FREFEFap
n—-p+e +r, =6 879.4+0.6s (PDG2019)

EERFERICK > THEMEINER > TWS,

7 895 (beamik: BIBERMERZS
-%. i Beam method: 888.0 = 2.0 s (- A s dN N
. | dt 7
3 885 & J
-1 + Gtorageii'i: EERDEKRZTD
830: R < | (bottlei&. UCNJE)
875:— Storage method: 879.4 =+ 0.6 s Nl — e (t1—t2) /T
coeoo by ey by by by by
1990 1995 2000 2005 2010 2015 2020 \ Ny Y

HoEMER
FERiEFEFEYIE, 20204%1287H

JEOAERE (BT EXRZFKMI)



Neutron Lifetime - In-beam method

proton trapping
(penning trap) Count decay-protons

dN N, -
I = ——¢€

Cat g

Uncertainty from
Flux Measurement

No
alpha, triton
detector
p precision B=46T proton
aperture __—7 detector

al

neutron beam

oo ) QIR

mirror  central trap electrodes door open

* deposit (+800 V) (ground)
J.S.Nico, et. al., Phys. Rev. C71, 055502 (2005)
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Neutron Lifetime

proton trapping
(penning trap)
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Neutron Lifetime

Result

T — 886.3 + 1.2 + 3.2 S Source of correction

Laboratory for Particle Properties

TABLE V. Summary of the systematic corrections and uncertainties for the measured
neutron lifetime. Several of these terms also appear in Table VII where it is seen that their
magnitude depends weakly on the running configuration. In those cases, the values given
in this table are the configuration average. The origin of each quantity is discussed in the

section noted in the table.

Correction (s) Uncertainty (s) Section

[stat] [sys] 6LiF deposit areal density 2.2 IVA
®Li cross section 1.2 11D
Neutron detector solid angle 1.0 IID1
Absorption of neutrons by °Li +5.2 0.8 IVA2
Neutron beam profile and detector solid angle +1.3 0.1 IVA2
Neutron beam profile and ¢Li deposit shape —1.7 0.1 IVA?2
Neutron beam halo —1.0 1.0 IVB2
Absorption of neutrons by Si substrate +1.2 0.1 IVA?2
Scattering of neutrons by Si substrate —0.2 0.5 IVA3
Trap nonlinearity -5.3 0.8 IVC
Proton backscatter calculation 04 IVD3
Neutron counting dead time +0.1 0.1 IID
Proton counting statistics 1.2 IVD2
Neutron counting statistics 0.1 I1D
Total —-0.4 34

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

UCN storage

Count survived UCNs
ﬂ 1 — l [ N(t,) Uncertainty from
B A Wall Loss
(pn t2 B tI N ( t2 )
y 1 — neutron guide from UCN Turbine;
N(tl) 2 — UCN inlet valve;
5 3 — beam distribution flap valve;
/ 4 — aluminium foil (now removed);
o 5 — “dirty” vacuum volume;
6 — “clean” (UHV) vacuum volume;
N 7 — cooling coils;
v N 8 — UCN storage trap;
- N 9 — cryostat;
10 — mechanics for trap rotation;
11 — stepping motor;

12 — UCN detector;
13 — detector shielding;

14 — evaporator

s
AN
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Neutron Lifetime

Gravitational trap
at ILL High Flux Reactor

SR6[EfE S
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Neutron Lifetime

Gravitational trap storage experiments

Size extrapolation Value,s Uncertainty, s
n-lifetime 878.07 0.73

Systematic effect Value,s Uncertainty, s
Method of y 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

t=878.0+1.2+3.25s
[stat] [sys]

SBoOiias
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Neutron Lifetime

Magnet-Gravi trap storage experiments Los Alamos National Laboratory

UCN Monitors:

50 nm VB .
25 nm 1°B
50 nm B w/ Al foil |
R Halbach array @
By Trap height monitor : | ‘{,
Polarize? Standpipe ' { |

detector (SP) l

ey ﬁ =X
Monitor 7~ Dump detector
detector (MON)
n n n Low Field Seekers
< ; :
> High Field Seekers

, BOEMESR KM i
/”17 i R EREYIE, 2020512A7H M
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Neutron Lifetime

Effect 0Tn [8] 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.

7o = 877.7 5 (0.7 8)stat (1055)sys

EOEMHE
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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.
— T,=(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).
— T,=(877.7 £ 0.7 (stat) +0-4/_5, (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.

— T,=(878.3 + 1.6stat + 1.0syst ) sec

25
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Neutron Lifetime

WEIGHTED AVERAGE
879.4+0.6 (Error scaled by 1.6)

¢

2

X

H—— EZHOV 18 CNTR 0.3
------------ PATTIE 18 CNTR 4.2

------- SEREBROV 18 CNTR 5.4
-------- ARZUMANOV 15 CNTR 05
.- -STEYERL 12 CNTR 24

------- PICHLMAIER 10 CNTR 0.6
= SEREBROV 05 CNTR 1.2

14.6
(Confidence Level = 0.023)
I |

870 875 880 885 890 895

neutron mean life (s)
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Neutron at J-PARC
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Neutron at J-PARC
J-PARC MLF
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Neutron at J-PARC
J-PARC MLF
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Neutron at J-PARC
J-PARC MLF
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Neutron at J-PARC

‘B R EELELLL

J-PARC MLF BLO5 NOP
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- | Materials and Life Science
Experimental Facility

Hadron Beam Facility
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55 Linac 3 GeV Synchrotron B8 50 GeV Synchrotron [§ |
(330m) 25 Hz, 1MW 0.75 MW

\ ‘ J-PARC = Japan Proton Accelerator Research Complex

Joint Project between KEK and JAEA

We constructed the cold neutron beamline
“NOP” for fundamental physics
in Material and Life science Facility.

Tree branches are available.
e Polarized beam

» Unpolarized beam

» Low-divergence beam
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Neutron Lifetime Measurement at J-PARC

In-beam measurement with pulsed neutrons
Direct measurement of decay-electrons (0~782keV) (Kossakowski,1989)

Count up only when
the bunch is in TPC

Well-defined neutron bunch incident flux is also
p 3He(n, p)t measured in TPC
Ol ’ with 3He capture

Thn :lifetime

1 (Sn/én) B decay Sg = EBNL vV :velocity
ThU
Sp/€s

Tn =
PO Vo

€ ¢ : efficiency for electrons

€ » : efficiency for 3He reaction
3He reaction Sn — GanO'L o :density of 3He

o : absorption cross section of 3H

OU = 0@y absorption cross section for
neutrons with 2200m/s

No External Flux monitor. No wall loss

SBoOiias
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Neutron Lifetime Measurement at J-PARC

Well-defined neutron bunch incident flux is also

-—) g SHe(n,p)t measured in TPC

*\ with 3He capture

Spin FIip Chopper Time Projection Chamber

source _,\l.. | irrors
& o 2% mirrors18&2 m
Flipperi o84 pC
g:. -.‘_' = ) ) ~»
n 3 2 — Ly “ : - - : : 7 1
N E' Ekperimént : Pérformahce of ‘SFC @ 220kW k
210? Flipper OFF : 1.2x10°neutroni/sec | . .
§ . _Flipper ON : 8.9x;0'2dec§ylsec |
su:.Contrast > 400:1
B i T — € |
= -3 / ] ' -.\\
i [ 10 .......... ............................... i\ PEEK frame
W f ; i ; "
de - . 10-4 ....................................................................................................................... ngh efﬁ01ency deteCtlon fOI'
N coil(1mT) | both of B-decay and 3He reaction

PEEK frame & inner L1 wall
o suppress BG.

A8 0705 10 15 20 25 30 35 40 S/N ~ 1:1
Time of flight [msec]
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Neutron Lifetime Measurement at J-PARC

TPC commissioning has been performed.

B-decay

Top view of Event Display

= A
~350keV =
e =
@ — _E
PO 3
~0.4 keV =

beam direction —

3He(n p)3H Top view of Event Display

) -
190 keV £ Hit Low Gain wires

n & n-
R — /@/ =
O He
P =
572 keV i_

]

beam direction —

HOMOfES
FERiE IR, 20204 1287H

JEOAERE (BT EXRZFKMI)

Energy 1s distributed
0 - 782 keV continuously.
Energy deposit ~ 10 keV / wire

\

Event ID by
energy deposit,
track topology, and so on.

/

Full of Energy of 762 keV 1s
deposited in TPC.

Range ~ 5 cm 1n TPC gas with
100 kPa.




Neutron Lifetime Measurement at J-PARC
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Neutron Lifetime Measurement at J-PARC

r—

0p)

-:C 915 Our result
910 T, = 898 = 10 stati_%g SYyS
905

900
895
890k
885 HEE
880%
8755—"|| T R B

1995 2800 2005 2010 2015 2020

Publication year

K. Hirota, et. al., PTEP, to be published.
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Neutron Lifetime Measurement at J-PARC

Table 8 Values and Uncertainty budgets (Series 6)

Term Value Unit Relative uncertainty(%)
0.004 0.11
SB (1.441 +0.039 stat 1_0:018 Sys) X 104 events 2.7 stat 1_1:3 Sys
.01 .01
EHo 99.99 £0.90 s % 000 sy
s 93.9 708 sys 70 00 sys
p 2287 £10 gy 106 atoms,/m? 0.4 sys
o0 5333 4 7 ys 10%® m? 0.13 sys
Vo 2200 m/s exact
13 1.5
Tn 869 £ 24 gtat 1_11 SyS S 2.0 stat 1_1.1 SyS
Table 5 Correction and uncertainty budgets of Ss (Series 6) Table 7 Efficiency (e5) uncertainty budgets (Series 6)
Term Correction(%)  Uncertainty (%) Cut name Efficiency (%) Uncertainty (%
Statistic of S~ L7 stat Ehield oyt (féjep) —1.3 oo
Misclassified ion events (—fi%SHecand /S7) 0.0 o0 Low energy cut at E?ﬁlr%(siﬁ —0.3 tgé
Contamination of 12C(n,7)13C (—&0) 0.0 i Tritium decay rejection —0.6 0.06
~-ray shielding by neutron shutter (&) -0.3 0.3 Track geometry (y-direction) —1.3 0.2
Scattered neutron (—¢2_,) —0.2 0.02 Track geometry (Xg) —3.2 0.03
Neutron-induced 7y-ray (—&ny) —1.3 2.0stat 07 sys Neutron polarization 0.13
Pileup (fgﬂeup) +0.2 f?;;‘ W value for decay proton 0.35
Sﬂ 2.6 stat t?g Sys € 93.9 tgg

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

neutron beam

active volume ~2m, 15x15cm?

Magnetic field :

e alignment of n—spin

54 water-cooled copper coils

Total Weight: 81 e guide e-, p onto detectors
Total Length: 8 m = 2 x 2  detector
Electric: 300 kW, 540 A

10.9.2013 PSI2013 . . .
Bastian Markisch | ® Separation into hemispheres
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TABLE I. Summary of corrections to the measured experimen-
tal asymmetry and uncertainties. All quantities are given as
fractions AA/A of the asymmetry parameter. The fit parameter
actually is 4, but we list corrections on A for comparability with
earlier measurements.

Relative Relative

Effect on correction uncertainty
asymmetry A (1074) (1074)
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)* 0.35

Temporal stability 3.7

Nonuniformity 4.2 2.1

Nonlinearity (-1)* 4

Calibration (input data) 1
Theory

Radiative corrections (=10)* 1
Total systematics 138.1 10.3
Statistical uncertainty 14.0
Total 17.4

“Already included in the fit results shown in Fig. 4: measured by
the data acquisition system or included in the fit function.
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)
AHR AR UCNASEER

N 1.0 T Superconducting  Cudecay MWPC Plastic
UCNZ 7TD 35 TIEc solenoidal magnet  volume scintillator

RS P RARIC LA PM'1
%o 1TDOY L /A N5 J XN M IOOOOONN | MODBOINDd M \é
Mim DR HER TRIE S e

Do
B ISEE A AR R Be-coated  Cu guide

7T Polarizer/ Light guide

- e . . . .
S, Y. lll)’lLll' foil . S[)ll'l-ﬂlppCl
t y / 9: l/ 9 o .
DI.C-coated
detector housing  42-cm flange  gcintillat / light guide MWPC detector housing P b 'd ~
end cap \ - / ;C:tllzt:‘ (ITOUSifg] e l_(aluminu(r; ::g'tl;;:d:r))u“n q Ll “l lTZ E l'll L A
’l / (stainless steel nipple)
MWPC entrance
/ window . .
€—— spiraling incident e~ U C N tr()l]]
\ MWPC exit window

SD,source

mogietc - Ovingaealto It pltic/  dem OF MWPC
shielding PMTs spectrometer guides scintillator  flanges interior
yers
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SA/A Stat | SA/A Syst
[%0] [%0] ‘A’ 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 @ PRC 87, 032501(R) (2013)
2011-13 | 0.37 Qs/a‘/ PRC 97, 035505 (2018)
Polarization:  -o.108 | -
0.56% — 0.17% _, .. - .
- UCNAZCombined
<R 2010 +2011-2013:
5 —0.114— ? —
: el A= -0-12(}15(34)stat(63)
< O PDG 2017 ]
= _0.118[— —
—o.12f— f
—0.122; | | _f

N
o
o
»
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% Corr. % Unec.
2011-2012 2012-2013
Acoso -1.53 -1.51 0.33
Abackscattering 1.08 .88 0.30
Energy Recon. 0.20
Depolarization 0.45 0.34 0.17
(Gain 0.16
Field Nonunif. 0.12
Muon Veto 0.03
UCN Background 0.01 0.01 0.02
MWPC Efficiency 0.13 0.11 0.01
Statistics 0.36
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Config 1
Config 2
Config 3
Config 4
Config 5
Config 6
Config 7
Config 8
Config 9

0120  -0110 _ -0.100 _ -0.090
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Result from
multidimensional fit

2 [ndf = 1.47

a = —0.10603 == 0.00091

A(a) = —1.2736 + 0.0031
AppG = —1.2723 4 0.0023
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M. Schumann et al.,PRL 99, 191803 (2007)
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AiHE DIE DI A TP, B R A 1 3

Source Limiton Dz

@ (b) y CKM phase 10-12
N Oocp 2% 1071
. #  Proton Cell z L 7 10-5

4{:\_/ (2x8 Array) v X ! Left-right symmetry 1077-10

/ I Non-SM fermions 1077-107°
Electron Detector e / ﬂ ‘ ‘ , f Charged nggs SUSY 10—7_10—6
! , Leptoquark 1075-10~*
8.4cm i |Z : | | ;o \ “ p ’
0 4 8 12 16cm
l [ i || ] Il I 1| I 1 X ®B
v\ TV |\ \ P2\ Neutron Beam  p, Do
e Y O O W O W W W7 h %:.é
!- 50 cm —! }.7 20 cm 4—‘

T. E. Chupp, et al.
PHYSICAL REVIEW C 86 035505 (2012)

D = [—0.94 4 1.89(stat) 4= 0.97(sys)] x 10~*
Ca/Cy = |A]e'?V
¢y = 180.012° £ 0.028° (68% confidence level)
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CP violation

CPT=1 CPz1 & T=1

E--V¢o o -0 E=-V¢
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Electric Dipole Moment

T-odd Correlation Terms
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Energy Fundamental
A ©R phases
TeV / l \ Spin is reversed.
¥ \\ )\/ self-couplings 0
Muon EDM N \ SS
\ _ ~
Crz). s o [ By |
1 \ AN \ Neutron
nuclear el couplin¥g "\ \ EDM (d,) Electric charges
\\ \\ EDMs of nuclei don’t Change_
AN . and ions
AFGERN (deuteron, etc)
~ AN
V \\ \\ ¢
EDMs of paramagnetic N
i molecules EDMs of diamagnetic
atomic (YbF, PbO, HfF*) atoms (Hg,Xe,Ra,Rn)
Atoms in traps (TIl,Rb,Cs)

Pospelov Ritz, Ann Phys 318 (05) 119
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Atoms in traps (Tl,Rb,Cs)

nucleon EDMs Nucleon-electron int.

0) ,' 1) |
ddia = ®schSsch [+ Xa,dp + Qg dn + A (0 Crg ) 4 NED Crg ),

Coefficient values, from the compilation of:

ng . ey sl @eni e (e g—élﬁw [J. Engel et al., Prog. Part. Nucl. Phys. 71 (2013) 21]
dyy = (03823, x1077 ) 20, £(0%5 %107} 20, (2073 %102 k.
dy. =—(0.29777 x10"* ) g, - osi"z'fg'{]';m ")zl + (45 x1o-21) C,
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dn : No contribution from CT
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Pospelov Ritz, Ann Phys 318 (05) 119
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(n, v) RiticK5YEDMHER. BRORFELHD

J-PARC MLF BLO4 ANNRI

-

Intensity : ~3x105n/cm2/s : 0.9 eV <En<1.1eV @300kW
14 Ge (+BGO) Detectors, 6=70,90,110 deg.
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(n, v) RIvic X SYEDHMR. BEEOREFESLHD

J-PARC MLF BLO4 ANNRI

4 \

TRILFX—BREE : 2.4keV @ 1.33M
RH%h=E :3.64+0.11% @ 1.33MeV
DAQL — b : ~200kHz

eV
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(n, v) RIvic X SYEDHMR. BEEOREFESLHD
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(n, v) RIvic X SYEDHMR. BEEOREFESLHD

=N ~ = 97 - = Of _
EI! 64 =108 2 00 =90° 2 ba =727
o 2L L
ol S : Mo
;o MR E e, O
02 04 06 08 1 12 14 02 04 06 08 1 12 14 02 04 06 08 1 12 14
Neutron Energy[eV] Neutron Energy[eV] Neutron Energy|eV]
Z 5 - Z 5 -
= fa = 109° 00 © =, g = T1°
£ . 108° 72 ° £ . g%
s s
S ! : _ SN !
S l%f@@ i 109° 71 ° S . %@hﬁ%@%&ﬁﬂ

O’H‘H‘H“ | P | E E PRI R R Ll
02 04 06 08 1 12 14 @ e 02 04 06 08 1 12 14
Neutron Energy|eV . . Neutron Energy|eV

s, ! gyleV] 144° : : 36° — 5 a gyleV]
; Qd — 1440 : 9 E E Hd — 360

(arbitrary unit)

z%ég& H @ .

S g
17
T W - o

m
n

0L, /OE} (arbitrary unit)

oI, /dE

Neutron Energy|eV] Neutron Energy[eV]

EEEMES
w lehid FERYE, 2020451287H

EREB (ZEEXZFKMI)

Neutron Optics and Physics



(n 7’) RItiC X 2B DIERE. IHRORES®D
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(n 7’) RItiC X 2B DIERE. IHRORES®D

10*
10°
102

T-violationt P-violation & [B#k [C 106212

k(J)|=

5.58
= 4.847778,

0.99"

L1 | [ I IIII|<|,|,III|II
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T.Okudaira, et. al.,
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pion exchange D EDT-violatingZiCoupling Constant
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J-PARCTOEERDTHEM:
HiE

f=A+4+Bo-I+Co-k+Do-(Ixk) Z

* T
Spin Independent Spin Dependent P-violation T-violation
P-even T-even P-even T-even P-odd T-even P-odd T-odd

BIREOHRED TiRiE,
Us = 0oU; § = eln—1kz n =14

27 p
L2

f

5:A+Ba-f+CU-E+DU'(fXE) _)lzL_

* T
Spin Independent Spin Dependent P-violation
P-even T-even P-even T-even P-odd T-even

T-violation

P-odd T-odd
A = %4 cosh B = iet?4 SmeB'
2 /
=P, C =iet4 SmeC'
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J-PARCTDORERDTIHE

Kex 2016512 QR T —

RCNP, Hiroshima Univ., S
Nagoya Univ., k=¥

NOPTREX Collaboration polarized target - neutron detector
Neutron Optical Parity and Time Reversal EXperiment 1 ' I

(3He'spin filte

ay detectors

nolarizer
e spin filter)

VA

I ‘ \
| " neutron collimato Indiana Univ,. Kentucky Univ.,

utter , RCNP, Nagoya Univ.
‘ KEK, vAEA
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J-PARCTDORERDTIHE

? P(133La)20.4, V24cmx4cmx2.8cm
1994 LaAlO3  B0AT
| (Wr) 4
< 3.9 x 10
W
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- 8ReA*D = 5.3 x 107°
-+| discovery potential
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n-n oscillation
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Neutron-Antineutron oscillation

D. G. Phillips Il et al., arXiv: hep-ex/1410.1101
NNbar oscillation

@ — @ ANB=2 ~ Baryogenesis

quark-lepton unified seesaw mechanism
SUR2); xSUR2)r x SU(4) . realized in the multi-TeV scale

post-sphaleron baryogenesis > Tl’l 7) S 5 X 1010 S

K.S.Babu et al., Phys. Rev. D 87, 115019 (2013)

. . . 10
There are several theories predict nnbar osc. in that scale. Tpj ~ 1077 S

8
Current limit by direct searches T 5377 = 0.80 x 10" s
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Neutron-Antineutron oscillation

n, ——
B My —IiA/2
w_(ﬁ) ‘/%_( om n—z)L/Z)

[ny) = L (Iny£|ny) my=myptom)—1iA/2

V2

P(n(t) = i) = (it n(0)|* = [sin®(t/Tpi)]e

M (t/7h5)2

Tnn = 1/10m|

Sensitivity (Figure of Merit) CX N TZ

Number of (Average square of)

neutrons free flight time
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Neutron-Antineutron oscillation

9 Free Neutron vs Bound Neutrons
free]  NNbar Search Sensitivity Comparison

(see backup slides on complementarity of free and bound neutron search)

7-bound = RXT

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

1036

AN

Factor of 1,000
sensitivity increase

35 ®
10
Recent S-K (2011)
limit based 24
on 24 candidates 10

s SR i
o
sy
b B
| LA L -
o
1

and 24.1 bkgr.

TTTTERT

P
@®
)
>
=
£
g |
.I:r Om at m. V (—LU 10 \ i ﬁ&:ﬂﬁﬁﬂﬁﬂﬂm’nﬁ&
= Future Hyéper-K T New nuclear theory
5 o2 | T Y and uncertainty
S ; Friedman and Gal,2008
2 |
© /. :
= : !
: 3 [ \'4 7
intranuclear L e () S B —— =
search exp. 10 0 10 i
limits: Free NNbar oscillation time, sec
Super-K, P
Soudan-2 Free neutron Goal of new n-nbar search
Frejus search limit with free neutrons

(ILL - 1994)
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Neutron-Antineutron oscillation

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

Free Neutron Search )
M. Baldo-Ceolin et al., Z Phys. C 63 (1994) 409 @% 1 011 / 0--11—1-S—> ®® (4 8+0.2)
N/S X yr (zoo 250

Cold n-source ﬁM V)

25K D2 @
@ » fastn,y background 0.95

HFR @ ILL Bent n-guide *3Ni coated,
STMw L~63m,6 x12cm?

H53 n-beam

~1.7-10" n/s Focusing reflector 33.6 m

Flight path 76 m Tnfl > 0,86 x 108 S

kil S Detector:

Cold neutron (600 m/s)

T ~ O 1 Magpetically Traclging&
o S shielded Calorimetry
95 m vacuum tube

ILL reactor cold source v ~600 m/s

010" s

tareet 1. 1m \ Physics motivation
AE~1.8 GeV Beam dump

9 Can be improved by 102-103
X N T by improved n source and optics

Sensitivity
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Neutron-Antineutron oscillation

/
2GeV 14Hz 5MW
cold neutron productlo
2014: &S Construc tart
2049: ESS first ney ons
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Neutron Optics for nnbar

Conversion target

(surrounded by detectors)

(Liouville's theorem) (~100pm thickness) p<15m

Target -
\

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

200m length

Main optics

==

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

Additional optics

I0m=<z<40m

> o ~ Ellipsoid along the beam axis
; ain optics minor axis =4 m
' Additional optics major axis = 200.04 m

z2=0

Cold neutron source

HoEMER
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Neutron Optics for nnbar

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

@@ T~0.11s

10" n/s X 1yr

) (4.8%0.2)7’s
. (200-250MeV)

HoEMER
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Neutron Optics for nnbar

The conceptual scheme of antineutron detector

active cosmic shielding

. calorimeter
magnetically N
shielded \ tracker
vacuum tube .
—- ‘-‘\‘\-\ annihilation
—- target-membrane
neutron
beam ™ »
—- antineutron
/ TSN beam

dump

—

n+A— (5 pions (1.8 GeV)
Annihilation target: ~100u thick Carbon film
Oannihilation ~ 4 Kb Onc capture 4 mb
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Scattering Experiment to study
Intermediate-range Force
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REFIIENZREUS
REFOEBRET

Dabbs et al., Phys. Rev. 139 (1965) B756

Jioc = 9.7974 m s-2 BORON
PLASTIC oo
_ 3 SUT -
g=9.74+t0.03 ms2 Ll ~ / DETECTOR
orp | d_____ 1 il L“ )
‘] Ty T e S T T L L T T T e s e e e e e e — - T O O - —

A g T — . _Cd SUIT }
3944 i el = s LX) PP
e —45m — 4-in, Be—el___ 33 O |-~ TM!T

——180.576 m - . .E:‘L_.\vswnm
i TER E‘[ LOWER DETECTOR
in. TRAVEL Y {5}
'z LM
NOTE: NOT TO SCALE ,f" - SR ICH
I S~CHANNEL
| ] NO. SWITCH
MOTOR

Gregoriev et al., Proc. 1st Int. Conf. Neutr. Phys., Kiev, 1 (1988) 60
g=9.801£0.013 m s=2
Qioc = 9.814 m s2
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FEFEIENDZREUS
Cal P R

A=0.1445nm PN
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’;’ / d 1200
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J > d a =
a=0.2cm a § 1000}
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Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472
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Scattering Experiment to study Intermediate-range Force

Gravity 1n short range Vir) =-G mm, (1 1q - e_;)
N
non-Newtonian gravity r

. 40 LHC pbar-He Irvine
7 2 8L o« 10"
Newtonian + a
in Nnm range 0
Multiple Boson
O——M8M e . Exchange Models
Xe 7

9
o

¢’ %,

/AR (Ar, Xe, Kr, el:)J
. 1

WEL dREMER) |

power law model

atowed excluded by

Washington

10?' 10™ 10™ 10" 10° 10° 10° 1 10° 10° 10° 10" 10"
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Scattering Experiment to study Intermediate-range Force

Gravity 1n short range Vir) =-G mm, (1 1q - e_;)
N
non-Newtonian gravity r

ﬁZﬁSIEL \\x\\ »gaugedm :

Newtonian + a -

in nm range 9 h
BEC Experiments
oO—— i i
Xe "

__ Yukawa messengers

— dilaton .

¢ J A ~ strange
« modulus

J/HR (Ar, Xe, Kr, etc_)J
. "

#EL deEEm) | heavy quark ‘

gluon
modulus

A (microns)




Scattering Experiment to study Intermediate-range Force

N\ e

s
B
a9

neutron beam
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Scattering Experiment to study Intermediate-range Force

1027 - A Search for deviations from the inverse square law of gravity at nm range using a
| pulsed neutron beam
\ Christopher C. Haddock,! Noriko Oi,' Katsuya Hirota,! Takashi Ino.? Masanki Kitagudhi,! Satorn Matsumoto,*
1 026 ‘ Kenji Mishima,? Tatsushi Shima' Hirohiko M. Shimizu,' W. Michael Snow.* and Tamaki Yoshioka®
- " Nagoge Unsvermity, Furocho, Chibwsa Ward, Nagoya, Awchs Prefectwre (64-0814, Japan

Nesvizhevsk e 8’ “Hiwgh Energy Accelerstor Rescarch Organazation KEK 1-1 Oho, Tsukwba, Ibarks, Japan, 305-0850)
d y o 'Department of Physics, Kywshu University 744 Motooka, Nishi-ku, Fukwola, Japan
— | 'Research Center for Nuclear Physics, Osaka Uneversity 10-1 Mihogaoke, Maraks, Osaba, 567-0047

10 - \ "f)';-ulr'un.' of Phygeacs, Indsana Unsverssly 727 E. Thard St

Swam Haoll West, Room 117, Bloowmmgton, IN {7{05.-7105

“Resecarch Center for Advanced Particle Physics,
. Kamiya a' 8’ Kyushu Umiversaty 744 Motooka, Nishi-ky, Fuluole, Japan

We describe an experimental search for deviations from the inverse square law of gravity at
\(EXCLUDED REG'ON) the nanometer longth scale using noutron scattering from soble gases on a pubsed show neutron

beamlime. By messuring the neutron momentum transfer (g) dependence of the differential cross

section for xemon and helium and comparing to their well-known analytical formes, we place an upper

BLOS MLF bound on the strength of a new Interaction as a function of lnteraction dength A which lmproves

upon proviows resalts in the regon A < 01 nan, and remains competitive in the barger A region
A peendoexperimental ssmmlation developed for this experiment and its role in the data anahxis
described. We conclude with plans for improving sensitivity in the larger A region

Mohideen et al.
1\4,. ot

Mostepanenko et al.
o \

10'8 \

10'7 \|._Decca at al. C. C. Haddock, et. al.,
‘ Phys. Rev. D 97, 062002 (2018).
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Neutrons for Dark Universe
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Neutrons for Dark Energy

Y=V IXRIF—EAALAVEE

A27Lb—23VF3HDICEOEANBRE -RANF7—15
<XGR - HERERET 5500 B
BODM570 o
eff
SAXLA VR

VMEIGERE T DANT—HZ8A

16 = V/(9) + 5 et

Verr(9) = V() + pe®/ M0

.
’
-

runaway couple to matter

Viig) <0, V"(¢)>0, V"(¢)<0
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Neutrons for Dark Energy

Y=V IXRIF—EAALAVEE
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Neutrons for Dark Energy

fem] ) ~ eIk o/
DA LA VBORR 5 —

Ratra-PeeblesihT> v )L

AG) > 51 ]

V(¢) ~
ol ) ~ k)

B - Coupling to matter. How well is the chameleon screened?

A - 2.4 meV - Measured dark energy scale
n - Ratra-Peebles Index. Shape of the field.

—>F v ET A ZBERITIRICRTVIVILOEERZ S|T5
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Neutrons for Dark Energy

REEFTFHHZRAWEAA LA VIEDORE
(a) H detjector lLL%Eﬁ

interferometer

: : (b) V3 pressure gauge |ogk
(O O — AN -~~~ O detector >

Wiy, valv
\\\\\\\ ”$ alive

V1 V2 V4
— [ &
movable 9 > >
pre- turbo- V5
pump molecular

vacuum pump

alu]

/1]

incident | /Y y
beam 3— _______ - -- T z
f I
4mm X

Physics Letters B 743 (2015)
See poster by T. Jenke
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Neutrons for Dark Energy

NALAVIZDERE
| 010
Physics Letters B 743 (2015)
8 ILL __— PRD 93, 062001 (2016)
i / . .
10 / this work ar.
| 06 | Atom élnterfer(‘é,)meter
- | Science !
4 |
10

Xiv: 1512.09134(2015)

349.6250, 849 (2015)
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Neutrons for Dark Energy

PEFTFSEHERAWVWCAALAVIGZEOEREE @NIST

Neutron Optics and Interferometry Facility (NIOF)

Neuﬁ*on
Guide

Isolated 40,000 Kg room is supported by six airsprings
Active Vibration Control eliminates vibrations less than 10Hz
Temperature Controlled to +/- 5 mK
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MR FEREYIE, 2020412870
EOHEE (BEEXZKMI) | A4



Neutrons for Dark Energy

PEFTFSEHERAWVWCAALAVIGZEOEREE @NIST
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B NFNEIHTZAWCIRER
fmmBENTFIEUA TONTEST TES

o f f
T PEEL  RET AHEE1ERE
BERT e 7 BT AL
W(H) = ——H, b, = (—1.345 £ 0.025) x 1073 [fm]
167 0
B=—057+001 [A] (Unc. 2%) by PDG 2018

for Germanium at 293 K
by Butt et. al., 1988
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g 1FRIOTZ2 HWCERSR
EEROEBEE AW TERPIEE

vy =2mV = Z V_exp <z[7 7,1)

Structure Form Factor F
A "

vy = A——e" W by + Z(1 — f(H))by, + bs(H)| 1 mmzw
Vcell
I ZEEL ERET AHBEERE
m B (Xl F i F B FEREL

YukawaB L D RTF > v )L = RBET S

H; Reciprocal lattice vector
Atomic Number
coupling constant

; neutron mass

; atomic mass

gravity constant

effective range

M1ty
V=-G |1 + aexp(—r/d)]
r

2m*MG AZ
h? 1 + (HAs)?

EOEMBS
w IRt FEREYIE, 2020412878

>QEIAN

bs(H) = —a

V. V. Nesvizhevsky et. al., 2008
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) F RO AW BT

Structure Form Factor F
41 . .

vy = A——e" W by + Z(1 = flH)bye + bs(H)| 1, mmemis
Vcell ”f"mmmmf“w
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- Intensity [Arb. Units]
—— RV TILTFHE

D/Ay = 49.85 /
D/An = 50.00

DAy = 50.15 AR TIvIL

D; Crystal depth

Op; Bragg angle [E]$7 38R /

k .

. Reciproed Tatice vector Fyy = " by + Z(1 — f(H))b,, + bs(H)|
Z; Atomic Number - SO oot ST — . P ——-_
a; unit cell volume

A; Constant value of crystal
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Neutrons for General Relativity

P Jamin type -
H = +mo+ Q- (L+S)
21 : %T :
1 (4GMR? pt  m¢? 3p-op y T
- (L — = T AT
+ cz( 513 (L+5) 8m3+ 2 + 2m *
5 pulsed neutron -
3GM 6GMR
+ 2mr3L -8 + - S [rx(rx Q)]) COVieXp.
COW  Lense-Thiring Lon
m¢ 4GMR?*Q - (L + S)/5r3c? 9
Y ~ 01om. A~ lom x lem 5 10-10 Intermediate-range force
~ ~ 5) —6
A~ 10nm, A~ 1m x Im 10 10 & QT 1-100um
Matter
Im2, long-wavelength interferometer *
can search the effect of General Relativity.
Large area
Mach-Zehnder
Continuous development is important. S
post-Newtonian
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