Spin in Fundamental Physics

Kenji Mishima

KEK IMSS
J-PARC center

SRS PIn in Fundamental Physics
/ﬂh MEHawaii 2023, 29 Nov. 2023,

KenipMishima, KEK, (Masaaki Kitaguchi, Nagoya University) page 1 I L 4



Spin in Symmetry

Kenji Mishima

KEK IMSS
J-PARC center

BSpin in Fundamental Physics KM i
/”17 MHawaii 2023, 29 Nov. 2023, 1 @l

KeniMishima, KEK, (Masaaki Kitaguchi, Nagoya University) page 2 I L 4



Spin in Symmetry

Masaaki Kitaguchi

Kobayashi-Maskawa Institute (KMI)
Laboratory for Particle Properties (®-Lab. ), Department of Physics
Nagoya University

Spin in Fundamental Physics

Hawaii 2023, 29 Nov. 2023,
KeniPMiShima, KEK, (Masaaki Kitaguchi, Nagoya University) page 3 I

Neutron Optics and Physics



Why is there far more matter than antimatter?

A

Sakharov conditions @ Observation B

e Baryon number violation
e Departure from thermal equilibrium

e C- and CP-violation nv/ny = (o 61+0.02)x10-

Standard Model

B3R

More CP-violation © o© ® °

((0 © © -

o
(from unknown source) is required !
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Spin for CP-violation search

Time reversal symmetry violation
is equivalent to CP violation using CPT theorem.

matter-antimatter <«» lime reversal asymmetry
asymmetry
T EEE o CPT T
1 .4 “ 1 theorem

No antimatter needed.

=P "Spin" experiment

Final state interaction can
be negligible (in some case).
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T-violation search experiments (EDM)

BSM physics:
Higgs doublets
Supersymmetry
e-N int «— e-q int ‘* Left-nght
L )
v”,‘ ““ Leptoquark
0’ .
= 2 L . .
- P 7 q EDM 000 . Extradimension
I V'S Ty
- N ~ < *e ‘.‘ Composite
q CEDM (RGE) "’ “ models
. ‘Q .
= 4'q lnt ‘....... ”"‘
" *=2."Standard Model

Energy
scale

Atomic Nuclear Hadron < QCD TeV

- : Observable available at experiment

e : Sizable dependence

<-==== :Weak dependence Ilustrated by N. Yamanaka

<> : Matching
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Various EDM search experiments

No finite value of EDM detected in various systems
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Year of publication

K. Kirch and P. Schmidt-Wellenburg
EPJ Web of Conferences 234, 01007 (2020)
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Upper limits :

electron EDM
de| <1.6x10-27 ecm TI
de| <1.1x10-2°9 ecm ThO
de| <4.1x10-30 ecm HfF+
muon EDM
|dy| <1.5x10-1% ecm g-2
neutron EDM
|dn] < 1.8 x 10 -26 ecm UCN
atomic EDM
|dxe| < 1.2%x10-27 ecm 129Xe
|dhg| < 6.3x10-30 ecm 199Hg
Standard Model prediction
neutron : d, = 10-32 ecm
electron : de = 10-38 ecm

-> |f finite EDMs are found,
it is due to the physics
beyond the standard model !!
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Neutron EDM

Ultra cold neutron

is very slow neutron with
~200 neV
~5m/s

Energy
Velocity

Four-layer Mu-metal shield

Fl(l)+=2

nB+2dnE

Vacuum chamber

Precession chamber ‘ '

4

_

UV light source =
Mercury polarizing

e
cell

|

!
UV light source ]

R

i oH

d &
Ul

——————

High-voltage lead

Cesium magnetometer
(15 in total)

Electrode (HV)

X

=

Photodetector

>

UCN shutter

//}, Electrode (ground)

Magnetic-field coils

Switch

Spin flipper 1 &
4 m3—=
[l = g
2
5T-magnet

Neutron detectors |\ |\

Spin analyzers incl spin flipper 2a,b
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Spin flip by separated oscillating magnetic field
(Ramsey resonance)

!

noy_ | 244Bo=2d,E (E)
" |-2u,B, +2d.E (E |)

=FYTTT
o] | f ﬁ P
ooy 44§

I i

=89,
~95%0
~O—0—0-—9

14000 +

| TRIBIRIE
12000 g%g{;%%

Resonant freq.?

Neutron Counts
2
=]
1

L

10000

X = working points

T T T T
298 299 30.0 301

Applied Frequency (Hz)

|d.| <1.5% 10727 ecm

PSI (Switzerland)
C. Abel et al., Phys. Rev. Lett124, 081803 (2020)
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Atomic EDM (diamagnetic)

SQUID gradiometer

199Hg 129Xe

HV coax cable (RG58)
Electrode (+10kV)

o —_‘ !‘

cell ‘Em‘w \
MT —Eﬁi— Battery C. ) \\\\[ : ‘BO

L= / = —F
Vin =il =

-4 kV

£
ITEEEEIE D

Ce” 1 Valve
) G . Gas mixtrure
OB “ g“‘a Apt '-i”:]D R: - HV supply
cell ~_I Meinz/Julich/Heidelberg
Munchen/Michigan/Berlin/Julich
Vessel (0V) Groundplane |y
HV feedthrough <— |dy.| <4.8%107%" ecm
_ Sachdeva et al., arXiv 1902.02864
| dyge| < 7.4 x 107 ecm e A

Meinz/Julich/Heidelberg

|dy.| < 1.5%107%" ecm
Allmendinger et al., arXiv 1904.12295

Seattle (USA)
Graner et al, Phys. Rev. Lett. 116,161601 (2016) .
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T violating coupling constants In nucleus

Paramagnetic o’

Atom EDM | €— st
N .

/ Molecules V,’ o* e-Nint

EDM measurements with various system

. Diamagnetic :" s
(nucleon, nuclei, atom, molecules) Atom ., " HOh | e [FEDH
are needed to deconvolute the couplings. \mS;;i;;t
N-N int
nucleon EDMs Nucleon-electron int. Nuclear /
_ 0 1., ~@
Coefficient values, from the compilation of:
ng : vanishingly N i e e— gﬁiljsz [J. Engel et al., Prog. Part. Nucl. Phys. 71 (2013) 21]

_______
- =

-

dy, = - (038737, x1077 ) g%, (U ><10"”,,)° gy = (2.055x10™ )¢,
dy. =—(0.29%7, x107% ) g, - 022717 %107 )z, + (4 %107 ) C,

d,=-(1.5x10"*) g%, +(1.4x10"* ) g'" )

gJ'ISNN \
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Atomic and molecular EDM

EDM measurement with polar molecules has been realized since 2010.
Measurement sensitivity has been greatly improved by using the large
effective electric field inside molecules.
( E = de* Eeff \

A

YbF : Hinds201 1 (Imperial College), |de/<10-27 € cm Th
ThO : ACMEZ2 Collaboration 2018, |de/<1.1 x 1029 e cm
PbO, POF, HfF+, HgF/BaF, RaF, TIF, YbHg, - S0 )., _ For
: ¥,
o)

Th

Electron EDM upper limit o

24 Xe s
1 Effective electric field ~ 78 GV/cm
T 1 Atom = e e ——_—_>

Qor ThO

107°° _

d, (e cm)

e R 5 e
Molecule ACME1 (2014)
T De +—————— ACME2 (2018)

10294

10%0d e e ———— D " "’04 “““ Advanced ACME
(prospect)
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molecular EDM ACME Il experiment

ThO , 3. State Preparation 5. State Readout
1. Buffer Ga | | ' e |
Gas 4. State Precession
Beam Source @ 2. Molecular Lens - e |
: Magnetic Shielding N
Compact > - E B%
Rotatl Spin precession extended \\
otational + :
Cooling ?:Aolllecule Beam ; | 1ol =1 m ISSms e
R ‘ 3
. Hexapole Collimators pr—— = o, —
&S Electrodes d
o |
D 4o L Light Collection
8 ‘*:I 1R 2 \ % > : ' )
Z
Do y
) <<i9 /)@/))
' STIRAP STIRAP It > g 4 _ 0
Pulsed Ablation Laser in (X to Q) out (X to Q) ‘-I—- ' = i @@%
V [Electric Field Plates "¢

Magnetic Field Coils s
Vertical STIRAP (X to H) R o0 o o

i : . , EDM
x30 lmprovement Projected Improvement Signal gain sensitivity

Longer precession time 0.27 2.6

h 1 F Molecular lens 12.0 3.4

Ade o Photon detector upgrade 2.7 1.6
EeffT ﬁmolT €det Improved collection optics 1.6 1.3

Timing jitter noise 1.0 1.7

Total 14.0 31.2
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Atomic EDM (isotope)

210Fr  Electron EDM enhanced 211Fy Nuclear EDM enhanced

T1 /2~3min Rb Cs Fr T1 /2~5min with Octupole deformation

enhanced factor 27.5 114 799

o

Shitara, N., et al., J. High Energ.
Phys. 2021(2021)124.

x (fm)

| | |
| @ (e} -L \V) o N N o (o]

Fr isotopes are produced by beam, Fr MOT/LO
laser-cooled, and trapped in optical Optical lattice
lattice. ¥

Spevak, V., N. Auerbach, and V. V. Flambaum..

The SpIn of the trapped Fr atom can Physical Review C 56.3 (1997): 1357.

be precisely measured.

High intensity 1806+ beam
from RIKEN AVF cyclotron

\

Fr+ beam production
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Muon g-2/EDM
u g-2 o | B

EgEE —e—

FNAL confirmed BNL result. o = FNAL
4.1 o discrepancy from SM

—> New physics? e e

u g.-2/EDM at J_PARC 17 175 li 18.5 . 19 1'9.5 20 20.5 21 21.5 22
SaFURBPHESEE a, X 10°-1165900
Check with new method.
Physics run 2027~

4<====i!i
1D S dae
4 ot /N -?a\_'é

=> Spin
—> Momentum

[ s w'iiif'iﬁ=ﬁf“:f |

Y Z’\/Eﬁbﬂiigg

BzEITIL
BT RIS S By
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T-violating nuclear interaction

CP-odd in nuclear interaction is also good probe.

y

s

Y 1=
< quark EDM

n n
h Y /@G g
e q — — g

Nucleon EDM N o(pih S
Ch PT quark chromo-EDM

A N ".-O-"N : : I \
N 'F—F'N P, CP-odd n-N lnteractlon
A/\ Ch PT
P CP odd 4- quark int
N
P, CP-odd
nuclear force Contact P, CP-odd NN interaction Weinberg operator
MeV scale operators Hadron level operators Quark level operators
(Nuclear physics input) (chiral EFT) (SMEFT)
J. de Vries et al., PRC 84, 065501 (2011) [llustrated by N. Yamanaka
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T-violating nuclear interaction

CP-odd in nuclear interaction is also good probe.

y

s

Y 1=
< quark EDM

n n
h Y /@G g
e q — — g

Nucleon EDM N o(pih /)
Ch PT quark chromo-EDM
K \ N O \ ><

N cpipN P, CP-odd n-N lnteractlon
Ch PT

P, CP-odd 4-quark int

x_/h&—m@;

P, CP-odd
\nuclear force Contact P, CP-odd NN interaction Weinberg operator
MeV scale operators Hadron level operators Quark level operators
(Nuclear physics input) (chiral EFT) (SMEFT)
J. de Vries et al., PRC 84, 065501 (2011) [llustrated by N. Yamanaka
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Triple correlation with neutron spin - electron - proton

Asymmetry of emitted electrons from polarized 8L.i.

pe () |n) (P Py L () pe
woe 1+ AL ML pl (Lo Fv Yy pee X t..
E. J J \E.  E, J E,
}S)u{)eljrnirror IE\I}e—coatedG . Egin Guide Coils Beam Dump Ee,pe,m: Energy, momentum, maSS Of eleCtron
olarizer cutron Guide ipper
Beam N / | / J “ Nuclear spin
Shutter pin Transport emiT Detector Li Beam Stop
Solenoids . .
i\ ol o : Electron spin

Neutron—[JHE—

Beam /
Bi flipper-off ? * ? *

—>
Filter i
flipper-on A4 A} \\ :

I 1 I I
0 1 2 3

(a) (b) y
, #/ , Proton Cell v ZL \ :
4{2\_/ (2x8 Array) x X

Electron Detector / ﬂ | | I/ |

0 4 8 12 16cm
IR VAR R R VA Neutron Beam pzx o8 Pao
—\\\\\\\\m#—v p%:/p
50 cm Limllcm;—‘

1= D =[-0.94 + 1.89(stat)
+0.97(sys)] x 10—4
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Triple correlation with 8Li spin - pe - O¢

Asymmetry of momentum and polarization direction of emitted electrons
from polarized L.

pe (D) ) (P B L () e
woxl+A—. + DL .= x =) HRg. - ¢ 4.
E, J J \E. E, "\ J E
Pb
MOttﬁﬁV“ O Ee, Ev, pe, pv : Energy and momentum of e and v
Do J “ Nuclear spin
o . Electron spin

KEK TRIAC 2008
® R=-0.020 £ 0.41stat = 0.024sys [10]

_}
J
100 % T
;
10% +

Beam Stoppe C
L TRIUMF MTV Run-I 2009
[ * R=-0,065 + 0.036stat [11]

MTV preliminary )
*R=(-3.1% l-zstal + 6.85ys)x10

Stopping §
3

1% €
E Current limit by PSI

ARalyzer Foil [_PSI 2003 R=(0.09 £ 0.22statssys )% [7]

R precision

0.1% + & -+00m _ BG from final state interaction

\\. Li-8 Beam . L.
Final goal of sensitivity

Trigger Counter

R. Tamiya, Master thesis (2014)
Spin in Fundamental Physics KM i

(preliminary)
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Parity violation in compound nucleus reactions

19745 Large party violation was found in angular distribution of

3Cd@, y)!'*Cd for meV neutrons é @/
W(0) = const. (1 +AyEn’ : ky) —(4.1+0.8)x10™

P-odd NPDy : A, ~ 1078

1976%

Angular distribution of !'’Sn(@, y)'®Sn

Longitudinal asymmetry in neutron absorption reaction
for meV neutrons

1981£

oo PLla+1d : AL = (34.3£5.3)x 107 barn
Ay, = ; - 780 47 : A, = (4.6 £ 0.5) x 10~ barn
e S1Br+1i : A, = (60.6 +6.2) x 10~ barn

Ay ~ 1074

19815

Longitudinal asymmetry in neutron absorption reaction of 3%a + 1 for
0.7eV neutrons

A =(9.56 +£0.35) x 102
Many isotopes TRIPLE collaboration at Los Alamos

h in Basic Science
ail 2023, 29 Nov. 2023,
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P-violation enhancement

i La-139
L il i B, B A il B AL FRTLLL B
neutron capture sl —
B 1 [ | H®H ... T | capture 3
around p-wave resonance :
8
polarized neutron z
:
O - 3
< ?
o
n Ag
A =(9.56 +£0.35) x 1072
19La E,=0.734 eV | Y Y Y S SO SO SO WP SO

102 10" 10 10" 10* 10® 10* 10° 10° 107
Neutron Energy (eV)

P-violation 1s enhanced 1n
the interference between s-wave and p-wave
of compound nuclei.
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T-violation in Compound Nuclei
T-violating interaction in nucleon-nucleon interaction

P violation

in a compound
T violation nucleus
in a compound
nucleus

Conversion factor P-violating interaction in nucleon-nucleon interaction
from P-violation to T-violation V. P. Gudkov. Phys. Rep.,212:77,1992.

Enhanced P-violation Aop = Enhanced T-violation Aot
Angular momentum (recombination) factor

. DY (15 FRYE) U=1-3)
K = .
(_1)2I+1ﬁ (1 _% 2II—|—3Q) (J — ]+ %)

8

X = COS @

2 2 _
Aty =1 Yy = sin ¢

Unknown parameter

Spin in Fundamental Physics
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Setup for T-violation experiment

Simple 1llustration of T-violation search experiment
with polarized neutrons and target.

Neutron Neutron Polarized Neutron
Source Polarizer Target Analyzer

R

Neutron
Detector

(% \

\\
9 [ ] Detectors
Gamma-ray for
Detector Scattering

Neutrons
Forward scattering amplitude

f:A’+B'U-f+C’U-I%+D’J-(fxI%)

spin Spin P-violation T-vi .

- -violatin
e ey, dependence cross section
Cross section

in in Fundamental Physics
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nipMishima, KEK, (Masaaki Kitaguchi, Nagoya University)
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T-violation experiment at J-PARC

NOPTREX

Neutron Optical Parity and Time-Reversal EXperiment B 1 1 et
RCNP, Hiroshima Univ., —_—
Nagoya Univ., KEK el
polarized targe neut,ron)%;detector

disk chopper

AT polarizer
e spin filter)

Indiana Univ,. Kentucky Univ.,

RCNP, Nagoya Univ.
KEK, JAEA

Spin in Fundamental Physics
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J-PARC MLF NOPTREX

Neutron Optical Parity and Time-Reversal EXperiment

- s —

N —
g i =

mental Physics
29 Nov. 2023,
s KEK, (Masaaki Kitaguchi, Nagoya University)

Laboratory for Particle Properties Neutron Optics and Physics




139La (n, y) measurement NdPTREX

cal Parity and Time-Reversal EXperiment

BLO4 ANNRI Beamstopper BLO4 Ge Detector

Gedetector |

Disk chopper Cluster detector

I

Filter

TO choppter

Collimator

(2 Cluster Ge Detector 7ch x2 : 14chN
8 Coaxial Ge Detector 8ch

kZZCh > 7 angles Coaxial detector

Targets : "tLa 40mm x 40mm x Tmm

T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.
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139 a (n, y) measurement NQPTREX

Neutron Optical Parity and Time-Reversal EXperimen
Ge crystal
BLO4 ANNRI Beam. BGO_ //
Ge detector ﬁ /
Disk chopper N | N _
. | Pb collimator
Filter
N |
TO choppter \ \ 1
Ny "‘\ i F‘i
N e u t ro n S A
aamma ray
Collimator — ..................
Target
= ,/rl E———
LiF |
v

(2 Cluster Ge Detector 7ch x2 : 14ch | LiH L]

8 Coaxial Ge Detector 8ch
. 22ch > 7 angles

Targets : "tLa 40mm x 40mm x Tmm

T. Okudaira et. al. , Phys. Rev. C97 (2018) 034622.

pin in Fundamental Physics
awaii 2023, 29 Nov. 2023,

BRiPMishima, KEK, (Masaaki Kitaguchi, Nagoya University) page 26 I



(n, v) measurement with polarized neutrons

Pol. neutron experiments at BLO4 ANNRI in J-PARC

SHe spin filter 7
Detector

n—nl—p

Gamma-rays

Neutron M ot o1
Ne=Nn=n

beam ﬂ&, ?ﬂ" ”

Neutron spin not

aligned. Only neutrons with spin

parallel to 3He nuclear

spin can pass.
Detector
SHe nuclear spin aligned.

Polarized neutron o

Unpolarized target

Gamma-ray detectors

4 r shie
SHe Cell Vil
;. ANMR syste
SHe Polarization f 1 CHecell\E .
>08 : :
Relaxation time [ 4 .
> 100 hours . _ Neutron beam — ———>

. : : \ - ..?'
T. Okudaira et. al., = &l Ger;;ﬁum'
Nucl. Instr. Meth. A977
(2020) 164301 -
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139 a (n, y) measurement

unpolarized— s - 5
. 4 Qd = ]_44 A ed — 900
E 3 H 3 f 0.75eV p-wave
o
& 2%@& 2% %
L Ay
B BT ¢ s
1F %
O%ﬁgﬁiﬁ%@%ﬁ.ﬁ% 1 \ \ éaés}%@ﬁ i [ B R
02 04 06 08 1 1.2 14%? 04 06 08 1 12 14%2 04 06 08 1 12 14 ) ) .
Nonbw(eV] | Newntwie] | Newon eV (WTIRIMTAED
{0388 £ 0. 024 0 295005 ¢~ 0.3455in 6 T. Okudaira et. al.
Experllrr.w.e.r;{e;l. result ...... Theoretlcalcalculatlon with .s-p mixing Phys. Rev. C97, 034622 (2018).
olarized-n
p 4 % ¢ Spin down R R
o l00f 0.75eV p-wave J{,%L ¢ Spin up 0, (kl’l X k},)
g soi {i{;% %ﬁ# i Hﬁ%iﬁ % Spin dependent angular distribution due
QEERROBR 115y a0 4 & to interference between s- and p-wave.
GE i
s | | | | T. Yamamoto et. al. ,
2o i) | Phys. Rev. C101, 064624 (2020).
2 H __________ i el % | — L e,
z H m % —059+012 0719cos¢+04185m¢
-2 | | | | | QT 'n -------------- " ‘¢rsssssssssssssEsEEEEEEEEEnnns
B Z:fle Oflzoi;ht (izg e Experimental result Theoretical calculation with s-p mixing
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¢ value by 13°La (n, y) measurement

@: \/ oh’~ : 0 ¢ was estimated.

* Angular momentum (recombination) factor

10*
10°

10?

1073

3
T IIIIIﬂ] T IIIIIﬂ] T IIIIIH]HI TTT T IIIIIII| T IIIIIII| T IIIIIII| [ TTTI

10—4 111 1 | 11 1 | | 11 | | 11 1 1 | 11 1 | | 11 1 | |

III|
0 50 100 150 200 250 300 350
o [degl

0.441 < k(J) < 0.575 (68 % C.L.)

K(J) was oder of 1 k(J) =0.51 =0.07

— T-violation is also enhanced 106-fold !

Oin in Fundamental Physics
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Polarized target R&D

/ Crystal Growth at Tohoku Univ\ Target Polarization  at RCNP, Osaka Univ\

I /) B
il

! Tohoku Univ., Bolarized La)RCNP. Osaka Univ.
== Hiroshima Univ. Hiroshima Univ., Nagoys
~ Nagoya Univ. Target Univ. ,Yamagata Univ.

= Relaxation
4 Cryogenics Time Control
L_aAIOs (Nd+)
| Nagoya Univ, | single crystal ) Hiroshima Univ.
RIKEN, Nagoya Univ.
Japan Women’s
% ¢ Univ.
8 Ashikaga Univ. Relaxation time control
Hiroshima Univ. K with aromatic molecule

/

— La polarization(~30%) with large LaAlO3

Oin in Fundamental Physics

awali 2023, 29 Nov. 2023,
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Experiments with polarized target at J-PARC

g _ Bo Neutron detector
SHe spin filter La target

» - + -6) ﬁh ¢ !Superconducing

_k> Bo Bﬂ.) Guide manget magnet

Coils & Magnetic shielding

68mK, 6.7T —'3°La polarization : 4.3%
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Experiments with polarized target at J-PARC
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Experiments with polarized target at J-PARC
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In principle, T-violation limit can be
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Summary

CP-violation is one of the unsolved problems in particle physics.

EDMs of various systems are complementary and provide a
strong limitation to CP violation.

nucleon, atom, molecule

NN interaction is good probe for T-violation search.
triple-vector correlation in beta-decay, resonance capture
Neutron is suitable for spin-experiment, easy to be polarized, controlled.

Discrete symmetry violation is enhanced in Compound States
induced by Epithermal Neutron.

US-China-Japan collaboration NOPTREX was started.
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