SPIN AS A PROBE OF SPACE-TIM E SYMM ETRIES IN LOW AND

INTERM EDIATE ENERGY REGION

AKIRA M AS AIKE

Fukui University of Technology , Fukui, Japan

Topics on parityviolation in hadronic interactions and time reversal violation in lowenergy region are presented. The helicityasymmetryfor p-p scattering is being measured at 221

MeV, where the 1 S 0 - 3 P 0 amplitude vanishes. On the other hand, large enhancements of the parityviolation effect have been observed in lowenergyneutron resonance absorption in various nuclei. The phenomena can be explained bythe s-p mixing model and suggest the possibilityof thetest of time reversal violation.

The recent progress of the measurements of the neutron EDM with ultra cold neutrons as well as a newapproach to observe the neutron EDM making use of non-centrosymmetric crystal are shown. Atomic EDM measurements of newgeneration are also mentioned, with which the accuracyis improved byfactor of 10 to 100.

1 Introduction

T he spin has been o ne of the mo st important probes to search for pheno mena of parityviolatio n and time reversal violation for long time. In recent years, measurements of asymmetries related to the spin in hadronic interactions have been sho wn to be one of the pro mising ways to stud ythe weak interaction in hadronic systems. In particular, the helicityasymmetries for hadron-hadron interactions provide a windo w on the interplaybetween the weak and strong interactions. We will report recent experiments of helicity asymmetries for p-p scattering and those for lo wenergyneutron resonance absorption in various nuclei, since these observables give the keys to under stand the parityviolating interaction in nuclei.

T ime reversal violatio n has not been fo und , even though experimental efforts have been devoted to find these pheno mena for 50 years. Since the measurements of

EDM ´ s o f the neutron and atoms provide a sensitive test of T and P violations, recent experimental results and ne wpossibilities to improve themwill be sho wn belo w. A possible measurement of time reversal violatio n making use o f the pheno mena of the enhancement o f parity-violation in neutron-nucleus interactio ns will also be mentioned.

2 Parity Violation in Hadron-Hadron Interaction

So far little infor mation on parityviolatio n in non-leptonic interactio ns is available because o f the difficultyof accurate measurement of small effect of the interplaybetween the weak and strong interactio ns in hadronic reactions.

T he simplest contribution to parityviolation in the coupling between nucleons is a single W or Z 0 exchange. T he diagrams give rise to effective pseudoscalar potentials between two nucleons. Ho wever, the effect is greatly suppressed, since the strong N-N interaction is repulsive at ver y short distance. T herefore, the largest contribution to the weak N-N interactio n co mes fro mthe exchange of a single meso n ( p , r , w ) where one of the vertices is governed b ythe strong interaction, and the other b ythe weak interactio n. T he ratio of parityno n-co nser ving ( V

PNC

) to parity-conserving ( V

0

) potential is estimated as

. 10 2 7 2

0

- ´ @ @

p m G

V

V

F

PNC (1)

T herefore, the order of magnitude of the paritynon-co nserving helicity asymmetr y

in N-N scattering is about 10 -7 in lo wenergy regio n. Assuming o ne-boso n

exchanges, Desplanque et al. calculated a set of six weak meson-nucleo n coupling

constants 1 0 2 1 0 1 , , , , ,

v v r r r p h h h h h f , where the subscripts indicate the exchanged

meso ns and the superscripts the isospin changes.

T he helicityasymmetries in the total cross sectio n

L

A in p-p scattering were

measured at 13.6 MeV in Bonn and at 45 MeV in PSI. T he results are

L

A =(-0.93 ± 0.20 ± 0.05) ´ 10 - 7 at 13.5 MeV 1) (2)

=(-1.57 ± 0.23 ) ´ 10 -7 at 45 MeV. 2) (3)

T he results can be explained with the inter ference between 1 S

0 and 3 P

0 amplitudes

qualitativelyin the model of one-boson exchange. An experiment was performed at

higher ener gyat Los Alamos. T he result is

L

A =(0.24 ± 0.11) ´ 10 - 6 at 800 MeV. 3) (4)

In this ener gyregion the 3 P

2

- 1 D

2 amp litude in addition to the 1 S

0

- 3 P

0 amp litude

contributes significantly to the helicity asymmetr y.

An experiment to measure

L

A at 221 MeV is in progress using T RIUMF

cyclotron. 4) At this energy, the 1 S

0

- 3 P

0 amplitude is expected to be zero. In terms of

the single meson exchange model, this experiment can determine the weak r -

proton-proton coupling co nstant, pp h

r

, which is sho wn as

6 / 2 1 0

r r r h h h h

p pp + + = . (5)

A ver ypreliminar y result based on the data in Februar y1997 sho ws

L

A =(0.34 ± 0.67) ´ 10 -7 . (6)

Data taking and analysis of the measurement is in progress. T he goal is the accuracy

of D

L

A = ± 0.2 × 10 -7 . Calculation of

L

A b y Driscoll and Miller 5) using Bonn potential

for nucleo n wave functions and the weak coupling co nstants o f Desplanques et al.

can be compared to the T RIUMF result as sho wn in Fig.1.

Fig.1. Preliminaryresult of the helicityasymmetry

L

A for p-p scattering at 221 MeV as well as

other results in the energyregion less than 1 GeV are shown. 4) The solid line is the theoretical curve by

Discoll and Miller.

3 M easurement of Parity Violation in Neutron Capture Reactions

In recent years measurements of the longitudinal asymmetries have been

performed in nuetron-nucleus reactio ns where parityno n-co nser ving (PNC) effects

are enhanced due to the inter ference between ver y close energy levels of the same

spin but opposite parities. A Dub na group 6) and a KEK-Kyoto group 7) found a

surprising lar ge helicityasymmetr y at the 0.734 eV p-wave resonance in the n +

139 La reaction. T he experimental result o f the KEK-Kyoto group is

L

A = (9.5 ± 0.3) × 10 -2 , (7)

which has been obtained b ymeans o f the detectio n of

� -rays in radiative capture reactions and also b ythe transmission method. If we co mpare the result with those in p-p scattering, the enhancement o f parity-violation effect is in the order of 10 6 .

Such enor mo us enhancement can be explained in the frame wor k of s- and p-wa ve mixing 8) , in which the interference ter mbeco mes remarkably large due to long lifetimes of co mpound states, small difference in the resonance ener gies for s- and p-wave neutrons and large centrifugal potential barriers for p-wave neutrons. In the case with o nlyo ne p-wave resonance and one s-wave resonance the helicityasymmetr yter m satisfies

L

A = n p

n s s p

E E

xW

G

G

-

2

, (8) where p

E and s

E are the resonance ener gies, n p

G and n s

G are the neutron widths o f the p- and s-wave resonances, respectively. T he W is the weak matrix element in the interference between the s- and p-wave resonances and x is given as

2 x = n p

n p

G G /

2

1

, where n p 2

1

G is the partial neutron width for j=1/2 p-wave neutro ns.

In order to studythe origin of the large enhancement, lo ngitudinal asymmetries in many p-wave resonances in E n

=1 eV ~ 350 eV, have been measured for many nuclei in the mass region of A= 107~238 using the pulsed neutron beamproduced by800 MeV protons at LANSCE in Lo s Alamo s. 9) ,10 )

T he longitudinal asymmetries on the targets 238 U, 232 T h, 127 I, 115 In, 133 Cs, 93 Nb and natural Ag and Xe were measured using transmission detectors made of 10 B-loaded liquid scintillator. In addition, the data on 113 Cd and natural Pd and Sb were taken using both the neutron transmission detectors and capture

1 .

In the case o f targets with spin non-zero we must treat i

x as a randomvariable with a probabilitydensity functio n, that is not Gaussian, since n p

n p 2

3

2

1

G + G is fixed for each p-wave resonance. T he values of 2 M are being calculated with measured asymmetries b ymeans of a likelihood analysis. T hen the weak spreading width

D M

W

/ 2 2 p = G is deter mined fro mthe experimental values of the asymmetries, where D is the average level spacing of the co mpound reso nances. Based on the sp mixing model, the value of

W

G can be estimated to be of the order of 10 -7 eV.

T he weak spreading widths

W

G ´ s as a function of the mass number A are sho wn in

Fig.3. No strong mass dependence on the target mass number has been observed. 10)

T he result makes the statistical treatment of weak matrix element convincing. It is concluded that the enhancement o f parityviolation effect in the p-wa ve resonances is not the pheno mena onlyfor few reso nances, but is a prevalent feature of p -wa ve resonances located near s-wave resonances.

Fig. 3. The weak spreading width

= W as a function of the mass number. 10)

4 Precession of Neutron Spin near the p-wave Resonance of 139 La

T he neutron spin precesses around the neutro n mo mentum upon transmissio n through matter due to the weak interaction. T he magnitude of the spin rotation F is proportional to the real part of the difference between the forward scattering amplitudes for two opposite neutron helicities, in co ntrast to the helicity asymmetr y

L

A , which is proportional to the imaginar ypart of the difference.

), ) 0 ( ) 0 ( Re(

4

- +

- - = F f f nl k

p

(11)

) ) 0 ( ) 0 ( Im(

4

- +

- = f f k

A

L

p

, (12) where n is the nuclear number densityand l is length of the matter. It has been expected that the magnitude of the spin rotation is enhanced near the p-wa ve resonance.

In the s-p mixing model, the neutron spin rotation near the p -wa ve resonance is described in the f or mula ú û

ù ê ë

é

G G - - - × ú û

ù ê ë

é

G + - × ú û

ù ê ë

é

G - -

G G

× = F p s p s p p s s

n p

n s E E E E

E E E E

xW k

ng

4

1

) )( (

4

1

) (

4

1

) (

) ( 4

2 2 2 2

2

1

2

p

(13) where ) 1 2 ( 2 / ) 1 2 ( + + = I J g is a statistical factor, and E is the incident neutro n energy.

Recently, the spin rotatio n has been measured near the p-wave resonance of the reaction 139 La+n at E=0.734 eV at KEK 11) , Los Alamos 12) and ILL 13) .

At I LL neutrons are polarized upon transmissio n through magnetic cr ystal of

CoFe adjusted to the Bragg conditio n in Laue geo metr y. T he first Mezei coil (Xcoil) set the neutron polarization along Y axis. (X and Y axes are perpendicular to the beamdirection Z). After the neutron passed through the La cr ystal, the seco nd

Mezei coil (Y-coil) transfor med the X-co mpo nent of the polarization into longitudinal one, while the Y compo nent remained the same. Finally the longitudinal co mponent of the neutron spin was analyzed b ytransmissio n thro ugh a cell with 3 He gas which is polarized optically. T he preliminar yresults are sho wn in

Fig.4, in which the effect of the resonance at E n

=0.734 eV is clearlydemo nstrated.

A Japan-US group measured the same parameter with a 3 He polarizer and a 3 He analyser 12) .

T he s-p mixing can be confirmed b ythese experiments.

Fig. 4. Preliminaryresults of the neutron spin rotation near the p-wave resonance of 139 La at E=0.734 eV with a La target of 5 cm in thickness. The solid line shows the theoretical prediction. 13)

5 M easurement of Time Reversal Violation in Neutron Resonance

Absorption

T he observation of the enhancement of parityviolation at p-wa ve reso nances encourages us to promote the measurement of time reversal violatio n using polarized slowneutrons. If there is the same order of resonance enhancement for T - violation as for P-violatio n, it is possible to observe T -violatio n effect in neutroncapture reactions with good accuracy. T he asymmetries of the order of 10 -4 in these reactions correspond to the neutron EDM of 10 -26 e

Â cm. T he ) ( I k n n

& & &

´ × s is an

example o f T -odd term, where

n s

&

is the neutron spin,

n k

&

the neutron mo mentum

and I

&

the spin of La target. One of the possible experiments is the measurement of

the difference between the helicityflip (+ ® - ) and that of (

- ® + ) upon transmission

of neutrons through a transversely polarized target. It is a ^ spin detailed balance ~ .

T he difference between the probabilityof the spin non-flip (

+ ® + ) of vertically

polarized neutron upon transmission through a target which is polarized

perpendicular to the direction of the beam and the neutron spin and the probability

of spin non-flip (

- ® - ) in the same target is also a T -odd parameter 14) . T hese

parameter s are free fro mfinal state interactio ns since all the observables are related

to for ward scattering amplitudes.

In these experiments the La target must be polarized. T he LaAlO

3 cr ystal has

been proposed as a polarized 139 La target, since La nuclei in LaAlO

3 containing

Nd 3+ can be polarized bymeans of the d ynamic method. T he La polarization of

more than 70% has been obtained in a dilutio n refrigerator bya Kyoto -PSI group 15) .

6 Electric Dipole M o ment of Neutron

Purcell and Ramseypointed out the importance of searching for the electric

dipole mo ment (EDM) of the neutron in 1950 16) . T he EDM must vanish if there is

symmetr yunder either the paritytransfor matio n (P) or the time reversal

transfor matio n (T ). Since the orientation of the particle can onlybe specified b ythe

orientation of its spin, the EDM (

n d

&

) and the spin must transfer their signs in the

same way under P and T, if

n d

&

has a no n-zero value.

Searches for the electric dipole mo ment have been carried out increasingly for

almost 50 years. If the neutron makes a transitio n fro ma state with m=-1 to m=+1,

the frequency (

0 n ) for the transition is given b y

E d B h

n M

& & & &

× + × = 2 2

0 m n , (14) where

M m

&

is the magnetic dipole mo ment, B

&

the magnetic field and E

&

the

electric field.

Smith, Purcell and Ramseyconstr ucted a neutron magnetic resonance

equip ment with a strong electric field between two separated oscillator yfields and

measured the change in reso nance frequencywhen the relative orientatio n of the

electric and magnetic fields were reversed. In the first experiment theylo wered the

limit to

n d =5 × 10 -20 but found no electric dipole mo ment 17) . T he experimental

result in 1977 using cold neutrons fro mthe I LL reactor at Grenoble was (4 ± 15) × 10 -

25 e Â cm 18) .

Recent experiments on the neutron EDM at Grenoble and Gatchina involve

ultra cold neutrons (UCN ´ s), of which velocities are less than 7 m/sec. UCN ´ s can be

trapped in a box byneutron total reflection on the inner surface of the box. Such

storage experiments could give higher sensitivitythan beamexperiments due to

longer observatio n time. Further more, the systematic errors due to nonparallel

E

&

and B

&

fields wo uld be greatlysuppressed, where the magnetic field generated

by E v

& &

´ results in the major systematic error. At ILL UCN ´ s were obtained with a

turbine developed b ySteyerl et al 19) . Co mbining all the results o f the measurements

using UCN at I LL until 1998 give a 90% confidence upper limit of 6 × 10

- 2 6 e Â cm 20) .

It is a few times higher than the value predicted bythe Weinberg ´ s multi-Higgs

model. T he experiment will run co ntinuo usly till 2001, improving the counting rate

slo wly.

In order to obtain high-densityUCN, a superther mal UCN source in which

neutro ns are cooled down to the ener gyless than 2.5 × 10 -7 eV using super-fluid

heliumwas proposed byGolub and Pendlebur y 21) . On the inter section of the

neutro n dispersion relation with that of super fluid 4 He quasi-particles at 8.8 Å a

single pho non in superheliumtakes away the ener gyo f the inco ming cold neutron.

T he UCN produced bymeans of the superther mal method was observed b yGolub

et al 22) . T he production of the UCN on the intersectio n of the both dispersion cur ves

was confir med b yYoshiki et al. at JAE RI 23) . It will be hopeful to use the method to

increase UCN density.

7 EDM measure ment Using Crystal Techniques

T he electric fields in vacuum used in EDM measurements are limited to about

2 × 10 4 V/cm. On the other hand, non-centrosymmetric cr ystals exhibit Coulo mb

fields much higher than this. T yp ical examples are SiO

2 with a field of 2 × 10 8 V/cm,

and Bi

12

Ge

12

O

20

(BGO) with several times 10 9 V/cm. T hus scattering of the neutron

on such cr ystals provides a good probe of EDM. In the Born approximatio n, the

coherent spin scattering amplitude due to EDM is sho wn as

)), ( (

1 2

) (

2 2 q f Z e

q m

k k id b

e n E

- × ¢ - × =

²