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Unified understallding of neutrino oscillation and negatiVe

mass—square of neutrino
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Abstract The auth。r indicates that even a cuIlt·Iusivo con矗rInaflon of IL(、lItnr⋯

oscⅢation does not Ilecc8sariJy jmp】y￡hc exjsteIlce“Iflas8ivc ncut J m【“．ThP ucgiLtl叽、

value of ncutrino mass—sqIla阳111“y he aIl aI Le r】1acive koy wltjl rt ralisti(’physlccLl I叫，¨l—

ing．ReexaminiIlg 8pecial rclativity(SRJ we矗小I tll rI c f}lerc ac‘ua】ly ex沁ts rt mnⅢLI

phase yeIocity of’。de Brog】iel8 wd讹”i11 tcI【lpor圳Lorcntz￡r^nsfonflatio】1 atmhIl№1

to池c incrinsical essence of Minkows ki‘s 8pact、 Th pmperL¨s“gp；l(：ehke lIltl-1 w L1

betwcen cwo events have alreadv indu(1cd constr新ns t()dcscIlbe s1IDeI 1IlIniIlaj I¨()Lloll

and SR is compat．ble wi恤tlle f砸tc卜tllaIl一1igm n1。tiuIl oIigina】1y 111 a】gebrai(。do¨ltull．

P耐a饥ention to七hat the operator represcntati01l，声H z^V．jj趟jIlst verihcd iorⅢIj_

lunlinal particles，not for sllper】ur证nal panklcs ad}Jcrillg to de Brogl沁8 f。uexlst(¨(f、

idca bctween waves and particles．it i8 poss|ble to mdllcc a fon眦土l twfpcmnpoTlellt Wf州

equation to describc arly sI)eries of frc(J Ileutrinos witll iIn；‘ghlary rosl Inass．wl Jirll 1、

eqllivalellt to makillg u8e【1f幽e DiTat’equation for a free spm—l／2 pnItlrlc wlth扒、1 l’

Iest Ina8s in form
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1 INTRoDUCTIoN

The auestion of whe比et 11entTmUs ll州e rest m，IssPs is of mndc、mcI Ltal h“l】m—

tanre in Dhv8ics lt llas t妇refore aI．打a。ted ronsi山r曲lp a“eIltiun Sillce Poutc(’oI v(I

prop08efl that there ndgllt exist Il哪ltrillo os(：mation8 I)hnomenmI more than 40 ycm s

ago following an analogy whlL Ko H元u osd【latioIlg f1 J h i8 getlerally agrccd“tat^oⅢl

口os沁ive iIldicatious of thc n叭ltrillo oscmation woul(i f)rovmc an cvldcncP for Ilelltnl⋯

nmses dILd ndxilL茚，the deHcit puzzIes of sohr TIe呲rin吣刖w一1 as anllusp}lerIlⅢ1l

trinos can be lIn山rs抽od、 At tILe samc tmm．￡lle【、xlstellcc of Ileutnno os“nacjon l^

thref0阳a perceptible j【ldicatioIl of pJ1yslc8 b。yoIl(1 tJlc staIid甜d nIodcl．In thls p rL—

per、the a11thor is g。ing to arglle： 1)even a c。ncjl]slvP con矗r111dtiofj of thc nPlltri rl()

Manusc西pt reccived datc：200l一06-26

   



N【)4 AI XIao—Bal UnlhP(1 l】】1(1crstalldlllg of n111l L儿Il()oscillcltlo

osclllatioll docs 110t ncct、ssallly lI¨I“y thP t-xlscrll(：t‘)±I¨asslvtl IlcLl Lnn。．2)nell{I¨l(，H

wlth pllrP油“鲫Imry”rt、st Ijl埘s～In吖h rⅧ1ttIis咐phyⅢill⋯s1Ilt，Ⅻfl 3)1t 15 I川洲hh、

to矗Ild a 11ni蛀ed L1Il(1t_rstandhlg of“le 1lcutrillo oHc|11nIlL)Il all(1 llI‘gcL LlVc 1uass—s‘illtLI‘。¨i

tlle nelltrln【)

2 NEUTRINo oSCILLATIoNS

For¨1c(1lscussloll(Jf convcnlcIlI：n 1¨ll_rP(all thl、pl上ysl(‘s of nelltrin¨()scill甜l‘小

pht：Ilolllenon hricny．If nell¨lI Lu llas nlasH tI Ilt’lItrlll¨(Jr f】I、HIllhl naVtJr”f【¨。r扎c(I lfl

a c11酣舻d currcnt inter觚1．i(】1l along wlIh a‘orrc叩oIl(11HE cIlllIlcpton wml～niⅣoT一，∽

Ⅳ．r aIld pe r11aps one nlorc)1leed 1lof bc d In黼s c。lEf、Ilshfc．h11r rat}lcr a∞llP州l‘

superpositloll of IIlass ei只PJ1states givcll 1)y

277

Ⅵ)=∑巩。∽) ·1

wllcre the j，n arc che 111ass clgc Jlskttcs all(1“∽“Jt，血clf、11t矿，n fr(JIIl an 11Illf rLl y IIl r¨1lx

(i w11ich d㈨otcs neutrillo I面xiIlg．n)IⅣ^prcics ofl洲1triIloH．U is m1^『×'~IlIntl lx

TllcIl a Ileutnllo of oIle navor cnn sporItmleollsIy‘：hangll 111to(Jilt、of an。ther HaVor“ln

￡ravcllillg a dIstallcc L(or tlllH-t)11—3 11l；lll pI cIc Ll(al(aS㈣，nIⅢt rlIlus arIj Pxm‘IIlt’ly

rclatlvistlc so that Lhe energy of L!Lf、colnp‘Int-nf¨1 18仨lVcn hy(1l【1 r‘。latlVlstlc pllc‘Ev’

InoInentunl rclatioIl(c=^=1 1

耻痧⋯㈧翊t茹 一。

w11crc we asslllne t1Int“le 3一moIⅢ-IlhlIIl声of tllp rllm·ItIlt H；wor；llt、t¨sann⋯f

wi¨1 diH。I cnt masses As 10Ilg as“1e nt，lIfIlnL)s arf、str L})10 prlmrlc、s，rIfkr a tiInt、，“l《‘

evollltlon oftheinltlal stafI、ofEq．【J)giVI’h

T11”prob曲mty o'h1I(1 aⅥ，statc m f．h【、011Bulal stntt‘l Jf H P(】’f—l J，·：f

1)ec a1IsP士0r cxtrcIIlely relativistlc Il“Itrillos E≈F_'lllaki“g usp of Eq(2)tllell

P(u—+∥，一：上l=(”f，”f(工)i。

=∑一“：“8’矿，n％、“

Cu rrtJlltlv，a 11t、lltrlll{J uscill。lel()11 e。I JPI 1I【l(、Il L ls aIlalyze(1 tt)r 01lly tw(j Ilt、lltI

Havors For instanceⅣ“一∥，Ini五119．t¨nlixillg Ill^erixⅣtah^11lc f”rIll

u=(嚣：：裟)
W1lI-re目“P is the pF q。IIllxlIlg a119k P¨L Lillg 1natrix(5)iIl Lfj E‘l(4)，oIle Inay g

P(Ⅵ一l，f。：￡)=州122日川sm?(△州．，￡／4E)
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278 NuCLEAR SCIENcE AND TECHNIQuES

sin22钆。sin2(三／上，』。)

whcre△眸。=蟛一2lf：and th8 quaI-tity{￡”{=14E／△且《。l-s tk oscmatiun le“gt

whjd】gjves a dj8tancc scaJe over￡ha￡tbe∞e¨￡r拙o osc川a“o月c艘cb fan be vkjM《、

3 PARAMETERS

Nowadays there are rather compelnng evidcnces for the nPu打ino oscillat．un mHl

there are many ongoing oncs．To龀the 0bservations onc has already obtalnPd th(-

oscmation paIameter’s r矾ges 0f both ncutTino nlass一8卟IⅥed di靠hence△M0。m1(1

mi“89 angles sin22％n in an oscⅢatiou from one species n to aIlother口，

(a)An evidence obtained from thc oscilIatiulls of atⅡlosDllcric neutrino was f011n(1

in恤e Super—Kamjohnde cxpe“m印t14—5]by tn hyI)othPs沁怕at u．一÷∥，osclIla¨oIl

5×lO一4cV2<△肘2<6 x l{)一3cV2． s油22p>f)82≈l

(h)For the solar nelltrino expcrirnents．by Mtklloyev-sm打Ilov—wolfenstcill(Msw

mechanism to convert a％i11to a neutrIno pT of anot}1er丑avor，【6一明it follows tllat

5 x 10—6eV2<△M2<l(1—5cV2， 8in22目≈7×10—3

or in the ca8e of vacuu r【l oscillation．△^彳2～10一locV2

(c)Thc矗tting rcsult of a reported cvidence for p，z一雌osc|11ation fHlIrl th

Los A1am08 1iquid scilltillation Ileutnno detector(LSND)【9】ls

0．27eV2<△Ⅳ2<2 3cV
2

4 NEGATⅣE MASS—SQUARE

However，are these di虹erent ob8ervations and tJlP htting rcsults th。plausi b】‘

a11d satigfk￡ory explanation of nemrhlo b“ng TTmssive?TIle answcr is“no”．Be(。a㈣

to pay attcntion to Eq．(6)、onc IIlay靠nd tIlat thr osciliation function(sqllare《川

func乞10n or cosine function in some papcrs)k a cVcn func血】11． Hencc we can n0

conclude that△M售n i11 the a。gulnent of tlle sine“1I、ctlon must b。gIeahY than zeH，

quite七he∞ntrary．△Mjd may he IL89atlvc vallIe，th：Lt is、

＆Mj，=Mj—Mj91

In other words．we seeIn to hc faced with arl u11avoidable choicc．z．e．．the Inabs—

square of ncutrino may be a n。gative vall"in view of mathematicallog记．that i8 both

of肘；and(or)M：may be negative，thcrcfore eVeJl a conclt】slvc cun矗rmati o【1 of thf、

6
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5 RECENT DATA

The 8quare of tl、t、Ileutrillo mass l、as been m嗡mlrc(1“'})e m饵aLiVe沁mally

l-xDeriIJleuts Most reccnt(Iata．wllic}1 wcrP mt叫IIl‘‘RcView of Paniclc Pll"1(，，

2000一．i101 still incllldc tllis“n(1 of 11egafivt，valllrs n)r 1ustaIlce．in Re矗．【】】一1 2]“l『、

wcizllted aⅣcrage for clcctro—nmltrino u fr¨In two。。I)cnllJrlns r叩onf、d诂

【)25土3 3t，V。

In tIle pion decay experim朗t a Ileg甜ivt-value forⅢ110n一11川trinos was obc撕n(、d，【13

lJ(儿6士(1．IJ23MrV
2

Of course，I¨。rc a(n【fate rPslllts w11】apI，ear t“Llnle g
0c、s uII龇1f1 L1lo pre(Islo Jl

of mcasurements¨npmvcs Howcver．as io Jlg；博tll‘、11曙atlVc VaIue of t¨nmlfI lIl‘J

nlass square rcHlains to be ob caillcd．one fcul工lot exfh L(Ie the I)ussibillty。f chcnl 11clIlg

physKal rPsul‘s．

6 PURE IMAGINARY‘REST MASS

If thP 1leEatlve values of thP 1lcllLnIlo Illas小s‘lLl^re w旧E’I)1lyslc；11 rusults．¨lt、y

siIllpIy m∞n the’’rest nlass”t)f Ileutnllo ls a p11rP lIll“gillil。y vallIe． May thc 1)1l r{。

inlaglIlary‘‘rest Inassl’of neutrino 1)e thc tJu”I】hysl(：a1¨lass‘!An 1IIl(’onVemloIlal 11l—

tc rI)retatlon。’tach”njc neutrmc)Was glv㈨25 y烈ll h cLg()【14
1⋯

Unfortll㈨tf’l弘1|ll|’

drivi工lg forfc for researc}l on c11is is州e 11as¨叫la(k1119 IIl view o卜a)h惜id¨m、g—

a“ve mass—square tllPIc was n‘’pic(：e of(1xpuflIIlelltal I‘vmence fo support tafmyon|(

∞rljecture strongly：h)舢yet t11PJc(joes 1lot cxlst^ff】H1pletely sat诂hcto’y qualltlllIl

矗elfi thcury of any type of tachyoIl 16】Indeed，it沁stI儿8 q11Pstion whPthcr the p11I，’

inlagillary’’rest mass“of 11【、tltriIlo m；Ly 1ead to a fw()一conlponcllt q1】；mnl rIl矗el(I⋯

Euara呲Pe Lll她a nmltnno always llⅫkn，llcLnded印ln a【ld au柚“lIl㈨“i110 always hs

nght．11andlld spi“

7 TEMPoRAL LoRENTZ TRANSFORMATIoN

Aftcr也e publicatioll of EmstPln’s c)ri91u；1l Im】”r on sr¨、rial Yelaf-wity(sR)，¨

seellls clcar that no obiect．mnuence．oI intfjrac饥011 fiorf∞)c c1Il nluVe 01 hc trallsnlitl{。(1

faster fhan恤e sp㈨(1 0f light lIl v÷Lclllllu IIl()ther woJ d．1t i8"小ⅡalIy 89rced
that

accordillg to SR tlIc sI)eed ofliglI“n v；LcllIl rIl is t¨nlcⅨimum 8peed of propagati。n
c Ji

眦～～|暑m吖一批一裟

   



280 NUCLEAR SCIENCE AN D TECIiNIQUES

signals in nature．However，rcexaII血le temporal LoI cIltz trans±ormatl011

√1一等

V¨11：’

oue may矗nd that ttIere exi{；ts a su舯rlu【ninal 8p”P(1 m Lf：mI)oraI Lorcntz kansRll一

rnation，1 e c2加is the Iike—phasc vPlocity 0士。‘dc Broglle’8 wave”Iclatcd to n It 1、

inconceivable that thi8 p oint has he㈣ovcrlooked土0r ovpI 70 ycars．

8 SUPERLUMINAL MoTIoN

In Minkow8ki’8 space the interval between tw(j cⅥnts is an invariant f()r th E、

proper Lorentz tran8for工nations(1 e LoreIltz transtormatioIl8 winlout space lnvufHl‘¨上

aⅡd time inversionl．

s2=z2+Ⅳ2+22一c2t2=z心+∥2+2化一c2^72

This inⅥriant maⅣb8 positivc(spaccIike)．zt、r(J(】i曲t coIle)．or n。gatlvP(¨¨¨

like)，so that t}le followmg infc rcllces r儿us¨)e drawllfll

a)Th8 particlcs w．1l keep their essential qmllt螂ftadlyon，plloton 01 111x㈨．

bradyon)in their born timc for恤e proper Lorentz transf0rIllnioI№In other woI(1h，

锄】y by珊ea丑s ofacce】eratj“g。r dcce2eraoi“g technlqu。nob。dy fmlⅢake the par#lclc、F

movi“g beyond the nght barrier．

h)Thcrc do not e五st the s“perlHmillal or ligllt i11ertial frames ln natllIc，ll衄“‘

there rcmaill no problems relati”g propcr kngth aIld proper tmle to hP s01vcd ()Illy

in thc 8ubluminal iIlertial frames or in timPlikc sIJacc wc caIl dlscuss the sunerlllmlIl“l

or light motion．Therefore，even conccrnlng tllc s11I)crluminal and iight motioIl、fllf、

reIative velocity of tlle used inertiaI frames 1s always lt、ss“1an tllc印ced ofligllt Th1I’l’

situations in Eq(9)are just described in timelikc 8pa㈤

c)As long as not to ren】se lmaginary m1Inbcr．alⅢo蚍aU也e formula i11 SR∽r(1

not to alter to be applicable to th thrPP 8ituaclons in E(1．(9)．F0r instance，士0r r。

neutral bradyon
the ene’gy—mor∽ntllIIl rclatiuI¨Il SR is

E2=c2p2+，n秽

Rcc出l t}le studies of tachyon，f‘8—1。】Introdllcl“g imagina。y nmlmfr。，ns wcll rL’

a re al nIetd．IIl砌s m+to denote the im“gma。y rest mass r，岫of a tachyon with sp㈨{l

石．thenwe havo

7nn=z7n

E2=c2"z一"r。一

0
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where

”≯’C』

、／等一1 √窖一1

Hence SR is compacible wi岫fastt、r—tIlan—light motl(m origiImlly 1n algcl)1 ak do工n撕Il

d)Superluminallnoti伽could 11I“ikcly confuse tllP pIoblelIl of callsality MakI“g 11s(、

of the temporal Lorcntz transformaLl01l呲le m凹()hLcLiIl t11e time i11lcrv柚(t： f-

hctwcen the evellk as viewed(t2 zl】in sonle(j“l cI n龇ne nlovillE with vPloclfy‘，

would b”given by(t：～ti)=7[(f： ￡1) "(z2一T1)／c扪wIl㈣1 7=f1 7 2／d2)1川

Thusif(t2一tI)and(t：一￡i)werc of oppo$i￡e slglltlle(oIl(1itionInllst
b E、

(t 2￡I)一坐兰；型<m
C一

(￡2一z1) r2

可■了了’了

I“s obvious that eveJ1托cordillg to sR j11 tllc r栅ge of(f，r2／u】t11e s11perlllIllimLl

motlon could not mix 1Ip她c cal】sality F()r cxaIn plr 1．th eartll s orbit velocloy k～3Il

km肛，恤cn c2／∞～10000c．叱札is往somp supcrluⅢiIlal phenon批Il啪1 with vPlocloy(

10000(happeIl on the s11n．an observer on tIlc canll would nof con^lse th8 I)IobkIIl

of cau8e and e秆毫ct Fbr exaInple 2，an obs(，rver does clpcrilJleIlts in laboratory()n tht、

earth．the veloclty betweeIl he／sh柚(1 tIle iIlstrum呲lk is～O kIn／scc，the r、：一～x，

池at i8 a11y s“perImninal pllenomena occllri rlg duri“g t110se cxp”riIIlents w011l(1110f⋯lx

up the question 0f caus^llty．Thereforc、tllc Inaximum 8pe一“1)ropagatlon of sig帆1E

between two iIlcrtial frames 1n naturc is c2／t，being rPlatcd tu nletr relativc v(、1u(川y 1，

It 1s thlls clcar again that relaIivity is absoluteIy rPIaLivc!【20]

9 HAMI【JToNIAN

14

It is weU known‘llat，generall¨thP HaIllmoIliaIl functlon日for“p甜ticle 11l“

conservative矗eld诘。小1a1 to tlle total ene。gy，so tllat Scllr6d1“ger’s discoVc。y iIl L025

of a nonrelativistic wavc equation 1ed 1mmcdiatcly t(，the suggesnon，by Schr扫dil垮、l

and by a numher of otller physicists．that山、wavc c(1llatlons士0r柚y killds of Imnm、

s1I曲as Pauli，Klein—Gordon and Dirac Pquations could hP ohtaincd by InakI“g th(1

operator r8presencatioll substitutl01ls，

FH一脯奇， E一∞兰 【1∽

into the correspondi”g HamiltoIliaIl functl 011日ln tlltl f0Ilowiflg equacion’

壶噜二E垭 ¨61

However，the abovc∞rrespondences havc Llst veri矗ed for sIlhlllnlin州pmtl巾、

Wf：arc really not sure wllP L11ef tlle above o畔。砒or r。plcscIl LcLti(m
substitlltions may hI‘

used for s“per11mlinal particles．Th。pres㈨t alltllor t11inks that the t、rronrolls us“gf、

   



282 NuCLEAR SCIENCE AND TECHNIQUES 、_¨l 12

of Eq．(15)for s11pcrlumin“momentllnl is幽e faillHi、rtl础on椭q11esL for a sati甜^c伽rv

quantum矗eld t1、eoTy of any supetl、mlin“paTtick ln怕c rPcen{．4()ye^Ts H(’w t 1)

constfuct a(¨antum Hel(1 theory of I．achyou iIl“nlt·lik士ran LcE cnrr‘、ftly‘’ Iu‘)Hh‘I

to solve thi8 isslle we rnay draw s。me iu8plr札luu f1叭l L th df‘Br(，glk‘s l(1 E、“ Tk(1f、

Broglie’8 personal v记w on‘nlatter waves”“ppe^¨d 111 his faHl0118 Hrst three I，apcrs⋯

tlle Comptes Rendus dc l Afadem记dcs Sf沁nces m 1923 i山。ut】lis stllfly on t11c law【“

11armony of pll鹅es【21l In hct．山Br091le’s Imln idca ls not d11alism．1】ut cocxlsM J(=f

betwcen waves and particles，i c we must；188LIIllP fhc exk ec¨ce of I)artlcles a】wm，、

accompanied by wavcs．Follow dP Broglit、、s ldejl，we mrty use a du al subIunllllal sI)t、I、{l

百to repJace a 8uperluHIinal 8peed石in tern博of f01l‘Jwl“g lelatlfJIl

C2

¨=一
，’

Eq(13Jturnsto

2

m‘¨ m‘} "rc m‘1j c

p=—产了=—产=手一=—尸—专=—产—写：
、／菩一l、／禹一1、／1一等、／1等“

E：一些：竺!：』竺!：，*。
√菩一1~／品一，√，一g

The HamiltoⅡian operator日for a hee smn—l／2 I)alh(k with zeTo nlas sl}

含=~／声2cz+m5一I～。=(c矗．手+伪n咿2)|。，：。)=一一^c(1亏

where丘for a subluminal particles．is L}lc Dir矾Inatriccs and eaf}l f“tll(、Dlra(‘1¨，p

trices is an协comnluting HermiteaIl nom Eq．(181山I a±reP 8pin一1／2 tachyoll．1【s rt¨一

re8pondi“g HaIImtonlan operator is jllst th saIⅢ脶in E‘1．(19) It江1lJlIl州。ess扎ly⋯

go iIlto de￡ail．startillg froHl Eq．f19)afld carryifl譬on witll somP work，wc IIlus c(ic小l¨。

忱c a familiar form柚two．component Weyl eq、latlon如r‘1cscrlM“g u吼Itnnus．whi“l‘

related to thc maxlmlml pariLy violation dlscovt、1cd 11l l 950 by L‘，f、。lIld Ymlg【22
2’

Of course，the relativistic invariancc of nle two—t。o¨1p011t、nt WcyI c‘luati(川{【Ir proI，I’I

Lorentz tran8foⅡnations is well known and correspondlng qIlancunl ncId t11eory，whl(1l

mfly guarantce a nelltrino aJways w龇IcfL_han(ic(1 8T)1n and an an“一Ileutriilo“iwc妒

with right—hallded spin．is satisfactory

10 SUMMARY

Th18 paper ha8 given aIl unjhP‘l LlndersLaIldiIlg(正tllr Ilclltnllu oscⅢ吼1un c、nll

1l。ga‘ive mass_square of Ilellt面lu． 1)EVcll a conch啪Ve I’o幽mla你m of th州、1tnllt

oscillation d啪8 not 1诧cessariIy imply cl”exls¨眦c“In^ssiVe n吼ltnllo 2)ThP‘x。

istence of neutr抽0s wi曲)1昭ative ni鹪s一8qllan。ni帮br㈣r“托iIj“cf”如y f。rea!择ti

ph”kal meaning．3)Ncutrino m^y be tachyoIL．4)Inf ruduci“g iIILasinary num})Pr—l

   



No 4 Al Xiao—Bai：Uni^ed 11n(1crstan(1ing ol nrlltnIlo osclllati。Il

as well as a rcal Ineta-mass，矿to deno“、“lc lImgmary plof)er mass mn for a s11一

perlunhn“p缸Liclc，without ad(1mullal po札11l幽、s s旷cial r“anvity诹compa{．ihlI、wl此

s“perlIl商Ilal motIon 5)As 10“g as to n11{)w de BroglHs c。exlstellcP idea and to llsI。

tk sⅥpc—umin甜momcImlIn operaIor r8I)resellt；lfl‘川F H—z^V／(i(from Eq．(18)J

where c矗i8 the operator of dual剐1 hlIlnllIlal vclocifv i．it ls possihk Lo de d11ce a m卜

mal two—coIllponent V％y1 equation to dcscribe a11y 5p‘、cies of neu”lnos wi恤lm8g】11a1 y

”rest mass”，which is cquivalent to 111akiIlE use of tl】r faI工工iliar Dirac c小lation士0r a nf’

8piIl-l／2 partklc with zero nlass，just as L小，and Yrulg dld in 1 056．
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