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Spin Correlations of e"e¢* Produced in e”e* Collision in QED
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Abstract

Exact computations of polarization correlations probabilities of € " produced in e
e’ collision are carried out in QED, to the leading order, for initially polarized as well as
unpolarized particles. Quite generally they are found to be speed dependent and are in
clear violation of Bell's inequality of Local Hidden Variables (LHV) theories. These
computations, based on QED are expected to lead to new experiments on polarization

correlations monitoring speed in the light of Bell's theorem.
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2.1 Bhabha scattering (e*e” — e*e™) in QED
2
T datiizazfiansuinszuqaunisnniadidnasau-Inansauainnissuiuaas
Bianaseu-IndnsaulungujauInpieusN 138 Bhabha scattering (e*e” —>e'e™) I

ansodewlihiunlaezunsusagi 2.1

(a)  \ (b)
gﬂ‘fr'i 2.1 rhfwnlnazunsugeanssuaunis ete” > e'e”

waNU@qn (amplitude) ﬁﬁuﬁuﬁ’ﬁum:mumﬂugﬁﬁ 2.1 (a) grursniaawiiu
aunsld Ineldusslemiann vacuum-to-vacuum transition amplitude [Yongram, 2006]
%qgﬂﬂﬂmu’lmﬂummgﬂﬁ 2.1 (a) @1N1T0IT8Y vacuum-to-vacuum transition amplitude
Tuaulsaainaumiy (coordinate space) fatl

e (@) (6)S (%, %, )78, (% %, )(5)]
x (TS, (51, %7 S, (5, %) (81D, (%, %5)

Tmﬂ‘ﬁ 7(x) WAL 7(x) WNUWASINUEANILWAN (external source),

q AN, AN L .
X (x,x’):i_[ L PNy pm) wnudawinszana1esBiinnseu (the
' (27)’ 2p°

propagator of electron) ,
d.
D, ()= [ 22 S
Qr) O’ —ie
uaz (dx) = dx,dx,dx, Ingerdurlsylamiannsduiingm wazldan
d’p e

27y gﬁ (P)-yp+m) Wa x°>x° (2.2)

) & 5 40 uny Aauknszane Wiuneaesinmeu

[@ s, (x,x) =i |




ipx

3=~ 4
(@8, (2, m(x) =1 [ Ly prmyn(p) o 2 > 50 (2.3)

@) 2p°
wudasannash (2.1) Tneende auni1sh (2.2) way (2.3) AU @ INITIde

aun13% (2.1) luaalumusn (momentum space) ‘1#isall

sl ¢dB, 1
f€2 dxei(pﬁpg)xzc&::el( Pi—P3)x3 [I _E_—.r](—p )(}’p +m)}’”
e, 2 Q@ry 2pt " TR
&Ip, 1
2z)’ 2p°

xfIdaﬁl :

@27) 2p° 7(p)(=yp +m)y"  (2.4)

(=7py+m)n(p)i |

xijdzp; .,
@r) 207

Tuanns® (2.4) lesnnrrBuiinsainsanunaainiianany Aaly duasiseniifaaudn
NNTMIEALAEIFININNNTTRANNATENT R AaueIas ladtidaunadunsisanasuie e
fratl

d&’p m

By — 7 (Pu(p,o.)=in,, ; e detection (2.5)

1

u(p,o. =in. e emission 2.6
2 (P.o_)n(p)=ins, (2.6)

Q‘)
i
‘ts°| 3

Sl
‘t3|§

sV (p,0,)n(-p)=in,, ; " detection (2.7)

! 7(=p(p,0,)=11,, ;e emission (2.8)

Q
tn
|3

3 0
(2z) p
wargtduuuniasgureanaranatiuiivnnresdidnaseuussindnsey annsadoule

PN LANN A
(2m)Y " u(p,o)a(p,c) = (~y p+m) (2.9)
@2m)Y v(p,o)o(p,0)=—(yp+m) (2.10)
Wef u(p,0), #(p,0)WAEW(P,0), F(P,o) UNL four-spinors mmﬂgmﬂﬁus’]’u,
BUNAFATING 789 BIANATBUUAEIWARTEU RINAAL

TAEnITUNLANNST (2.5) — (2.10) avluannasi (2.4) 1mazlddn




e[ an 21 N P
27) O -ie

,ds_' _ ’d

X —(2 p)23 — ¢ 77,,26-, (p2= 2)?/ (2 )3 npmu(pl,c-l) (21 1)
d3 —r 3 =

(2 ) ro T?pza-, (pH l)yy,“(z ]-7)23 0 ﬂpzo.z‘l?(pz,o‘z)

WA x, WAL x| mmmmL°nﬂwag'lugﬂmmmﬂmﬁmmmﬁ

[, ™70 = (2)*6* (py+ 9= Q) (2:12)
Jase 0% = @m)'s* (~pi - £, +.0) 213)
AANANNNTT (2.12) Wag (2.13) e lddn
ag 1
) 02( 7) 8 (p, + p, —Q)(2m)* 5 (=p| - p, + Q)
1 (2.14)
=(27)*8*(p, + p, —p{—pé)(——)q
]
muummmmLwauﬁmmsfaﬁmarivlmmu'lmwmﬁmﬂm 2.1 (a) lomall
&’p, m |d°p, m |d’p, m |d’p, m
ie*(27)* 6" (p, + p, - P} = p3) 2~—\/ i—\/ e :
PR T TN @y o2 @2r) p2 @) PP\ @A) B (2.15)

1
(pr+p,)

iwRgaiuidulaszunsug® 2.1 (b) armnsni@an vacuum-to-vacuum  transition

X ] s 010 71 s [V (B 0 Y7 (B, (B}, )y V(B 03]
272 1 LRy 2602

amplitude Tuaulg19961 UM (coordinate space) ot
ie? [(@x)[7 (%) S (3, 2%,)7"8, (%, %, )7 (3)]

X ()78, (x5 %,) 77 S, (x5, %5)m(x)1 D, (x5, %)
1$uUaeaNn1Th (2.16) Tasande aunisi (2.2) LAY (2.3) ANIPEINITT Y

(2.16)

aun3h (2. 16) TuaiaTuiuudi (momentum space) 1#sad

i =P ey gt z-'vxi’d— 1
—le" jdxge(ﬂ i) ‘dxzei(p p-)‘li (7 };I _fﬂﬂ(Pl)( yp' +m)}’

L T )n(p,)zj'

X 2z) 2p? —?7( p)(yp, +m)y”  (2.17)

(27)’ 2

a '
< [ L2 Lyt (- pz] D, (.3

(2)2'°




TnenIsunuaNnI9 (2.5) - (2.10) aglugunisd (2.17) 11azldidn

ot .[ ag 1 Id" o/ Pri-0) Idxreftpz-pa@)ra
(2}7)4 QZ —ie 2 2

m . —r =t __r
‘3 Tznﬁ{a;u(plio-[)yﬂ (2 )3 g T?_D,a-l (ppo-] (218)

(2 ) 2 ﬂp,,V(pp ”)7'“/(2 g i1 3,0, V(P52 03)

[NENNTT (2.12) - (2.14) muummmmLﬂnauﬂum?@ﬁmﬂwuLmu"l,mmmugﬂﬁ 21

b) lasail

f dap, m |d°p, m &5 m |d&B m
“132(275)454 (pl + D5 _p] p,)\/ 22 _\/ pls ) \/ pts '_rO\/ P23 )
(277) p, \@r) p, \(27) py \(2z) p;

X iT];;:g: f?];);a;iﬂﬁla‘l f??;,i,; [#(p;, O-;)Tﬂ”(ﬁ] »0)][V(B,, O—Z);y,uv(ﬁ;? ;)]

(2.19)
1
2
(pz W P;)
> 2
AU 191916 transition amplitude 284NTLLAUNT e'e” — ete Baubugunns I

&dp, m |dp m |d&° m |d°5 m
i’ 27)* 8*(p, + by — P~ L) *"2—\/ s p'37\/ L 70
2z)y p, VC=) p N\ Q=) p° \ (2=) pi

X I 1 11 5 0 {[?(ﬁz,a )7 u( By, o)]u(py, 07)y,¥(P303)] i (2.20)

P +P2)2
ey e ! = — == = [ 1
_[u (plvo'x)?’ﬂ”(PpJl)][V(Pzao'z)?’uV(Pz, 0—2)]—,?_}
(pz —pl)
2.2 MSNARALUDILUAR

Panniiawlalummadeuresnnnbiviniuseduad (Bells inequality) auns
NIRAZFIU B
K Pp(a.4) pyla,a;) F P4, a,) 0 Pula,a) _ P (a}, ) _ Pip(0,a,)

plz (cozoo) plz(m,'w) p]z(con OO) pu (Oo: OO) pl2 (OO’DO) pu(oo, 00)
Tneidi

(2.21)

a, a,, a Wz d; NAneeesinanlsdaasaynaniiinisin
P8y} ] ppp(0,90) wnuaniudiaziluaesinisdngeunianieniu (the joint

probability)

P2 (a,,90)/ Py (0,0) WaT py,(o0,a,)/ p,, (o0, ) inuauttaziuzesnisin
BUNIAFN 1 LA 2 AINAIAL




dusuiieminanlsdnnud Local hidden variable (LHV) 1aeuinaeiuad [Clauser
and Horne, 1974; Clauser and Shimoney, 1978] &4l

-1=§=<0 (2.22)
" 2 H '
Tlunquiaeuinduardaudaiummadeutsauaduas anamnTandAydsznsmii
<
AD

pla,a,)# p(a;,0) p(eo, a,) (2.23)
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'luuwi":fa:nfi'mﬁqm'a‘ﬁmemmm'mth@:r.ﬂulumﬁﬂﬁiﬁwﬁ’uﬁ'uﬁmmﬂﬂmmr;j
Bidnnreu-Indnseufitafalunisruiuredifnnseu-Indnseu tauende transiion
amplitude uriade? 2.1 Tuum? 2 ftuun Ansusaranass IATEAIIANENA T
R maseLARRENMAteLIRILAS AN ReUTaLEATLN AN E A dTus T8
allusesgdianasaundnsouiidndialun1stuiuresdidnnsau-ndnseuiunases
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3.1 anduudrasatiu: aymaduduivuuuatiuinadlsd
IEENHUAIENITRATNIZLIUNTT ete —> e'e" 'lumiﬁﬁl,ﬂu'z‘:uugiuﬁﬂmq

A (rg];a‘iJ‘ﬁ' 3.1) ‘Eﬂﬂﬁﬂumﬂﬁ;uﬁu @dnnseu, ) Riannaatiuty dauindnsey (e*) 1

Panwatluag uarlaauasiiamalusmsmaiy ;ym[;’(O,I,O) ==p, AINAIAU cR

B=v/c ﬁfammﬁwmwmﬂ (v) ABAMNITIEN (¢) WAL ¥ = l/\/l -B

- 5 iy

\ |

g% 3.1 pluananisauiuaes e'e” lnaldidrnsaunsrindnrouFumunioud
AINUUAUNY y ausTiBidantaukasindnseuiniinliuadauinin
WHaUNU z ¥H g (Tafisuiuuny x) ununisnutesatuses

a = e X o
BEAARTAUNINATULARDU
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7 ' ]
mnﬁumﬁms‘mﬁwmﬂﬁmLummnns:mummwﬁuﬁ’wﬂmwmﬂwumu by
2
PARALIANI TN LA N AT

’_c.l =}’mﬁ(0,0,1)=—];2 (31)
fmualif four-spinors 184 aUMAGNEL e uaY e* Ap
T.
u(p,)-—[_ L | e i?(pz)~(ipT* »1«") (3.2)
ip
Vo] B

p= = = (3.3)
Vb, 14PN
= 1 P 0 3 s o
Tneid TE(OJ unuatiuay, J’E[IJ unuatluas, T'=(1 0) unwvidndnsusinasa
aluTu uaz $'=(0 1) wnuwvisndnsualnasesatiuas dmi fourspinors 299
BUNAZATNY € LAY ¢* AD

u(k)~ (C;IT PG'3C:T) uae vik,) ~ (ﬁ’?é}} (3.4)

el &, WA &, unu two-spinors vazazyAnlumemas
ANUBNLAYATRIMROUAUINTBINTELIUNS ¢'e — e'e TuumTi 2 A
-V -

(P +p.)

i Az 1
=[u (k)" u(p)IV(py)y vkl ——=
(p] _,pl)
AMANNIN 3.5 191au1snllunsArua i AnA Nt sz nee nsiasatluaag

M < [V(p, )y u( )l (k) y, v(ky)]
(3.5)

WNIAGANIY €7 UaT " Aanniiduuamuim x uaz X, ANAAY Aefuanelugld

3.1 AU A two-spinors Aa

1 e—"l:/z 1 e‘fl':/z
gl = —E[ emﬁ Was gz -——5 3'72/2 (3.6)
luiithe liRarsanunsdl single state (aTlusanassaynnavindugud) annasi (3.2)

(3.4) uaz (3.5) WaldlunisAuaniuuenyagnaenssuaunsfiagili 3.1 alddn

Moc[A(ﬁ)cos(if‘;—%}B(ﬁ)sin [_Xn 2 ﬂ

(3.7)
+z‘|:C(ﬁ’) sin (__ﬂ_:m ;752 J +D(ﬁ)cos(-—-——z' = H

Tned
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AP)=1-p*(1-p)+25°(1-p*)

B(B) = p(1+ p)+85°p*

C(B)=1+p*(1-p)+2B01-p*)

D(B) = p(1+ p) .
nmuali Fly,, z,] wnumdsaesdnysafrasdrdnuaanileannisii (3.7) nasnszansnany
inazfludenlssou (the conditional joint probability distribution) 284N199AATIWATN

irmiinualaeyn x, uaz x, dlu

N(B)

wafunlaaduunnines (normalization factor, N(8)) ldannnissaninanlsasuiavuntes

P[Z]aZz] & (3.8)
3 - Il”f 1 [ d. 1 I :’/ o ar
AUNIANUBATUYINTLNATINIDY Flz,, 7,] TAyusing AanuanugadiL

(ZpZz)s (Z]+7I>Zz)a (Z}:Zg"'ﬂ): (4 Pl ) (3.9)
NANNITA (3.9) axlFdn

N()B)ZF[ZH;Q]"'F[Z] +7Z',j{2]
+Fl 1 + 7]+ Fly + 7, 5, + 7] (3.10)
=2[4*(B)+ B*(B)+C*(B)+ D*(B)]

[A(ﬁ) cos[%] + B(f) sin(%—;&ﬂz
2A4%(B)+B*(B)+C*(B)+D*(B)]
+[C(,6’) sin [%j +D(f) cos[%ﬂl

A4 (B)+ B> (B)+C*(B)+ D*(B)]

k3 - = o - o o ] =t 2
tunatiuraseynAaiesnTmeadNRTuILLN x, Auiasiudaulfiid

Pl 2:1=

3.11)

P[Zp_]:P[ZUZQ]'E'P[ZPZz +72']
1. AAPBB) +C(B)D(B)sin y, (3.12)
2 QAP+ A (B)+C(B)+D*(B)]

] =] a“ -y -l ar el o & ar ] =l k4
wuReuatluresaymaiasinfediusiugm x, Anuaniudauldidy

Pl 2.1= Pl 2.1+ Ply, + 7, 7, ]
_L. 2ACB)D(B) - AB)BPB)sin z, (3.13)
2 2AAX(B)+ A (B)+C(B)+ D*(B)]
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WatnArmanihazduitliliimar § wdahlunsageuiwad wodnd 0< f<1 an x,,
Xor Xi WAT X, TAUENAL Bell's inequality 2@mgui] LHY ansetiadu® £=0.9,
X =0°, x, =45°, x/=69° uar x| =200°, §=—1311

3.2 andnusreaily: aumadusuuuuuaiiulilinanlsd
ENAUAIENITRANTUINITLIUNIT e'e” > e'e” lunsdififuszuuaudnand
W4 (931N 3.2) Tnafieymadusuduuuuatiililnanlesd uaslaunuasianidumusiv

Wy p, = ympB(0,1,0) = =5, AINAIAL

g% 3.2 uanInmuiuDet ete” IARUARNIUILNY ¥ UAZBIEANTDULALTH
ARTDUTIIATULARDUARINUUIUNY X NNy, (TATeufuwny z) unu
NIMNUTRIATLIBNBIAARTELT N AT LIAREY

ANUULITINATUIRYNIARAURAINNTZLIUNTNNTTUIUTIB YA ATHAY &

YU ABAET AN TN UF LT

k, = ympQ,0,0) =k, (3.14)
WAL four-spinors T8 BUNIAFATIE €™ LAY ¢* AD
/2 g] -
R+m)| —icos y,/2
u = - . =l . 3.15
o [ 2m J i ¢ g ( sin 7, /2 19

K +m
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A 2( k,eG ,
[ +m) | ¢ _(—icos x, /2
v(kz)—( . J k Z—Zn 2, é’z—( sin 7,2 J (3.16)

AfindvaesdiysairesArdinuaanlieannisii 3.5 lunsdiayniafFusuduuuyly

wanlad (souaTluimunseseyniaBugiu) ndmnindnmstionglii
o Iy (o, +mYy* -y oy + m)Va (k) v(K, )P (K, )y u(k,)
(P +p.)

_ TG pa +m)y " (—y oy + m)y "W (ky )y ulk )u (k,)y, v(k,)
P (7 +p) (pi=K)’

_ Ty =y py +m)y° (v p, +m)Ja (k) )y, vk, )V (K, )y u(k,)

(P +p) (P~ k)
L4y (Cy o+ myy “u(k )V k), (7 P, +m)y, (k)
(P —k)*

’-ﬁmé’qmnﬁ'ﬂgﬂﬂumﬂﬁ@glugﬂﬁdwﬁqmm::ﬁ'mm'au'l.mi azlgiin

Prob

(3.17)

Prob o« [2ﬁ4(1+2ﬁ2)—3(1+52)]sin2[XJ ;Zz]

+[1+,82+2ﬁ‘]cosz(%]+5(l—ﬁ2) (3.18)
=Flx, 1.]
el four-spinors MaNNsA (3.15) Ay (3.16)
. fiwmunl Asraniezduewls (the conditional probability) 189n7s3nANaTLTes
ﬂgnqﬂ@ﬁw e” uay e ﬁﬂmqﬁﬁmummugu X, WAT x, WEUAuWNY z AINATAL
fafiuansluguit 3.2 Aeduelgn

TR =Mg’hl (3.19)

AnAIueINlalad (normalization constant, €) 'léaannissaninanlaaduriaunaes
N N T I\ - g o N
BUNANURAUWVNTUNSTANTBY Fy,, 7,] ANN6NeT Hanunfsgunisii (3.9) §amsy
FNMTRBNYN X, WAE X, 1a7 AWUFTU orthonormal spinors a1
—icos y; [2 =icos(y, +m)[2) (-ising, /2 3 20‘)
sing, /2 | sin(g; +7)[2 | cos g, /2 )
amiuusiar j=1,2 azléidn
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C:'F[ZpZz]+F[X1+7r=X2]
+F 2, + 7]+ Fly + 7, , + 7] (3.21)
=8[2-38%+ ' + 8]
s liTuediunn ¥, uaz x, warlina
[28*(1+25%) -3+ ﬂz)]sinz(z'—;é’&)
8235+ 5" + ]

Pl 2=

(3.22)
1+ +2ﬁ“)]cosz(%]+5(1 -5
8[2-35%+ B + 5°]
Tnenissanynaasatly
yAD X+ 7 (3.23)
tisaTiuseseymaiesiafasduniusiugy y, annmiesdwdewldiy
1
Ply.-1= 5 (3.24)
wupsaiumatiuresaynaiessiaBerduiusiugm x, Anutitasflu@auldiiu
1
Bl=z.1== (3.25)

2
datharnrnhandufildlind s udrnilineseutuwed wudiil 0< <1y .

Xo0 Xi W8T x; T0udNi Bell's inequality 28annei] LHY ensaegnadu i B=0.8,

Xi=0° M, =45 i=210° oy 'y £15%) § = —1.167
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Abstract. Spin correlations are carefully investigated in clastic ¢te™ scattering in QED, for initially polar-
ized as well as unpolarized particles, with emphasis placed on cnergy or speed of the underlying particles
involved in the process. An explicit expression is derived for the corresponding transition probabilities in
closed form to the leading order. These expressions differ from those obtained from simply combining the
spins of the relevant particles, which are of kinematic nature. It is remarkable that these explicit results
obtained from quantum field theory show a clear violation of Bell’s inequality at all energies, in support of
quantum theory in the relativistic regime. We hope that our explicit expression will lead to experiments,
of the type deseribed in the bulk of this paper, that monitor speed.

PACS. 12.20.Ds Specific calculations — 12.20.Fv Experimental tests — 12.20.-m Quantum electrodynamics

1 Introduction

In recent years, we have been interested in studying
joint polarization correlations of fundamental processes in
quantum electrodynamics (QED) and in the electro-weak
theory [1-4], for initially polarized and unpolarized parti-
cles. Our main conclusion, based on explicit computations
in quantum field theory, is that the mere fact that particles
emerging from a process have non-zero speeds upon reach-
ing the detectors, implies, in general, that their spin polar-
ization correlation probabilities depend on speed [1-4] and
may also depend on the underlying couplings [4]. The ex-
plicit expressions of polarization correlations follow from
these dynamicel computations, and arc non-speculative,
involving no arbitrary input assumptions, and are seen to
depend on speed, and possibly on the couplings as well.
These are unlike those from the rather naive method of
simply combining the spins of the particles in question,
which are of kinematical nature. Such a method is, in gen-
eral, not applicable to relativistic particles, and the reg-
ularly used formal arguments (based on combining spins
only) completely fail. In the limit of low energies, our ear-
lier expressions [1-4] for the polarization correlations were
shown to be reduced to the naive ones just mentioned by
simply combining spins. In’our previous investigation [4],
in which a process for the creation of 2 y*u~ pair (from
ete™ scattering, for example) was considered under the
electro-weak theory, it was noted that, due to the thresh-
old needed to create such a pair, the zero-energy limit
may not be taken, and that the study of polarization cor-
relations by simply combining spins (without recourse to

a2
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quantum ficld theory) has no meaning. The focus of this .
paper is the derivation of the explicit polarization corre-
lation probabilities in clastic ee™ scattering in QED, for
initially polarized as well as unpolarized particles, with
emphasis put on the energy available in the process so
that a detailed study can be carried out in the relativistic
regime as well. The reasons for our present investigation
are twofold. Firstly, several experiments on ete™ — ete™
have been carried out over the years [5-9], and it is ex-
pected that our explicit new expression for the polariza-
tion correlations, depending on speeds, may lead to new
experiments on polarization correlations that monitor the
speed of the underlying particles. Secondly, such a study
may be relevant to experiments in the light of Bell’s the-
orem (monitoring speed), as discussed below.

The relevant quantity of interest here in testing Bell’s
inequality [10.11] is. in a standard notation,

_ piz(ar.a2)  pra(ar.ay) | piz(aq,02) | pra(ay,ad)
" pra(ce,00) - pr2(00,00) | prafo0,00) | piz(oo, 00)
_ p12(a},0)  p12(o0,a2) 1)

P12(50, 00) P12(n0, o0)

as is computed from QED. Here ay, a2 (a}.ah) spec-
ify directions along which the polarizations of two par-
ticles are measured, with pi2(a1,a2)/p12(cc.oc) denot-
ing the joint probability, and pi2(e1, 00)/p12(00, 0¢) and
P12(%0, a2)/p12(o0, oc) denoting the probabilities when the
polarization of only one of the particles is measured
(p12(=c. 00) is normalization factor). The corresponding
probabilities, as computed from QED, will be denoted by
Plx1.x2): Plx1. =], and P[—, x2), with ¥; and y2 denoting



72 The European Physical Journal D

3
- o Yy

|

Fig. 1. The figure depicts e*e™ scattering, with the electron
and positron initially moving the y-axis, while the emerging
electron and positron moving along the z-axis. The angle ¥,
measured relative to the 2-axis, denotes the orientation of spin
of the emerging electron.

angles specifying directions along which spin measure-
ments are carried out with respect to certain axes spelled
out in the bulk of the paper. To show that the QED pro-
cess is in violation with Bell’s inequality of local hidden
variables (LHV), it is sufficient to find one set of angles
X1, X2, X1. and x4, such that §, as computed in QED,
bas a value outside of the interval [—-1,0]. In this work,
it is implicitly assumed that the polarization parameters
in the particle states are directly observable and may be
used for Bell-type measurements (as discussed). We show
a clear violation of Bell’s inequality for all specds, in sup-
port of quantum theory in the relativistic regime, i.c. of
quantum field theory.

2 Spin correlations; initially polarized particles

We consider the process ¢te~ —» ete~ in the center of
mass frame (sce Fig. 1), with an electron-positron pair
initially polarized with one spin up (along z-axis) and one
spin down. With p; = ymf3(0,1,0) = —p> denoting the
momenta of initial electron and positron, respectively, and
7 =1/+/1~ 82, we consider the momenta of the emerging
electron and positron as

k1 = ymB(0,0,1) = —ks. (2)
For four-spinors of the initial electron and positron, re-
spectively, we have

o) ~ (]
o B _ 3
T+l 1415

) and T(p2) ~ (ip TH = |1)  (3)

(4)

where T= ((1)) is a spin up, |= ((1) is a spin down,

7= (10) is a transpose matrix of spin up, and |t= (01)
is a transpose matrix of spin down. For four-spinors of the
emerging electron and positron, respectively, we have

alkr) ~ (C;r P‘73CI) and v(kz) ~ ('0{2";(2) (5)

s s B
T+ 14+/1-52

6)

where the two-spinors (1, ¢z will be specified later.
The well-known expression for the amplitude of the
process is [12,13]

1
(71 + p2)?

= u(k1) v u(py 7o (p2)vuu(kz)

M x T(p2)v" ulpr Yo (ks )y, v (ke)

1
—_— (T
e —my @
Given the amplitude of the process above, we compute the
conditional joint probability of spin measurcments of e,
e~ along directions specified by the angles x; and xs, as
shown in Figure 1. We then have two-spinors as follows:

1 (eia/2 1 (e Y2
(1] = 7 ( eixa /2 ) and Qs V2 ( e™xaf2 ) - B

Here we have considered only the single state (cf. [2,4]).
Using the four-spinors of initial and emerging e*, e~, and
the two-spinors in term of the angles y; and x» to cal-
culate the invariant amplitude of the process in Figure 1,

gives
XZ) -+ B(3) sin (—Xl ; Xg)}

%)+ (geos (X522 )] (9

~
=

1

M x [A(B) cos (

+ W

X1

44 [0(,3) sin (

b

where
A(B) =1-p*(1 —p) +25%(1 - p*)?
B(3) = p(1 + p) + 88%p*
C(B) =1+ (1 =p) +25(1 - o")
D(3) = p(1+ p).

Using the notation F[x1, x2| for the absolute value square

“of the right-hand side of (9), the conditional joint probabil-

ity distribution of spin measurements along the directions
specified by angles x; and y» is given by

Plx1,x2) = —"—F[]\X;Eﬁ?]

The normalization factor N(3) is obtained by summing
over all the polarizations of the emerging particles. This is

(10)
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equivalent to the summing of F(xi, x2] over the pairs of
angles

(x1x2); (xix2), Ga+mx2):. (xn.xe+7) (11)
which leads to
N(B8) = Flx1,x2] + Fxa + 7. xa]
+F[x1,x2 + 7] + P[x1 + 7, x2 + 7]
= 2[A%(8) + B*(8) + C*(B) + D*(B)] (12)
giving
o [A(8)cos (¥£32) + B(8) sin (x15x2)]?
Pha-xel = S5retey + 523 + 2 + D3
[C(8)sin (X13X2) + D(B) cos (KL;K?-)]z (13)

2[A%(8) + B2(8) + C*(8) + D*(8)]

If only one of the spins is measured, say, correspending to
X1, the probability can be written as

Plx1, =] = Plxa, x2] + Plxa, x2 + )
_ 1. _2[AB)B(B) + C(B)D(B)]sin xa
2 2[A%(8) + B2(B) + C%(8) + D*(8)] ;
(14

Similarly, if only one of the spins is measured correspond-
ing to xz2, the probability can be written as

Pl—,xz2] = Plx1, x2] + Pha + m x2]
_ 1 2[C(8)D(B) = A(8)B(8)]sin x2
27 2[A2%(B) + B*(B) + C2(B) + D*(3)]
(15)

For all 0 € 8 <1, angles x1, x2, X} and x4 arc readily
found to lead to a violation of Bell's inequality of LHV
theories. For example, for 3 = 0.9, x; = 0%, x2 = 45°,
x] = 69° and b ="200% S /= =1.311, violating the
mequality from below.

3 Spin correlations;
initially unpolarized particles

For the process ete™ — ete™, in the center of mass

(cm.), with initially unpolarized spins, with momenta
p1 = ymB(0,1,0) = —po, we take for the final electron
and positron

k] =7m'16(1:010) = G

and for the four-spinors

(K +m 1/2 & —icosx1/2
k)= (58] (ale ) 6= (md’)
(17)

ko 1/2 koo i
a=(5522) (Fg%) = (i),
(1)

(16)

2
1
1
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1
1
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1
1
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} ’
1 ,’
: ’/
e~ L et y
———— e e
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Fig. 2. The figure depicts eTe™ scattering, with e, ¢~ mov-
ing along the y-axis, and the emerging clectron and positron
moving along the z-axis. The angle x1, measured relative to the
z-axis, denotes the orientation of spin of the emerging electron.

The absolute value square of the right-hand side of (9),
with initially unpolarized clectrons and positron, leads to

Prob x
Tr [y9 (yp2 +m)v* (=1 + m)) Wk )y (ke
(p1+p2)?
Tr[(yp2 +m) v = yp1 +m)7 7] Tk )voulk: Ja(K1 )y, 0(k2)
(P1+p2)2(p1=h1)?
_ T et m)y? (pe +m) Tk ) vk B (ke) vou (ki)
(Pr+p2)(p1—1)?
(k)" (=yprtm)y®u(ky )6 (ko )ym (vp2+m) vuv(ke)
(p1—Fk)?

VT (ko) vou(ky)

(19)
which, after simplification and collecting terms, reduces to

iy

Prob o [26%(1 +26%) = 3(1 + 5%)] sin® (Xl 3 ’\-)

+(1+ 8% +26) cos? ()‘1 Jg \‘2) +5(1— 5%

=TI [%4, %5 (20)

where we have used the expressions for the spinors in (17)
and (18).

Given that the process has oceurred, the conditional
probability that the spins of the emerging electron and
positron make angles x; and ya, respectively, with the
z-axis is obtained directly from (20) as

Flx1,x2]
_C .

The normalization constant C is obtained by swmming
over the polarizations of the emerging clectrons. This is

Plx1,x2] = (21)
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cquivalent to the summing of F(x1, x2] over the pairs of
angles in (11) for any arbitrarily chosen fixed y; and xa,
corresponding to the orthonormal spinors

(). (el - (k)
22

providing a complete set, for each j = 1,2, in reference
to (17) and (18). This is,

C = Flx1,x2] + Flx1 + 7, x2)
+F[x1,x2 + 7] + Flx1 + 7, x2 + 7
= 8[2 - 382 + 8" + (°] (23)
which as expected is independent of y, and x». This gives
[28%(1 +28%) — 3(1 + 32)] sin® (X5X2)

8[2 - 382 + 34 + 3°)
[1+ 6° + 2% cos® (X122 4 5(1 — 52)

Plx1,x2] =

e —% = — (24)
8[2. =32 4% + 39
By summing over
X2, X2+ (25)
for any arbitrarily fixed ¥., we obtain
] ¥
Pl -l =3 (26)
and similarly,
1
B~ %l =5 (27)

for the probabilities when only one of the photons polar-
izations is measured.

A clear violation of Bell's inequality of LHV theories
was obtained for all 0 < 8 < 1. For example, for 8 = 0.8,
with x1 = 0°, x2 = 45°, x; = 210°, and ¥, = 15°, § =
—1.167, violating the inequality from below.

4 Conclusion

A critical study of polarization correlation probabilities
in elastic ete” scattering was carried out for initially
polerized as well as unpolarized particles, emphasizing
their dependence on speed, and an explicit expression
was obtained for them in QED. The nccessity of such
a study within the realm of quantum field theory can-
not be overemphasized, as estimates of such correlations
from simply combining spins (as is often done), have no
meaning, as they do not involve dynamical considerations.
The relevant dynamics is, of course, dictated directly from
quantum field theory. The explicit expression for the po-
larization correlation obtained is interesting in its own
right, but may also lead to experiments that investigate

such correlations by monitoring speed, not only for ini-
tially polarized particles, but also for unpolarized ones.
Our results may also be relevant in the realm of Bell’s in-
cquality with emphasis put on relativistic aspects of quant!
um theory, that is, of quantum field theory. Our expres-
sions have shown clear violations of Bell’s inequality of
LHYV theories, in support of quantum theory in the rela-
tivistic regime. In recent years, several experiments have
been already performed (cf. [14-18]) on particles’ polar-
ization correlations. It is expected that the novel prop-
erties recorded here by explicit calculations following di-
rectly from field theory (which is based on the principle
of relativity and quantum theory) will lead to new exper-
iments on polarization correlations monitoring speed in
the light of Bell’s Theorem. We hope that these computa-
tions, within the general setting of quantum field theory,
will also be useful in areas of physics such as quantum
teleportation and quantum information.
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