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Using the technique of helicity amplitudes, the electromagnetic process e te~ — ptpu~ istheo-
retically studied in the one-photon approximation. It is shown that, for the unpolarized electron
and positron, the final muons are aso unpolarized but their spins are strongly correlated. Explic-
it expressions for the components of the spin density matrix and correlation tensor of the final
(ptp~) system are derived. It is demonstrated that here the spin correlations of muons have the
purely quantum character, since one of the Bell-type incoherence inequalities for the correlation
tensor components is always violated. In doing so, the qualitative character of the muon spin
correlations does not change when involving the additional contribution of the weak interaction
of lepton neutral currents through the virtual Z ° boson.

Besides, the theoretical investigation of spin structure for the process v+ — e te~ is performed
aswell. Here, quite similarly to the process ete~ — ut i, inthe case of unpolarized photons
thefinal electron and positron remain unpolarized, but their spinsare strongly correlated. Explicit
expressions for the components of the correlation tensor and for the relative fractions of singlet
and triplet states of thefinal (e*e™) system are derived. Again, one of the Bell-typeincoherence
inequalities for the correlation tensor components is always violated and, thus, spin correlations
of the electron and positron have the strongly pronounced quantum character.

Analogous considerations can be wholly applied as well, respectively, to the final tau leptonsin
theprocess et e~ — 7+ 7~ and tothefinal lepton pairsin the two-photonprocesses vy — put =,
vy — 7T~ —all these reactions become possible at considerably higher energies.
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1. Héelicity amplitudesfor theannihilation process ete™ — u™ .~ and structure of
thetriplet statesof thefinal (T u~) system

In the first non-vanishing approximation over the electromagnetic constant e 2/fic, the process
of conversion of the (e*e™) pair into the muon pair is described by the well-known one-photon
Feynman diagram [1]. Due to the electromagnetic current conservation, the virtual photon with a
time-like momentum transfers the total angular momentum .J = 1 and negative parity. Since the
internal parities of muons p* and p~ are opposite, the (p+p™) pair is generated in the triplet
states ( total spin S = 1) with J =1 and the orbital angular momenta . =0 and L. =2.

The respective helicity amplitudes have the following structure:

Faa(0,6) = Ry (E) d\) (6) exp(ihg), (1.1)

where 6, ¢ are the polar and azimuthal angles of the flight direction of the positive muon (i ™)
in the c.m. frame of the reaction with respect to the initial positron momentum; d Exl,)A(O) are
the Wigner functionsfor J = 1; A is the difference of helicities of the positron and electron,
coinciding with the projections of total spin and total angular momentum of the (e *e™) pair onto
the direction of positron momentum in the c.m. frame; A’ is the difference of helicities of the
muons pt and p~, coinciding with the projection of total angular momentum of the (u*p™)
pair onto the direction of momentum of x* inthe c.m. frame ( see, eg., [1,2] ).

InEq. (1.1), Raa(E) = rW(E)r{P(E) (A,A=+1,0,-1) - dueto the factorizability
of the Born amplitude, and here rﬂr“l) =) =) rﬂfl) = r&) = {9 _ owing to the space parity
conservation in the electromagnetic interactions . Further, in accordance with the structure of
electromagnetic current for the pairs (ete~) and (u*p~) inthec.m. frame [1], the following

relationsare valid:
m e Me (e
g = S = Ji=gel) ) = 2, (12)

where m,, m. are the muon and electron masses and (3,, isthe muon velocity in the c.m. frame.
Thus, since we aways have F > m, > m, for the given process, the contribution of (e *e™)-
states with equal helicitiescan be neglected, i.e. R po(£) & 0.

The one-photon diagram calculation gives ( here e isthe electron charge) :

le]
VRE

Using the expressions (1.1) —(1.3) and the formulas for d—functionsat ./ =1 [1,2], we may
find the effective cross section of thereaction e e~ — T~ and the angular distribution of muon
emission, normalized by unity, inthe c.m. frame (see[3]) .

H () =r(E) = (13)

Taking into account Egs. (1.1)—(1.3), it is clear that, in the cases of total polarization of both
the positron and el ectron al ong the positron momentum in the c.m. frame and in the direction being
antiparallel to the positron momentum, the (u+p~) systemis produced, respectively, in the triplet
states of the following form [3] :
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(1) = V2 (1—|—C080|+1>_\/1_ﬂ281n0 c030|_1>)‘ (1.9)

0
@/Q—ﬁasiHQH 2 \/_| ' 2

|\Il>(_1): \/5 (1 C080|+1 —|—\/1 ﬁ

w/Q—ﬁasiHQH

Here /3, isthevelocity of each of themuons—justasin Eq. (1.2),and |+1),|—1),|0) are
the states with the projection of total spin of the (x* ™) pair onto the direction of momentum of
pt inthec.m. frame, equaling +1, —1 and 0, respectively.

sin @ 1+cosé
-1).

fl )+ — (1.5)

2. Correlation tensor of the (¢ ™) pair and violation of " classical” incoherence
inequalities

If the positron and electron are not polarized, then, since r((f) ~ 0, thefina state of the (u*p™)
pair represents an incoherent mixture of spin states |W) (1) (1.4) and |W)(=Y (1.5), each of them
being realized with the relative probability of 1/2.

The components of the correlation tensor for two particles with spin 1/2 are defined as:
Ty = (6M @ 6®) (ik— {1,2,3} = {2,y,2}; the symbol (...) denotes the averaging over
the quantum ensemble ). For the final (u* ™) pair under consideration, the axis = is directed
along the momentum of x* inthe c.m. frame of the reaction e*e™ — p* ™, and the axis y —
along the normal to the reaction plane.

It is easy to see that, in the case of unpolarized primary positron and electron, the produced
muons p* and p~ are also unpolarized but their spins are correlated, and the correlation tensor
components have the following form [3] :

2Y i 2 2 2 2
Tt ) _ (2—p;)sin“0 (- 2cos? 0+ 3 sin” 0
e 2—p32sin*0 7 2—[32sin* 0
_ 2sin? _ 1—32)1/25in 26
T;5+u ):_%7 Tégﬁ“ ):_( ﬁu)z - Ty =T, =0. 2.1)
2—[}sin"0 2—[}sin" 6

Just as it should hold for triplet states, the "trace" of the correlation tensor is equal to unity:
Tty — gl et eT) o pteT) 1 et us note that the "trace” of the correlation
tensor T' determines the angular correlation between flight directions for the products of decay
of two unstable particles with spin 1/2 under the space parity nonconservation ( see [4-8] ). In
particular, for the decays of themuons p~ and p* (p~ — e v, 0., p* — etv,v. ), produced
inthe process ete™ — ut ™, weobtain [3] (inaccordance with the general formulafor angular
correlation [4,5,7,8] ) :

041042T

AW HTeT) = % (1—|— 6055) d(—cosd) = % (1 — 21—76035) d(—cosd). (2.2)
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Here oy and « arethe angular asymmetry coefficients for the decays of thefirst ( = ) and
second () particle (herewehave: oy = —1/3, ay = +1/3 [9]), cos § =nyny, n; and ny
are unit vectors along the momenta of particles formed in the first and second decay ( in our case
— e~ and ™), which are defined, respectively, in the rest frames of the first and second unstable
particle and specified with respect to a unified system of spatial coordinate axes [7,8] ( for further
details, seeaso[3] ).

Regarding the components (2.1) of the correlation tensor, we observe here the violation of
the "classical" incoherence inequalities ( for incoherent mixtures of factorizable states of two
particles with spin 1/2, the modulus of sum of any two ( and three ) diagonal components of
the correlation tensor cannot exceed unity [4,5] ) . Indeed, according to Egs. (2.1), one of the
incoherence inequalitiesis alwaysviolated at 6 # 0 [3,10] :

- - - 2
Tééﬁﬂ )_I_Tz(éf"u ) 1 _pwteT) = : > 1. (2.3)
v Q—ﬁZstO

Thus, we see that the spin correlations of muons in the process e Te~ — uTu~ have the
strongly pronounced quantum character.

Certainly, the above consideration can be wholly applied also to the process ¢ e~ — 777 —
with the replacements m,, — m-, 3, — [3;.

At very high energies £ > m, (m.), when 3,, 5. — 1, the nonzero components of the
correlation tensor for the final lepton pair take — in accordance with Egs. (2.1) — the following
values:

sin? 6 sin’ @

- T =1, (2.4)

Ty = PR T, - ’
14cos26 vy 14cos?26

and we see that one of the incoherence inequalitiesis still violated : T',.. + 7., > 1.

Finally, it should be noted that at very high energies the annihilation processes e Te~ —
wtp~, 77~ are conditioned not only by the electromagnetic interaction through the virtual pho-
ton, but also by the weak interaction of neutral currents through the virtual Z © boson [9]. The
interference of amplitudes of the purely electromagnetic and weak interaction leads to the charge
asymmetry in lepton emission and to the effects of space parity violation. Due to the contribution
of weak interaction, in the case of unpolarized electron and positron the final leptons acquire the
longitudinal polarization; the polarization vectors of the positively and negatively charged |eptons
are the same, and their average helicities have different signs on account of the opposite directions
of momentain thec.m. frame (see[3]) .

The structure of the correlation tensor of the final leptonsis, on the whole, similar to that for
the case of purely electromagnetic annihilation at very high energies— see Eqs. (2.4). In doing so,
the nonzero components of the correlation tensor are: 7'.. = 1, 1., = —1,,, as before ( but, of
course, the expression for 7., changes [3] ). Again, one of the incoherence inequalities for the
correlation tensor componentsisviolated: T,.,.+7.. > 1 [3] .
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3. Spin structure of the two-photon process vy — e e~ and correlation tensor of
the (ete™) pair

Now let us consider another electromagnetic process — the electron-positron pair production
by two photons: vy — eTe™.
The spin state of the electron-positron system is described, in the general case, by the two-
particle spin density matrix :
~e— et
Pl ) —

[ T @) 1 JE) g (6D PER)y 1 (5l

R

3 3
+3°5 Tl wel ™, (3.1)
=1 k=1

where T is the two-row unit matrix, P*~) and P(*) are the polarization vectors of the electron
and positron, respectively, 7’;; — components of the correlation tensor ( 1';;, = <&fe '@ &,(f )>,
ik={1,2,3}={z,y,2}).

In the absence of correlations, we have: T’ = B(e_) Pfr)

The process v+ — eTe™ isdescribed by two well-known Feynman diagrams [1] . Within the
first nonvanishing approximation over the electromagnetic constant ( Born approximation ), in the
case of unpolarized primary photons the final electron and positron prove to be aso unpolarized,
but their spins are correlated. Thus, in the above formula for the spin density matrix p (¢*<7) (3.2)
we have: P(¢7) = P(€") = 0 ; meantime, the components of the correlation tensor of the (¢ *¢™)
pair, generated by unpolarized v quanta, may be calculated by applying the results of the paper
[11]. Finally we obtain the following expressions :

. 20873 (14sin0) +1]
s 14232sin%0 — 34— B4sin* @’

(3.2)

_ (1-BH[B* (1 +sin?0) — 1] - 3?sin’ 0
Tyy B 14 2@2 Sin2 60— ﬁ4 — ﬁ4 Sin4 0 ’ (33)

(=B [F* (1 +sin?0) — 1]+ 52 sint 6
T$$ B 1+ 2@2 Sin2 6 — ﬁ4 — ﬁ4 Sin4 0 ’ (34)

Here the axis z isaligned along the positron momentum in the c.m. frame, the axis = lies
in the reaction plane and the axis y is directed aong the normal to the reaction plane; 5 = %

2
1-32= ”ZE—C where v isthe positron velocity and F isthe positron ( or electron ) energy in

_|_
thec.m. frame; 6 isthe angle between the positron momentum and the momentum of one of the
photonsin the c.m. frame.

Meantime, the differential cross section of the process v+ — e Te~ in thec.m. frame hasthe

2
followingform [1,2] (here ro = me p ):

do 21—ﬁ2ﬁ 14+23%sin?6 — 3% — 34 sin 0
Q- 0Ty (1— $2cos20)?

(35)
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The "trace" of the correlation tensor of thefinal (e*e™) pair isdetermined by theformula:

4(1-p%) (3.6)

T =Tyt Tyy+Ton =1 . -
Tl 14232 sin?0 — 54— 54 sin @

In doing so, the relative fraction of the triplet statesis asfollows [5] :

_TH3_ 152

W, — 3.7
Ty 1+232sin26 — g4 — Bsinte’ S
and the relative fraction of the singlet state ( total spin .S =0) equals
1-T 1— 32
Wy=—"—=1-W;= . 3.8
n YT 112525020 — 4 — B sintd (38)

At << 1 wehave W; ~0, Ws~1,i.e the (ete™) pairisgenerated in the singlet state
only. Meantime, if 3~ 1 and 2sin?# —sin?d > 1 — 3%, we obtain, on the contrary : W, ~ 1,
W, a0 — amost puretriplet state of the pair.

Let us remark aso that the generation of singlet (ete™) pairsis provided only by states of
two photonswith negative space parity, which are antisymmetric over polarizationsand correspond
to the total spin 1 ; if both the photons are unpolarized, the relative fraction of such photon pairs
amountsto 1/4 . Meantime, the generation of triplet (eTe™) pairsis provided only by states of
two photons with positive space parity, which are symmetric over polarizations and correspond to
the total spins 0 and 2 ; if both the photons are unpolarized, the relative fraction of such photon
pairsequals 3/4 ( seethedetailed analysis, e.g., in [12] ) .

4. Violation of "classical” incoherenceinequalitiesfor correlation tensor
componentsin theprocesses vy — ete™, u T, 77"

Let us consider now the particular cases § = 0 and # = = . In accordance with the formula
for the differential cross section 5—6 (3.5), here we obtain:

do 1 4 2
— == . 4.1
T do __ 74
Inthe ultrarelativistic limit formula (4.1) turnsto 75 = 5
According to the general expressions (3.2) —(3.4) for the correlation tensor components, at

=0 and 6 = = we have:

_ 2048064 e ek
T,.=1- - ==l Tw=Ty=-175 (4.2)

In doing so, the "trace” of the correlation tensor (3.6) takesthe value
4 3— 32

T=l-1rm =15 (4.3)
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and therelative fractions of the triplet states W, (3.7) and the singlet state 1, (3.8) amount to

T+3 2 1-T 1
I CIn B A N e A @)
4 1432 4 1+ 32
At nonrelativisticvelocities W, ~ 0, W, & 1, in accordance with the general case ; meantime,

inthe ultrarelativisticlimit (5 — 1) wehave: W, =W, = % .

It should be stressed that in the process vy — e Te~ we observe again —just as in the above-
considered reaction eTe™ — utu~ —the violation of the "incoherence" inequalities for diagonal
components of the correlation tensor, established previously at the classical level [5] (see Sec. 2).
Indeed, for thecases # = 0 and ¢ = = weobtain, inparticular (since 3 < 1):

2 >1
1432
Thus, the spin correlations of the final electron and positronin the considered two-photon pro-

cess also have the strongly pronounced quantum character — quite similarly to the spin correlations
of thefinal leptonsin the processes e te™ — ptp™, 77~

Finally, one should remark that analogous results hold as well for the processes of generation
of amuon pair and a tau-lepton pair by two photons: ~~v — p =, vy — 7t 7=, which become
possible at considerably higher energies.
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