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The theoretical study of spin structure for the processes of lepton pair production by pairs of pho-
tons (which, in particular, may be emitted in relativistic heavy-ion and hadron-nucleus collisions)
is performed. For the two-photon process v+ — eTe™, itisshown that in the case of unpolarized
photons the final electron and positron remain unpolarized as well, but their spins prove to be
strongly correlated. Explicit expressions for the components of the correlation tensor and for the
relative fractions of singlet and triplet states of the final (e T~ ) system are derived. It is estab-
lished that in the process vy — eTe~ at least one of the "classical" incoherence inequalities of
the Bell type for the correlation tensor componentsis awaysviolated (i.e. thereisalways at least
one case when the modulus of sum of two diagonal components exceeds unity ), and, thus, spin
correlations of the electron and positron in this process have the strongly pronounced quantum
character.

Analogous analysis can be wholly applied also to the two-photon processes with the generation
of a muon pair and a tau-lepton pair ( vy — utu~, vy — 7T7= ), which become possible at
considerably higher energies.
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1. Spin structure of thetwo-photon process vy — e e~ and correlation tensor of the
(ete™) pair

L et us consider the process of electron-positron pair production by two photons, vy — e Te™ .

The spin state of the electron-positron system is described, in the general case, by the two-
particle spin density matrix :
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where 1 is the two-row unit matrix, P(7) and P(¢") are the polarization vectors of the electron

. . . e— et
and positron, respectively, T;; — components of the correlation tensor ( 7, = <&f )® a,g )>,
ik={1,2,3}={z,y,2}).

In the absence of correlations, we have : T, = B(e_) Pfr)

The process vy — eTe™ is described by two well-known Feynman diagrams [1]. Within the
first nonvani shing approximation over the electromagnetic constant ( Born approximation ), in case
of unpolarized primary photonsthe final electron and positron prove to be unpolarized as well, but
their spinsare correlated .

Thus, in the above formula for the spin density matrix p =*<™) (1.1)

p(7) = ple™) =,

The components of the correlation tensor of the electron-positron pair, generated in the inter-
action of unpolarized v quanta, may be calculated by applying the results of paper [2]. Finally we
obtain the following expressions:
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Here the axis =z is aligned along the positron momentum in the c.m. frame, the axis = liesin
the reaction plane and the axis y is directed along the normal to the reaction plane ; 5 = % ,Vis
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2
the positron velocity in the c.m. frame; 1 — 32 = 2% | where .. is the positron (or electron
p y Iy +

energy inthec.m. frame; ¢ isthe angle between the positron momentum and the momentum of
one of the photonsinthe c.m. frame.

Meantime, the differential cross section of the process vy — e Te~ inthe c.m. frame has the
followingform [1,2] :
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The"trace" of the correlation tensor of thefinal (e™e™) pair isdetermined by the formula:

4(1-5%)

T=T,.+T T.=1- . 1.6
Tl 1+232sin?0 — g4 — 34 sin* 6 (1.6)

In doing so, the relative fraction of the triplet statesisasfollows[3] :

T+3 1— 32
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and the relative fraction of the singlet state ( total spin .S = 0 ) equals

1-7 1— /2

Wy=——=1-W, = . 18
n YT 112525020 — 4 — B sintd (18)

At 3 << 1wehave W; ~0, Wy~ 1,i.e the (ete™) pair is generated in the singlet state
only .

On the contrary, under the conditions 3~ 1 and 2sin?6 —sin*d > 1 — 3? we obtain :
Weas 1, Wy a0 (amost puretriplet state of the pair ).

2. Generation of singlet and triplet (e Te™) pairs

It should be noted that the charge parity C' of the system of two photons s positive and it is
conserved in the process vy — eTe™ . This means that €lectron-positron pairs generated in this
process have the positive charge parity (' = 1). According to the well-known formulafor charge
parity of a fermion-antifermion system, C' = (—1)**, where L is the orbital momentum and S
is the total spin. Thus, in the process vy — e Te™, singlet electron-positron pairs ( S =0 ) are
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produced in the states with even orbital and total angular momenta ( /. = .J ) and negative space
parity P = (—1)*!. Due to the conservation of total angular momentum and space parity in the
process vy — ete™, the contribution into generation of singlet (e Te~) pairsis provided only by
states of two photonswith even total angular momenta and negative space parity, which, according
to Bose symmetry, are antisymmetric over the polarizations of two photons (they correspond to
the total spin of the two-photon system equaling 1). If both the photons are unpolarized, then the
relative fraction of such photon pairsamountsto1/4 .

Meantime, triplet electron-positron pairs (.S = 1) are produced, in the processyy — e te™, in
the states with odd orbital momenta and positive space parity. In doing so, total angular momenta
may take both even and odd values. The contributioninto generation of triplet (e Te™) pairsispro-
vided only by states of two photonswith positive space parity, being symmetric over polarizations,
which correspond to the total spinsof the two-photon system equaling 0 and 2 . If both the photons
are unpolarized, then the relative fraction of such photon pairs amountsto 3/4 .

3. Violation of " classical” incoherenceinequalitiesfor correlation tensor
componentsin theprocesses yy — ete™, utpu™, 777~

Now let us consider the particular cases # = 0 and # = = . In accordance with the formulafor
the differential cross section 5—6 (1.5), herewe obtain:
do 1 4 9
— = 1 . A
2
In the ultrarelativistic limit formula (3.1) turnsto 3—6 = %0 .

According to the general expressions (1.2) —(1.4) for the correlation tensor components, at
=0 and § =7 wehave:
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In doing so, the "trace” T' of the correlation tensor (1.6) takesthe value
4 3—[3?
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and the relative fractions of the triplet states 17/, (1.7) and the singlet state 1V (1.8) amount to
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Atnonrelativisticvelocities W, ~ 0, W, a1, inaccordance with thegeneral case; meantime,
inthe ultrarelativisticlimit (3 — 1) wehave: W, =W;=1/2.
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Let usremark that in the process v+ — eTe~ we observe the violation of the Bell-type "in-
coherence” inequalities, which were established previously at the classical level and, according to
which, for incoherent "classical" mixtures of factorizable two-particle spin states the sum of any
two ( or three ) diagonal components of the correlation tensor cannot exceed unity [3]. Indeed, at
#=0 and ==, inparticular, we obtain —taking into account that 5 < 1 :

2
15
Thus, the spin correlations of thefinal electron and positronin the considered process have the
strongly pronounced quantum character ( see also our works[4,5] ).

Finally, it should be noted that the anal ogous results ( with the respective replacements m . —
my, my, 3 — B, B> ) holdaswell for the processes of generation of amuon pair and atau lepton
pair by two photons: v+ — utu~, vy — 777~ which become possible at considerably higher
energies .

4. Summary

1. Thetheoretical investigation of spin structure of the processes vy — e te™, utu=, 77~
is performed. It is shown that, if the primary photons are unpolarized, the final leptons are not
polarized aswell but their spins are strongly correlated .

2. Explicit expressionsfor the components of correlation tensor of the final systems (e Te™),
(wtp™), (rT77) arederived , and the relative fractions of singlet and triplet states for the pair of
final leptons are found .

3. It is demonstrated that in the processes vy — ete™, utu~, 777~ the Bell-type "inco-
herence" inequalities for the correlation tensor components may be violated and, thus, the spin
correlations of the final leptonsin these processes have the purely quantum character .
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