POLARIZATION PHENOMENA IN THE PROCESS
e"+e <> N+ N IN PRESENCE OF TWO-PHOTON EXCHANGE

G.I. Gakh' and E. T omasi-GustafssonZ

'National Science Center “Kharkov Institute of Physics and Technology”, Kharkov, Ukraine;
e-mail: gakh@kipt.kharkov.ua;
2DAPNIA/SPhN, CEA/Saclay, 91191 Gif-sur-Yvette Cedex, France,

e-mail: etomasi@cea.fr
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nally polarized electron beam and polarized antinucleon and/or polarized nucleon in the final state.
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1. INTRODUCTION

The measurement of the nucleon electromagnetic
form factors (FFs) in the space-like region of momen-

tum transfer squared q2 has a long history. The electric

and magnetic FFs were traditionally determined using
the Rosenbluth separation. More recently, the polariza-
tion transfer method [1-2], which requires longitudi-
nally polarized electron beam and the measurement of
the recoil proton polarization, could be applied. It
turned out that the ratio of the proton electric and mag-
netic FFs determined by the two methods lead to appre-
ciably different results [3]. One possible explanation for
this discrepancy is the presence of a two-photon ex-
change (TPE) contribution to the elastic electron-
nucleon (eN) scattering [4-5]. Model independent prop-
erties of TPE in elastic ep-scattering have been derived
in [6].

Experimental investigation of the nucleon FFs in the
time-like (TL) region could shed new light on this prob-
lem and bring additional valuable information on the
internal structure of the proton and neutron.

In TL region the nucleon FFs (which are complex
functions) can be studied through the annihilation reac-

tions et +e” > N+N, N+ N = ¢ +e, which are
the crossing channel reactions of elastic electron-
nucleon (electron-proton and electron-neutron) scatter-
ing. From crossing symmetry one expects that the reac-
tion mechanisms are common for the scattering and the
annihilation channels.

Here we consider the reaction

et +e” > N+N (1)
and derive the expressions for the differential cross sec-

tion and the polarization observables for the case when
the matrix element contains TPE contribution.

2. MATRIX ELEMENT AND OBSERVABLES

The matrix element of this reaction can be obtained
by analytic continuation of the matrix element for the
elastic electron-nucleon scattering [6], parameterizing
the TPE contribution in axial form:
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where q:kl +k2 =D +p2 and k] (kz) and D1 (pz)

are the four-momenta of the electron (positron) and
antinucleon (nucleon), respectively; m is the nucleon
mass.

The complex amplitudes, Fiy oy , Ay, which are

and t=(k - p1)2 ,
fully describe the spin structure of the matrix element —
for any number of exchanged virtual photons. In the
Born approximation (one-photon-exchange mechanism)
these amplitudes reduce to:

R0 = Fy (g%, FEY™ (@70 = Fyy(g7),
Aﬁorn (qzst) = 07 (3)

where FlN(qz) and FZN(qz) are the nucleon elec-

functions of two variables, q2

tromagnetic FFs.
In the following we use the standard FFs: magnetic

FF GMN(qz) and charge FF GEN(qz) . We intro-

duce some combinations of the Fjy oy (¢*,¢) ampli-

tudes [6], which in the Born approximation correspond
to the Sachs FFs and single out the dominant contribu-
tion (to separate the effects of the Born and TPE contri-
butions):

Gu (¢7.0) = Fiy (¢7.0) + Fan (¢%.0) =

Gun (@) +AGyy (g°.0),

Gy (a2 = Fiy (.0 +7 Fyy (.0 =

Gy (¢°)+ MGy (4°.0), @
where 7 = q2 /4m>.

The functions AG,;y, AGgy, and A4 are of the
order of « (a:e2/4n;1/137), while FFs are of
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the order of . Since the TPE terms are small in com-

parison with the dominant ones, we neglect in the fol-
lowing their bilinear combinations.

The unpolarized differential cross section of the re-
action (1) has the form
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dQ 4q°

>

D =(1+c0s2 0)(| Gy > +2Re Gy AG gy ) +sin? 0
T
x(|Ggy I> +2ReGpyAGry) —4zcosOReGyy Ay, (5)

where z=,/(r—1)/7 and @ is the angle between the

momenta of the electron and the antinucleon, in the re-
action CMS.

The TPE contribution brings three new terms.

As it was shown in Refs. [7-8], for the scattering
channel, symmetry properties of the amplitudes with
respect to the cos@ — —cos@ transformation can be
expressed in the annihilation channel as

AG )y gy (€0s0) =—AG, vy (—cos6),
Ay (cosO) = A4\ (—cosO). (6)

Let us consider the situation when the experimental
apparatus does not distinguish the nucleon from the
antinucleon. Then the following sum of the differential
cross sections is measured

do,
dQ

do p do p
= — +_ - .
o (cos ) dQ( cos )

We can stress, using the properties (6), that this quantity
does not depend on the TPE contributions. This state-
ment agrees with the conclusion of the paper [9]: for the

processes of the type e” +e~ —a” +a”, if the appa-
ratus which detects the final particles does not distin-
guish the particle from the antiparticle, then the inter-
ference term between the matrix elements correspond-
ing to the one-photon and two-photon exchange dia-
grams does not contribute to the differential cross sec-
tion.

Note also that the TPE contributions does not con-
tribute to the total cross section of the reaction (1),
which can be written as

_4ra’p

1
oi(q%) = - [ Ga (™) [* +- 1 Gr (g™ ']

Let us define a coordinate frame in the reaction
CMS: the z axis is directed along the momentum of the
antinucleon (p), the y axis is orthogonal to the reaction

plane and directed along the vector k xp, (l; is the

electron momentum), and the x axis forms a left-handed
coordinate system.

The polarization of the outgoing antinucleon (all
particles in the initial state of the reaction (1) are nonpo-
larized) is

2siné
P =
y D\/?
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From this expression one can see that

— The polarization of the outgoing antinucleon in
this case is determined by the polarization component
which is perpendicular to the reaction plane.

— The polarization, being a T-odd quantity, does
not vanish even in the one-photon-exchange approxima-
tion due to the complexity of the nucleon FFs in the TL
region (to say more exactly, due to the non-zero differ-
ence of the phases of these FFs). This is the principal
difference with the elastic electron-nucleon scattering.

— In the Born approximation this polarization be-

comes equal to zero for the scattering angle 6 = 90° (as

well for 8=0° and 6 =180" ). The presence of the
TPE terms leads to non-zero value of the polarization at
this angle.

Using the properties (6), we can remove the contri-
bution of the TPE effects by constructing the difference

Py(q2,9)—Py(q2,7r—9). The magnitude of the TPE

contribution to the polarization P, can be seen in the

sum P, (q%,0)+P,(q*>,7—0).

If one of the colliding beams is longitudinally polar-
ized, then the antinucleon acquires x- and z-components
of the polarization, which lie in the reaction plane.
These components are

2siné * *
P, =~ [Re(Gyyn Gy + G AG
X D\/; MNYEN MN EN
+GENAGX4N)—ZCOSQRQGENA7\/]; (8)

P, = %[cos@(\ Gy I> +2Re Gy AGy)

+2z(1+cos? O)Re Gy Ay 1.

These polarization components are T-even observ-
ables and they are non-zero also for the elastic electron-
nucleon scattering in the Born approximation.

The polarization component along the z axis vanishes
when the proton is emitted at an angle 6 = 90° in the
Born approximation. But the presence of the TPE term
Ap in the electromagnetic hadron current may lead to
non-zero value of this quantity if the TPE amplitude

Ay (6 = 900) is not zero, since the value of this com-

ponent is determined by the term Re G,y A;, .

The components of the polarization correlation ten-
sor Py, (i,k=x,y,z) of the nucleon and the anti-

nucleon in presence of the TPE mechanisms, are

_ sin” @

P, 5 [2(/ Gy 12 +2Re Gy AG ) +
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P sin? 6
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For the completeness we give also the non-zero co-

efficients in the case of a longitudinally polarized elec-
tron beam

1 Jr-1 .
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One can easily verify that the following relation holds:

P, [COSH Re(GMNGZ‘N + GMNAG;::N

Xz

Im[Gy Gy + Gy AGpy

Py +P, +P, =1

Let us note the following properties for these coeffi-
cients.
* The components of the tensor describing the polariza-

tion correlations P, P,,, P, P, and P, are T-

even observables, whereas the components Py, P,

P, ,and P, are T-odd ones.

= The relative contribution of the interference ampli-
tudes (between one- and two-photon-exchange terms) in
these observables will increase as the value of the mo-
mentum transfer squared becomes larger since it is ex-
pected that the TPE amplitudes decrease more slowly
with the momentum transfer squared compared with the
nucleon form factors.

At the reaction threshold, the polarization correla-
tion tensor components have some specific properties:
= All correlation coefficients (both T-odd and T-even)
do not depend on the function Ay .

* In the Born approximation the P, observable is zero,

but the presence of the TPE term leads to a non-zero
value, which is determined by the following quantity

Re Gy (AGEy — AGMN)* (at the reaction threshold the
relation Gy = Gy = Gy holds).

= At the scattering angle 6 = 90° we have the relation
P, +P,=0.

3. CONCLUSIONS

Precise measurements of the elastic electron-hadron
scattering arose the question of the importance of the
TPE mechanism. This problem enters also in the deter-
mination of the nucleon FFs in the TL region investi-
gated with the reaction (1), since this process is the
crossed channel of the elastic electron-nucleon scatter-
ing.

Using the properties of these amplitudes with re-
spect to the cosd — —cos@ transformation, it was
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shown how to remove (or enhance) the TPE contribu-
tion from various observables.

We showed that the real part of the TPE term can be
accessed through the difference between the differential
cross sections measured at angles 0 and 7-6,
whereas for the imaginary part of the TPE term one
needs the measurement of the nucleon or antinucleon
polarization when all the other particles are unpolarized.

The polarization of the produced proton in the elec-
tron-positron annihilation may be more difficult to
measure than in the elastic electron-nucleon scattering,
due to the luminosity. On the other hand, angular distri-
bution is easier to achieve as it is necessary to make
measurements at different angles, with fixed beam en-
ergy, whereas in scattering reactions measurements
should be done at fixed momentum transfer squared,
which requires to change simultaneously beam energy
and scattering angle.

Such model independent derivation of polarization
observables has been completed in the elastic electron-
proton scattering and in the crossing channels, electron-
positron annihilation to the nucleon and antinucleon and
inverse reaction.

These results will be especially useful in view of the
ongoing programs at Novosibirsk and Bejing as well as
at the future facilities at Frascati and Darmstadt.
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MOJISIPUBALIMOHHBIE SIBJIEHUS B ITPOLECCE ¢ +¢ <> N+ N
TP HAJINYUNN ABYXPOTOHHOI'O OBMEHA

I''U. I'ax, E. Tomacu-I'ycmagccon

HOJ’Iy‘leHLI O6HII/I€ CBOMCTBa ,HI/I(l)(bepeHHI/IaHLHOFO CCUCHUA U PaA3JIMYHBIX MNOJSIPU3AIUOHHBIX Ha6H}OHaeMLIX

s peakimu e’ +e” — N+ N npu Hanmuumu AByX(OTOHHOTO oOMeHa. Vicclie[oBaHbI HONSIpH3aHOHHbIE Y heK-
TBI, KOTJ]a Ha4aJIbHBII Iy4OK 3JIEKTPOHOB MMEET MPOJOJIbHYIO TOJIAPU3ALHIO, @ B KOHEYHOM COCTOSHHH IOJISIPU30-
BaHbl aHTUHYKJIOH I/I/I/IJ'II/I HYKJIOH.

MOJISIPUBALIMHI SIBUIIA B IPOLECI ¢* +¢” <> N+ N
IMPU HASIBHOCTI ABYX®OTOHHOI'O OBMIHY
I'.lL I'ax, E. Tomaci-I'ycmagpccon

OTpuMaHi 3arajbHi BIACTUBOCTI AM(EPEHLIHHOr0 nepepizy Ta pi3HUX MOJSAPU3ALIHHUX CHOCTEPEKYBAHUX IS

peakuii e” +e”~ — N+ N npu HasBHOCTI 1ByX()OTOHHOrO 06MiHy. JOCIi/KeHi TTONApH3aLiiiHi eekTH, KO mo-
YaTKOBHH ITy4OK €JIEKTPOHIB Ma€ MOB3A0BXKHIO MOJISIPU3AIlit0, a B KIHIIEBOMY CTaHI MOJISIPU30BaH] aHTHHYKJIOH 1/a060
HYKIJIOH.
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