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The possible contribution of two-photon exchange to electron deuteron elastic scattering at relatively high
momentum transfer is discussed. This study was motivated by the high precision data recently obtained at the
Jefferson Laboratory. Using general arguments, based on crossing symmetry for the precessese™
+h ande*+e~—h+h, we find a parametrization for the angular dependence of the interference between the
one- and two-photon exchanges in the differential cross section for etadticattering in terms of a new
kinematical variable and compare our findings to the recent f§a@556-28189)50210-0

PACS numbse(s): 13.40.Gp, 25.30-c, 24.70+s, 13.60.Fz

The study of the structure of hadrons and nuclei withscattering contain the contribution of two-photon exchange
electromagnetic probes is based on the validity of the onewhere most of the transferred momentum is carried by one
photon mechanism for elastic and inelastic electron-hadrophoton, while the other photon has very small momentum.
scattering. On the basis of a well established formalism, th&ur considerations concern the case when the momentum
measured cross sections and polarization observables can ansfer is shared between two photons. o
directly related to the electromagnetic form factors and struc- N Ref.[2] the two-photon amplitude is purely imaginary,
ture functiong1]. The validity of this approach is based on at least at very small scattering angles, so it cannot interfere

the assumption that the possible two-photon contribution ié"”th the o_ne-photon exphange gmplltude n the d|fferent|gl
small. The relative contribution of two-photon exchange cross section of unpolarized particles scattering. However, in

from simple counting inx, would be of the order of the fine ‘this case, the pola_rizatio_n observables in el_asd_(scattering
structure constanta=e?47=1/137: for eh scattering have to be large, in pa_rt|cular tfieodd polgnzatlon O-b serv
. ' A ' ables, as they take their maximum value if the relative phase
whereh is a had_ron., any contrlbutllon of two:photon €X" of the interfering amplitudes is neat/2. But the predicted
change through_ its interference with the mdire., one- increasing of the two-photon mechanism is so large that it
photon) mechanism would not exceed 1%. On the othennay he observed in the differential cross section of elastic
hand, more than 25 years ago it was obsef#eb] that the  gcatiering, at relatively large momentum transfer square,
simple rule ofa counting for the estimation of the relative —g_12 fni1. In this region new results from Jefferson
role of two-photon contribution to the amplitude of elastic | gporatory, obtained with a very good accurf@yg], can be
ed scattering does not hold at large momentum transfer. Uscompared with the previous SLAC resulg.
ing a Glauber approach for the calculation of multiple scat- The dedicated experiments completed up until ja@]
tering contributiong 6], it appeared that the relative role of have not shown any deviation from the one-photon expecta-
two-photon exchange can increase significantly in the regiofion, and the Rosenbluth separation, when done, shows a
of high momentum transfer. This effect can be observed ininear dependence of the cross section for different angles, at
particular ined-elastic scattering, due to the steep decreas@ fixed value of the momentum transfey, However the
of the deuteron form factors. It has to be even larger forwo-photon contribution has been recently experimentally
heavy nuclei(i.e., *He or “He) and it would manifest al- observed in the domain of very small energies in atomic
ready at momentum transfer of the order of 1 GeM par-  physics[11,12. The accuracy of elastic scattering experi-
ticular in the region of diffractive minima. The argument is ments is smaller and the corresponding theoretical calcula-
that not only the degree of the fine structure constans  tions of two-photon contributionécalled dispersion correc-
important in the estimation of the relative role of the two- tions) [13] are very complicated.
photon exchange, but also the value of the momentum trans- In the last experiments completed at the Jefferson Labo-
fer. The standard calculations of radiative correctionsefor  ratory, oned-elastic scattering no test of the validity of the
one-photon mechanism, like the Rosenbluth separation, was
done and no dedicated polarization measurement exists in
*Permanent address: National Science Center KFTI, 31010&his range of momentum transfer. The following general for-
Kharkov, Ukraine. mula holds for the differential cross section of elastic scat-
"Electronic address: etomasi@cea.fr tering of an unpolarized electron by an unpolarized target:
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e (k) e (ko) [M(eh—eh)[?=f(s,t)=|M(e*e —hh)[Z.  (2)

The line overM denotes the sum over the polarizations of
all particles(in initial and final states The Mandelstam vari-
abless andt are defined as follow§or the scattering chan-
nel):

o s=(ky+p1)2=M2+2E,M=M?, m.=0,
FIG. 1. One-photon approximation for the crossed channels

e +h—e +hande +ef—h+h. t=(ky—ky)2=02, g2<0 3)
d(()T = 00| A(q)cOP %+B(q) ' (1) wherem, is the electron mass and the particle 4-momenta
e

are shown in Fig. 1. The annihilation chanregl+e~—h
+h, and the scattering channef +h—e*+h correspond

whereA(d) andB(q) are real functions of the single vari- to different kinematical regions for the variableandt.

ableq, called structure functionéSFH, and 6, is the electron

scattering angle in LAB-system. The SFA&{q) and B(q) _ In the center of mass of the_e*+e*—>h4_rh (this cha_nnel
are quadratic combinations of the charge, quadrupole ant§ ereferabIe for the klrlematlcal analysisve can writet
magnetic form factors, respectiveGc, Gg, andGy: =4€?, s=M2—2e>+2e\e?>—M? cosh, where e is the
energy of the initial leptor(or final hadron, and 6 is the

A(q):G%JrgTzGéJr ngz , B(q)= ‘3_"7_(1+T)Gz , hadron production angle. The presence of a single virtual

photon in the reactio@™e™— y* —hh constrains the total

5 angular momentuny and theP parity for thehh system to

__ take only one possible valugi®=1", the quantum number
4M?’ of the photon. Therefore, in the framework of the one-photon
_ approximation, the cog dependence dfM(eh—eh)|? can
whereM is the deuteron mass. be predicted in a general form:

This linear cot(6/2)—dependence*Rosenbluth fit”)
holds only in the framework of the one-photon exchange
mechanism. As a result, the Rosenbluth fit allows on one

hand, the separation of the structure functioki) and ‘wherea(t) andb(t) are definite quadratic combinations of

B(qg), and on the other hand, the test of the validity of one / .
photon mechanism. For this, it is necessary to measure thtge electromagnetlg form factors for the hadterThis spe-

differential cross section at least at three different values ofific and simple co$ dependence for the universal function
the scattering angle at a fixed valuegpfThis procedure was f(s,t) is due to theC invariance of the electromagnetic had-

previously used during the measurements @f- and ron interaction, which allows only even degrees of €os

ed-elastic scattering. = e
. ) ; . . Moreover the degree of the cpolynomial is limited to the
Studies of distortion effects induced by the static Col-gecond order, due to the spin of the virtual photon.

lomb field of the target in quasi-elastic reactiofisf] on The equivalent expression of E¢d) for the scattering

heavy nuclei show that the Rosenbluth separation might stiIJ:h ; - -
. . . . annel, using crossing symmetry properties, can be found
be valid, but care must be taken in the interpretation of the 9 g sy y prop

structure functions. The quantitative results are model deperty rewriting cosf in terms of the invariant variablesandt:
dent and effects are expected to be small in case of elastic

| M(eh—eh)|?=a(t)+b(t)co s, (4

sacttering on light nuclei. Our approach here differs essen- ~ st+(s—M?)2
tially, as we consider two “hard” photons, which share each cos =1+ ————. ®
half of the transferred momentum. We look for model inde- t 1 MZ)

pendent estimations for possible deviations from the Rosen-
bluth formula(1), and derive a general formula based only . ) , .
on the properties of crossing symmetry. No model for theSubstituting Eq.(S) in Eq. (4), we find the expression for
electromagnetic form factors of hadrons or for the dynamicd (S:1) [in terms of the SF'®(t) andb(t) for the annihilation
of the 2y-exchange is needed. The crossing symmetry prochannel. Let us consider the functiof(s,t) in the physical
vides a relation between different channels of a process. Ifgion of the scattering channel. The following relation fol-
our case we compare the elastic+h—e +h scattering 10Ws from Egs.(3) and(5):

with e*e " -annihilation:e* +e~—h+h, in one-photon ap-

proximation (Fig. 1), where the crossing symmetry can be cotz%
expressed by the following relation between the matrix ele- oL h=1+ ©6)
ments.M of the crossed processes: 1+7°
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This one-to-one correspondence betweerf 8¢ the anni- C
hilation channel and cof(6/2) (in the scattering channel i (]
explains the origin of the linear ¢¢,/2)-dependence of the I
differential cross section for angh process. This depen- 10 £
dence results from the one-photon mechanism for elagtic F
scattering.

This formalism allows us to easily describe and param- L
etrize possible effects of the two-photon mechanism. Again | -9
it is more convenient to consider the annihilation channel. E

The presence of 2 in the intermediate state*+e~

—2vy—h+h can induce any value of the total angular mo- |
mentum and space parity in the annihilation channel, becaus  _g
the relative 3-momentum for thej2state is nonzero, con- 10 F
trary to the case of the one-photon mechanism. However C
one can draw a general consideration about thedcepen-
dence of the interference contribution to the differential cross
section for the annihilation chann&®e M, M3, where M, 10 F
and M, are the matrix elements corresponding to the one- ;
_ I B I IR B NN IR AP T
and two-photon exchanges. Thieh sy_stem, produced 3 y) = & 7 5 T EEEEEED
through 1y and 2y exchanges has different values of (f _1)
C-parity, becauseC(y)=—1 and C(2y)=+1. Therefore qurm
the above-mentioned interference must beddfunction of FIG. 2. Data set for the structure functidrused in the analysis:

cosé: Re M M3 =COS§(%+a2 cog o+ . .. ). After trans-  solid circles from7]; solid squares frorfi8]; open circles fronf9].
lating this dependence to the scattering channel, we can finthe line is the result of the reference fit on the base of the data from

from the previous crossing symmetry considerations: [9] (see text
do o 2 L sets of data, which are taken at different angles and different
d_Qe(e h—e h)=aglag+x"at ax(iot+ix"+..)], initial energies, in particular between the new res[itg].
(7) We will consider here thed-elastic scattering data from
three experiments7—9|. The B(q) contribution can be ne-
where we introduce a new kinematical variable: glected in the kinematical conditions of all these experi-

ments. In order to compare different sets of data, in the spirit

2 e of the Rosenbluth fit, we should have cross sections at dif-
co 2 ferent angles and at the same momentum transfer. Unfortu-
X= 1+ 117 nately this information is not experimentally available, but

the data in9] have been taken at the sarfie. In this case

which seems the most adequate one for the study of possibl® €an interpolate the cross section, #y=8°, as a func-

deviations from the standard Rosenbluth formula. In the partion Of the momentum transfer squared, according to the fol-

ticular case of electron scattering at small angles, wherd®Wing expression:

cot(642)>1, one can write .
g

Oe
dQ, 2

2

P1
6e=8°(1+q2/p2)p3,

= ( oo cot 9

97 e he h)= oo Acol 2+ B+C oot
d_Qe(e —e h)=0gy| Aco ?4— + cot?

whereq is expressed in fm!. The best fit is obtained for
, (8)  p;=0.006+0.002, p,=57+15 fm 2, andpz=11+1. We
attribute to the fitted cross section a global errorZ05%

7]
+D cot3§+

where thet-dependent coefficient€ and D, which charac- (Flgl'.hiZ). llow to express the cr tion at one electron
terize the contribution of the interference between one- and S allows US 10 EXpress fhe Cross section at one electro

two-photon mechanisms ie” +h—e™ +h processes, have scattering angle 4. =8°), for anyvalue ofq corresponding

order a, relative to the main contribution& and B. In the to the other points, and it will serve as reference. In the

presence of a two-photon mechanism, if the electron is gednematic conditions of the new experime{itsg], where o,

tected at small angles, the cubic teiy would give the Is Igrger, we shall use the following formula, which is
largest contribution. And the values @f(q) extracted for equivalent to Eq(7):

measurements at different electron scattering angles, using

the standard one-photon procedure, would be different. This i = o[ A(Q)(X2— 1) (14 7) + C(q)x+ D(q)x°].

might explain, in principle, the difference among existing dQe
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FIG. 3. RatioC/A for the two sets of data as a function of  'G: 4. RatioD/A for the two sets of data as a function of

q(fm~1): squares fron{7]; circles from[8], corresponding solid q(fm~1): squares fron[j]; .circles from[8], corresponding solid
symbols after renormalizatiofsee text symbols after renormalizatiofsee text

The x-odd contribution can now be estimated from the [d—g(ed)—d—g(ew) CCOI%-FD Cotgﬁ
cross sections at two angles for the sagnene value being dQ, dQ, 2 2
given from the fit, Eq(9), and the other by the recent data do do = 0o
[7,8]. We can then calculate separately the linear contribu- [E(ed)+d—m(e+d) Ac012?+B

tion or the cubic contribution. It is expected that deviation
from the linear cd{(#J/2) formula would not appear foq
<5 fm 1. The resulting ratio€/A andD/A are reported in
Figs. 3 and 4 as functions a@f (open squaref7] and open
circles [8]). The first set of datd7] extends up toq
=6.8 fm ! and the last two points show a deviation from
zero. The data from Ref8] extend up to higher values of
momentum transferg=12.4 fm 1. If we rescale these ra-

tios in order to have zero deviation at lap(corresponding effects, but not the differential cross secti@with unpolar-

solid symbols, attributing this shift to sy.stematlc errors in .4 particles The same is also correct if theyzamplitude
the measurement, the data agree nicely: at large momentum . . . . .
; . Is essentially imaginary. In this case the polarization observ-
transfer these ratios deviate from zero and show a depen—bI fT-0dd nature take the largest val
dence on the transferred momentum, which could result fronft \?VS Od' 0 l?'uff ?he T ggﬁs ahues. induced
two photon exchange. e discuss briefly the polarization phenomena induce

While this cannot be considered as definite evidence foPY 17®2y interference for elastied scattering. Only one
the presence of  exchange ired-elastic scattering, it is the €XPeriment was dedicated to the meaurement of the vector
first attempt to obtain a quantitative upper limit of a possibledeuteron polarizatio®, in unpolarizeded-elastic scattering
2+ contribution using a parametrization of the 2erm and ~ atq=3.65 fm * [15]. The result was®,=0.075*0.088.
the existing experimental data. The quality of the data is The recent progress in developing polarized deuterons tar-
clearly reflected in these ratios. On the other hand, the disgets[16] and in the polarimetry of the produced deuterons
crepancy between the two new sets of data does not appea7] makes large accuracy measurements of vector and ten-
to be explained by this contribution. This analysis does nosor deuteron polarization possible. Although measuring ten-
exclude a detectablej2contribution in a dedicated experi- sor polarization is more difficult than vector polarization, the
ment. Therefore our estimation can be used as a guideline feensor polarization can also be used as a test of one-photon
future experiments. For example, the difference in the crossechanism. Let us write the corresponding formulas for the
section of electron and positron scattering on the deuteron, idifferent components,,, q=0,1,2 of the tensor polariza-
sign and absolute value, can be derived from the odd contrition of the scattered deuteron, which are valid for the one-
bution mentioned above: photon mechanism:

Because of the importance of this problem for hadron
electrodynamics, not only the measurements of the differen-
tial cross section are necessary, but the study of polarization
phenomena as well. In the case of very different spin struc-
tures of one- and two-photon mechanisms, the polarization
phenomena have to be, in particular, sensitive to interference
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1/8 8 ) We have given here an attempt to evaluate the presence of
W=~ 5|376cCo+ §TZGQ two “hard” photon contributions toed-elastic scattering
through a deviation from the linear dependence irf(¢gR)
T be\ of the cross section using a Rosenbluth fit, which has been
+§ 1+2(1+ T)tanzf G| parametrized in a model independent way according to
crossing symmetry considerations.
2 , 5 06 12 6o Let us summarize here the possible methods to test the
Wiy =— ﬁT T+ 77 sir? 3) GuGq sec?, presence of 2 exchange in elastic hadron scattering.

(i) Comparison of the cross section for scattering of un-
1 P polarized electrons and positrofisy protons or deuteropns
Wiy,= — E\/§TGZ , and W= A(q)+tanz?eB(q). in the same kinematical conditions.
(i) Deviation from a straight line on the Rosenbluth

One can see, that in this approach, the compoiés and ~ Plane: cross section versus tov2).
the #,-dependent contribution tw/t,, are determined only (iii) Specific polarization phenomera) appearance of
by the deuteron magnetic form factor, which can be found on-0dd polarization observables ar)) violation of definite
the basis of the SB(q) (from the backwardd scattering, relations between polarization observabl&sejven and the
Therefore, these two terms can be derived from th&&p,  SFB(q) for ep anded scattering.
only. Such relations between form factors and polarization The Rosenbluth fiti.e., the differential cross section with
observables are valid only in one-photon approximationunpolarized particlosand polarization phenomena, espe-
Any inconsistency between measured values and values egially the T-odd polarization observables, seem the most per-
pected from these relations can be considered as evidence gjfective ways to realize this program. These two types of
the presence of two-photon exchange. measurements bring complementary and independent pieces
A similar procedure can be suggested for polarizationof information.
phenomena in elastic electron-proton scattering. Here we
also have one example of asymmetryeif p scattering from We would like to thank the members of the Hall A and
the two possible independent ones, which is induced by théeo-Hall C Collaborations at Jefferson Laboratory, in particu-
proton polarization in the direction of the 3-momentum oflar J. Ball and D. Pitz, for providing us with results
the virtual photon, and which is determined @jﬂp, only. in a tabulated form. We acknowledge very stimulating dis-
This form factor can be measured at large momentum trangussions with H. Fonvieille, J. F. Mathiot, B. Desplanques,
fer with good accuracy. M. Garon and J. Morgenstern. We especially thank F. lach-
In conclusion, several authof&—5] have suggested that, ello for his interest in this work. Two of u$M.P.R. and
with increasing momentum transfer, the role of two-photonE.T.-G) thank the Department of Energy for partial support
exchange could become very important. Up until now two-and the Institute for Nuclear Theory at the University of
photon exchange in electron scattering by protons or deutefA/ashington for hospitality during the completion of this

ons has not been experimentally observed. work.
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