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Search for evidence of two-photon exchange in new experimental high momentum transfer data
on electron deuteron elastic scattering
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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 processese21h→e2

1h ande11e2→h1h̄, we find a parametrization for the angular dependence of the interference between the
one- and two-photon exchanges in the differential cross section for elasticed scattering in terms of a new
kinematical variable and compare our findings to the recent data.@S0556-2813~99!50210-0#

PACS number~s!: 13.40.Gp, 25.30.2c, 24.70.1s, 13.60.Fz
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The study of the structure of hadrons and nuclei w
electromagnetic probes is based on the validity of the o
photon mechanism for elastic and inelastic electron-had
scattering. On the basis of a well established formalism,
measured cross sections and polarization observables ca
directly related to the electromagnetic form factors and str
ture functions@1#. The validity of this approach is based o
the assumption that the possible two-photon contribution
small. The relative contribution of two-photon exchang
from simple counting ina, would be of the order of the fine
structure constant,a5e2/4p.1/137: for eh scattering,
where h is a hadron, any contribution of two-photon e
change through its interference with the main~i.e., one-
photon! mechanism would not exceed 1%. On the oth
hand, more than 25 years ago it was observed@2–5# that the
simple rule ofa counting for the estimation of the relativ
role of two-photon contribution to the amplitude of elas
ed scattering does not hold at large momentum transfer.
ing a Glauber approach for the calculation of multiple sc
tering contributions@6#, it appeared that the relative role o
two-photon exchange can increase significantly in the reg
of high momentum transfer. This effect can be observed
particular ined-elastic scattering, due to the steep decre
of the deuteron form factors. It has to be even larger
heavy nuclei~i.e., 3He or 4He) and it would manifest al-
ready at momentum transfer of the order of 1 GeV2, in par-
ticular in the region of diffractive minima. The argument
that not only the degree of the fine structure constanta is
important in the estimation of the relative role of the tw
photon exchange, but also the value of the momentum tr
fer. The standard calculations of radiative corrections foreh
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scattering contain the contribution of two-photon exchan
where most of the transferred momentum is carried by
photon, while the other photon has very small momentu
Our considerations concern the case when the momen
transfer is shared between two photons.

In Ref. @2# the two-photon amplitude is purely imaginar
at least at very small scattering angles, so it cannot inter
with the one-photon exchange amplitude in the differen
cross section of unpolarized particles scattering. Howeve
this case, the polarization observables in elasticed scattering
have to be large, in particular theT-odd polarization observ-
ables, as they take their maximum value if the relative ph
of the interfering amplitudes is nearp/2. But the predicted
increasing of the two-photon mechanism is so large tha
may be observed in the differential cross section of elasticed
scattering, at relatively large momentum transfer squareq
58 – 12 fm21. In this region new results from Jefferso
Laboratory, obtained with a very good accuracy@7,8#, can be
compared with the previous SLAC results@9#.

The dedicated experiments completed up until now@10#
have not shown any deviation from the one-photon expe
tion, and the Rosenbluth separation, when done, show
linear dependence of the cross section for different angle
a fixed value of the momentum transfer,q. However the
two-photon contribution has been recently experimenta
observed in the domain of very small energies in atom
physics @11,12#. The accuracy of elastic scattering expe
ments is smaller and the corresponding theoretical calc
tions of two-photon contributions~calleddispersion correc-
tions! @13# are very complicated.

In the last experiments completed at the Jefferson La
ratory, oned-elastic scattering no test of the validity of th
one-photon mechanism, like the Rosenbluth separation,
done and no dedicated polarization measurement exist
this range of momentum transfer. The following general f
mula holds for the differential cross section of elastic sc
tering of an unpolarized electron by an unpolarized targe
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ds

dVe
5s0FA~q!cot2

ue

2
1B~q!G , ~1!

whereA(q) and B(q) are real functions of the single var
ableq, called structure functions~SF!, andue is the electron
scattering angle in LAB-system. The SF’sA(q) and B(q)
are quadratic combinations of the charge, quadrupole
magnetic form factors, respectivelyGC , GQ , andGM :

A~q!5GC
2 1

8

9
t2GQ

2 1
2

3
tGM

2 , B~q!5
4

3
t~11t!GM

2 ,

t52
q2

4M2
,

whereM is the deuteron mass.
This linear cot2(ue/2)2dependence~‘‘Rosenbluth fit’’!

holds only in the framework of the one-photon exchan
mechanism. As a result, the Rosenbluth fit allows on o
hand, the separation of the structure functionsA(q) and
B(q), and on the other hand, the test of the validity of on
photon mechanism. For this, it is necessary to measure
differential cross section at least at three different values
the scattering angle at a fixed value ofq. This procedure was
previously used during the measurements ofep- and
ed-elastic scattering.

Studies of distortion effects induced by the static Co
lomb field of the target in quasi-elastic reactions@14# on
heavy nuclei show that the Rosenbluth separation might
be valid, but care must be taken in the interpretation of
structure functions. The quantitative results are model dep
dent and effects are expected to be small in case of ela
sacttering on light nuclei. Our approach here differs ess
tially, as we consider two ‘‘hard’’ photons, which share ea
half of the transferred momentum. We look for model ind
pendent estimations for possible deviations from the Ros
bluth formula~1!, and derive a general formula based on
on the properties of crossing symmetry. No model for
electromagnetic form factors of hadrons or for the dynam
of the 2g-exchange is needed. The crossing symmetry p
vides a relation between different channels of a process
our case we compare the elastice21h→e21h scattering

with e1e2-annihilation:e11e2→h̄1h, in one-photon ap-
proximation ~Fig. 1!, where the crossing symmetry can b
expressed by the following relation between the matrix e
mentsM of the crossed processes:

FIG. 1. One-photon approximation for the crossed chann

e21h→e21h ande21e1→h1h̄.
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uM~eh→eh!u25 f ~s,t !5uM~e1e2→h̄h!u2. ~2!

The line overM denotes the sum over the polarizations
all particles~in initial and final states!. The Mandelstam vari-
abless and t are defined as follows~for the scattering chan
nel!:

s5~k11p1!25M212E1M>M2, me50,

t5~k12k2!25q2, q2,0, ~3!

whereme is the electron mass and the particle 4-mome

are shown in Fig. 1. The annihilation channele11e2→h̄
1h, and the scattering channele61h→e61h correspond
to different kinematical regions for the variabless and t.

In the center of mass of thee11e2→h̄1h ~this channel
is preferable for the kinematical analysis!, we can writet

54ẽ2, s5M222ẽ212ẽ Aẽ22M2 cosũ, where ẽ is the

energy of the initial lepton~or final hadron!, and ũ is the
hadron production angle. The presence of a single virt

photon in the reactione1e2→g* →h̄h constrains the tota

angular momentumJ and theP parity for theh̄h system to
take only one possible value,J P512, the quantum numbe
of the photon. Therefore, in the framework of the one-pho

approximation, the cosũ dependence ofuM(eh→eh)u2 can
be predicted in a general form:

uM~eh→eh!u25a~ t !1b~ t !cos2 ũ, ~4!

wherea(t) and b(t) are definite quadratic combinations o
the electromagnetic form factors for the hadronh. This spe-

cific and simple cosũ dependence for the universal functio
f (s,t) is due to theC invariance of the electromagnetic ha

ron interaction, which allows only even degrees of cosũ.

Moreover the degree of the cosũ polynomial is limited to the
second order, due to the spin of the virtual photon.

The equivalent expression of Eq.~4! for the scattering
channel, using crossing symmetry properties, can be fo

by rewriting cosũ in terms of the invariant variabless andt:

cos2 ũ511
st1~s2M2!2

tS t

4
2M2D . ~5!

Substituting Eq.~5! in Eq. ~4!, we find the expression fo
f (s,t) @in terms of the SF’sa(t) andb(t) for the annihilation
channel#. Let us consider the functionf (s,t) in the physical
region of the scattering channel. The following relation fo
lows from Eqs.~3! and ~5!:

cos2 ũ511

cot2
ue

2

11t
. ~6!
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This one-to-one correspondence between cos2 ũ ~in the anni-
hilation channel! and cot2(ue/2) ~in the scattering channel!
explains the origin of the linear cot2(ue/2)-dependence of the
differential cross section for anyeh process. This depen
dence results from the one-photon mechanism for elasticeh
scattering.

This formalism allows us to easily describe and para
etrize possible effects of the two-photon mechanism. Ag
it is more convenient to consider the annihilation channe

The presence of 2g in the intermediate statee11e2

→2g→h̄1h can induce any value of the total angular m
mentum and space parity in the annihilation channel, beca
the relative 3-momentum for the 2g state is nonzero, con
trary to the case of the one-photon mechanism. Howe

one can draw a general consideration about the cosũ depen-
dence of the interference contribution to the differential cr
section for the annihilation channel,ReM1M2* , whereM1

and M2 are the matrix elements corresponding to the o

and two-photon exchanges. Theh̄h system, produced
through 1g and 2g exchanges has different values
C-parity, becauseC(g)521 and C(2g)511. Therefore
the above-mentioned interference must be anodd function of

cosũ: ReM1M2* 5cosũ(a01a2 cos2 ũ1 . . . ). After trans-
lating this dependence to the scattering channel, we can
from the previous crossing symmetry considerations:

ds

dVe
~e2h→e2h!5s0@a01x2a1ax~ i o1 i 2x21..!#,

~7!

where we introduce a new kinematical variable:

x5
A11

cot2
ue

2

11t
,

which seems the most adequate one for the study of pos
deviations from the standard Rosenbluth formula. In the p
ticular case of electron scattering at small angles, wh
cot2(ue/2)@1, one can write

ds

dVe
~e2h→e2h!5s0S A cot2

ue

2
1B1C cot

ue

2

1D cot3
ue

2
1 . . . D , ~8!

where thet-dependent coefficientsC and D, which charac-
terize the contribution of the interference between one-
two-photon mechanisms ine21h→e21h processes, have
order a, relative to the main contributionsA and B. In the
presence of a two-photon mechanism, if the electron is
tected at small angles, the cubic termD, would give the
largest contribution. And the values ofA(q) extracted for
measurements at different electron scattering angles, u
the standard one-photon procedure, would be different. T
might explain, in principle, the difference among existi
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sets of data, which are taken at different angles and diffe
initial energies, in particular between the new results@7,8#.

We will consider here theed-elastic scattering data from
three experiments@7–9#. The B(q) contribution can be ne-
glected in the kinematical conditions of all these expe
ments. In order to compare different sets of data, in the sp
of the Rosenbluth fit, we should have cross sections at
ferent angles and at the same momentum transfer. Unfo
nately this information is not experimentally available, b
the data in@9# have been taken at the sameue . In this case
we can interpolate the cross section, forue58°, as a func-
tion of the momentum transfer squared, according to the
lowing expression:

ds

dVe
5S s0 cot2

ue

2 D U
ue58°

p1

~11q2/p2!p3
, ~9!

whereq is expressed in fm21. The best fit is obtained for
p150.00660.002, p2557615 fm22, and p351161. We
attribute to the fitted cross section a global error of65%
~Fig. 2!.

This allows us to express the cross section at one elec
scattering angle (ue58°), for anyvalue ofq corresponding
to the other points, and it will serve as reference. In
kinematic conditions of the new experiments@7,8#, whereue
is larger, we shall use the following formula, which
equivalent to Eq.~7!:

ds

dVe
5s0@A~q!~x221!~11t!1C~q!x1D~q!x3#.

FIG. 2. Data set for the structure functionA used in the analysis
solid circles from@7#; solid squares from@8#; open circles from@9#.
The line is the result of the reference fit on the base of the data f
@9# ~see text!.
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The x-odd contribution can now be estimated from t
cross sections at two angles for the sameq, one value being
given from the fit, Eq.~9!, and the other by the recent da
@7,8#. We can then calculate separately the linear contri
tion or the cubic contribution. It is expected that deviati
from the linear cot2(ue/2) formula would not appear forq
<5 fm21. The resulting ratiosC/A andD/A are reported in
Figs. 3 and 4 as functions ofq ~open squares@7# and open
circles @8#!. The first set of data@7# extends up toq
56.8 fm21 and the last two points show a deviation fro
zero. The data from Ref.@8# extend up to higher values o
momentum transfer,q512.4 fm21. If we rescale these ra
tios in order to have zero deviation at lowq ~corresponding
solid symbols!, attributing this shift to systematic errors i
the measurement, the data agree nicely: at large momen
transfer these ratios deviate from zero and show a de
dence on the transferred momentum, which could result fr
two photon exchange.

While this cannot be considered as definite evidence
the presence of 2g exchange ined-elastic scattering, it is the
first attempt to obtain a quantitative upper limit of a possi
2g contribution using a parametrization of the 2g term and
the existing experimental data. The quality of the data
clearly reflected in these ratios. On the other hand, the
crepancy between the two new sets of data does not ap
to be explained by this contribution. This analysis does
exclude a detectable 2g contribution in a dedicated exper
ment. Therefore our estimation can be used as a guidelin
future experiments. For example, the difference in the cr
section of electron and positron scattering on the deutero
sign and absolute value, can be derived from the odd co
bution mentioned above:

FIG. 3. RatioC/A for the two sets of data as a function o
q(fm21): squares from@7#; circles from @8#, corresponding solid
symbols after renormalization~see text!.
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F ds

dVe
~e2d!2

ds

dVe
~e1d!G

F ds

dVe
~e2d!1

ds

dVe
~e1d!G 5

C cot
ue

2
1D cot3

ue

2

A cot2
ue

2
1B

.

Because of the importance of this problem for hadr
electrodynamics, not only the measurements of the differ
tial cross section are necessary, but the study of polariza
phenomena as well. In the case of very different spin str
tures of one- and two-photon mechanisms, the polariza
phenomena have to be, in particular, sensitive to interfere
effects, but not the differential cross section~with unpolar-
ized particles!. The same is also correct if the 2g amplitude
is essentially imaginary. In this case the polarization obse
ables ofT-odd nature take the largest values.

We discuss briefly the polarization phenomena induc
by 1g ^ 2g interference for elasticed scattering. Only one
experiment was dedicated to the meaurement of the ve
deuteron polarizationPy in unpolarizeded-elastic scattering
at q53.65 fm21 @15#. The result wasPy50.07560.088.

The recent progress in developing polarized deuterons
gets @16# and in the polarimetry of the produced deutero
@17# makes large accuracy measurements of vector and
sor deuteron polarization possible. Although measuring t
sor polarization is more difficult than vector polarization, t
tensor polarization can also be used as a test of one-ph
mechanism. Let us write the corresponding formulas for
different componentst2q , q50,1,2 of the tensor polariza
tion of the scattered deuteron, which are valid for the o
photon mechanism:

FIG. 4. RatioD/A for the two sets of data as a function o
q(fm21): squares from@7#; circles from @8#, corresponding solid
symbols after renormalization~see text!.
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Wt2052
1

2 F8

3
tGCGQ1

8

9
t2GQ

2

1
t

3 S 112~11t!tan2
ue

2 DGM
2 G ,

Wt2152
2

A3
tS t1t2 sin2

ue

2 D 1/2

GMGQ sec
ue

2
,

Wt2252
1

2
A3tGM

2 , and W5A~q!1tan2
ue

2
B~q!.

One can see, that in this approach, the componentWt22 and
the ue-dependent contribution toWt20 are determined only
by the deuteron magnetic form factor, which can be found
the basis of the SFB(q) ~from the backwarded scattering!.
Therefore, these two terms can be derived from the SFB(q),
only. Such relations between form factors and polarizat
observables are valid only in one-photon approximati
Any inconsistency between measured values and values
pected from these relations can be considered as eviden
the presence of two-photon exchange.

A similar procedure can be suggested for polarizat
phenomena in elastic electron-proton scattering. Here
also have one example of asymmetry ineW1pW scattering from
the two possible independent ones, which is induced by
proton polarization in the direction of the 3-momentum
the virtual photon, and which is determined byGMp

2 , only.
This form factor can be measured at large momentum tra
fer with good accuracy.

In conclusion, several authors@2–5# have suggested tha
with increasing momentum transfer, the role of two-phot
exchange could become very important. Up until now tw
photon exchange in electron scattering by protons or deu
ons has not been experimentally observed.
.

04220
n

n
.
x-
of

n
e

e
f

s-

n
-
r-

We have given here an attempt to evaluate the presenc
two ‘‘hard’’ photon contributions toed-elastic scattering
through a deviation from the linear dependence in cot2(ue/2)
of the cross section using a Rosenbluth fit, which has b
parametrized in a model independent way according
crossing symmetry considerations.

Let us summarize here the possible methods to test
presence of 2g exchange in elastic hadron scattering.

~i! Comparison of the cross section for scattering of u
polarized electrons and positrons~by protons or deuterons!
in the same kinematical conditions.

~ii ! Deviation from a straight line on the Rosenblu
plane: cross section versus cot2(ue/2).

~iii ! Specific polarization phenomena~a! appearance of
T-odd polarization observables and~b! violation of definite
relations between polarization observables (T even! and the
SF B(q) for ep anded scattering.

The Rosenbluth fit~i.e., the differential cross section wit
unpolarized particles! and polarization phenomena, esp
cially theT-odd polarization observables, seem the most p
spective ways to realize this program. These two types
measurements bring complementary and independent pi
of information.
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