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2 Measured asymmetries

Events were selected with data quality badbits all good: top and bottom both
0x00000000. Additionally good tracking efficiencies (≥ 95%) were required.
The PID cut used for the lepton selection was PID3 + PID5 − log(flux) > 1.
Studies were done by varying this cut and the effect was negligible on the
total asymmetry as it will be shown in a later section. The standard charge
symmetric background correction was applied.
Events were binned in two kinematic ranges, a low Q2 < 1 GeV2 region

without an upper y cut, and a Q2 > 1 GeV2 region, with 0.1 < y < 0.85. In
both regions W 2 > 4 GeV2, while the total x range is between 0.004 and 0.9.
The kinematic plane is shown in Fig.1.
Given that trigger 21 is dominated by the often low H0 trigger efficiency, it

was decided not to use a Trigger 21 cut, but rather to ask that, if the selected
track is in the top (bottom) detector, trigger 18 (26) fired. Trigger 18 and 26 are
the same as Trigger 21 Top and Bottom, but without the H0. In 2002, when
there was no distinction between a Top and a Bottom trigger 18, only trigger
18 was required to ave fired.
A total of four inclusive single spin asymmetries can be calculated at HER-

MES, according to the transverse spin (Up or Down), and the detector half (Top
or Bottom): they will be denoted as AUT , ADT , AUB and ADB . Each of these
asymmetries is given by

Nright − Nleft

Nright + Nleft
(6)

whereNright andNleft are the number of events in the right and left part of the
detector (as looking from the target) in each detector half and transverse spin
configuration. The data sets considered were 02c0, 04c1 and 05c1.
The statistics is shown in Tab. 1.
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Figure 1: The kinematic plane of this analysis.
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3.Two-photon exchange
contributions

1-! exchange (F1,F2,g1,g2)

2-! exchange (twist-3 gT)

SSAs in elastic lepton nucleon scattering

1. Mechanism

σpol ∝ εµνρσ SµP νkρk′σ ∝ %S · (%k × %k′)

→ Transverse (w.r.t. scattering plane) SSA
→ Effect requires imaginary part on the amplitude level

k

P

k′

P ′

A⊥ =
2 T1γ Im(T2γ)

|T1γ|2

→ Clear signal for two-photon exchange
→ First calculation for lepton lepton scattering: Barut, Fronsdal, 1960
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Summary

1. Renewed interest in multi-photon exchange in lepton nucleon scattering

2. Sensitive observables

• Charge asymmetries

• Transverse single spin asymmetries

3. First lower bound on two-photon exchange by measurement of SSA
in elastic electron nucleon scattering

4. Multi-photon exchange generates transverse SSAs in inclusive DIS

• Reliable result in parton model for lepton spin asymmetry

• Target spin asymmetry is generic twist-3 effect
→ Requires inclusion of transverse parton momenta and qgq-correlations

• Order of magnitude estimate:

ADIS
⊥, target ∝ αem

M

Q
≈ 10−2

• Worthwhile to study at COMPASS, HERMES, Jefferson Lab
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 Expected sign change for e+ and e- beams
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FIG. 5: The ratio of proton form factors µpGE/GM measured using LT separation (open diamonds)
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shown assuming a linear slope for ε = 0.2 − 0.9 (filled squares) and ε = 0.5 − 0.8 (filled circles)
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VERSION 0.4
Search for a two-photon exchange signal

in Inclusive Deep Inelastic Scattering at HERMES
(Dated: December 18, 2008)

Left-right single spin asymmetries are measured in inclusive deep inelastic scattering at HERMES,
with the goal of searching for a two-photon exchange signal in the range 0.004 < x < 0.9, 0.1 GeV2 <
Q2 <20 GeV2. In the two separate regions at Q2 > 1 GeV2 and Q2 < 1 GeV2, and for both electron
and positron beams, the asymmetries are consistent with zero, showing that within the uncertainties
no signal is detected within their statistical and systematic uncertainties of the order of 10−3.

PACS numbers: ???
Keywords: to be fixed

I. INTRODUCTION

In recent years the two-photon-exchange cross section
in electron nucleon scattering has received increased at-
tention.

In elastic ep scattering two photon effects are believed
to be the best candidate to explain the discrepancy in
the measurement of the ratio GE/GM of the electric and
magnetic form factors of the proton obtained at large mo-
mentum transfer Q2 using the Rosenbluth method and
the polarization transfer method [1]. It was shown [2]
that the interference between the one-photon and two-
photon exchange amplitudes can affect the extraction
done with the Rosenbluth method to a level of a few
percent, enough to explain the discrepancy between the
two methods.

Two-photon exchange effects have also been shown [3]
to play a role in the measurement of parity violation in
elastic scattering of longitudinally polarized electrons on
an unpolarized target. They can lead to corrections of
several percent to the parity violating asymmetry.

In inclusive Deep Inelastic Scattering (DIS) l + N →
l′ + X ′ two-photon exchange is expected to give rise to
normal single spin asymmetries (SSA), which, in the 1-
photon exchange approximation, are forbidden by the
combination of time reversal invariance and parity con-
servation, and the hermiticity of the electromagnetic cur-
rent operator, as stated in the Christ-Lee theorem [4].
A non-zero normal asymmetry could therefore be inter-
preted as a signature for T-invariance violation or for
two-photon exchange or a combination of both.

Little is known about the two-photon exchange cross-
section in DIS. It can lead to a normal SSA arising from
the interference of 1-photon and two-photon exchange [5]
amplitudes. Such an asymmetry is proportional to

elαem
mpol

Q
εµνρσ Sµpνkρk′σ CT (1)

where el is the charge number of the incident lepton, mpol

is the mass of the polarized particle and CT is a twist-
3 term arising from quark-quark and quark-gluon-quark
correlations [5] which so far haven’t been fully calculated.
The term εµνρσSµpνkρk′σ in Eq.(1) is proportional to
#S · (#k × #k′), consequently the largest asymmetry is ob-

tained when the spin vector #S (of either beam or target)
is perpendicular to the electron scattering plane spanned
by the three-momenta #k and #k′ of the incident and the
scattered electron.

Due to the factor el the asymmetry is expected to have
different sign for electrons and positrons. A measurement
of the ratio of electron and positron cross sections can
thus provide information on the size of the two-photon
exchange amplitude. Previous measurements [6–12] with
e+/e− and µ+/µ− beams showed no effects within a few
percent in the elastic and in the resonance region of DIS.

The dependence on αem leads to an expected small
effect, proven by early measurements at the Cambridge
Electron Acelerator [13, 14] and at SLAC[15], where the
asymmetry was found to be compatible with zero at the
level of 3.5% in the resonance region.

The asymmetry is expected [5] to be suppressed by a
factor mpol/Q, resulting in much larger (nucleon) target
SSA than (electron) beam SSA. Indeed, measurements
of beam SSAs done in elastic electron nucleon scatter-
ing [16–18] show effects of the order of 10−6 − 10−5, pro-
viding an expected order of magnitude for target SSAs of
10−3 − 10−2, given by the enhancing factor of mN/me.

The measurement of target SSAs in inclusive DIS has
been proposed at JLAB [19]. Numerical estimates based
on certain model assumptions [20] result in expectations
for the asymmetry of the order of 10−4 in the kinematic
range which will be covered by this experiment, the same
order of magnitude of its expected precision.

In this paper we present the most precise measurement
so far of SSAs in inclusive DIS of unpolarized electrons
and positrons on a transversely polarized proton target.

II. DATA ANALYSIS

The HERMES [21] experiment has taken data with
a transversely polarized proton target and with both
positron and electron beams. Events were selected in
the kinematic region 0.004 < xB < 0.9, 0.1 GeV2 <
Q2 < 20 GeV2 and W 2 > 3.24 GeV2, wher xB is the
Bjorken scaling variable, Q2 is the negative squared four-
momentum transfer and W 2 is the squared invariant
mass of the photon-nucleon system. Data were collected
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applies only to the DIS regime. Due to the forward ge-
ometry of the HERMES spectrometer, the quantities x
and Q2 are strongly correlated, as shown in the upper
panel of Fig. 1.

The Asin φ
UT amplitudes were extracted with a binned

χ2 fit of the measured asymmetry to a functional form
p1 · sin φ + p2. Leaving p2 as a free parameter or fixing it
to the values given by Eq. 4 and Table I has no impact
on the extracted sin φ amplitude p1 = Asin φ

UT .
The resulting amplitudes were not corrected for smear-

ing or contamination by the large radiative tail from elas-
tic scattering; the latter correction requires knowledge
of the presently unknown elastic two-photon asymmetry.
Instead, the contribution of the elastic radiative tail to
the total event sample was estimated from a Monte Carlo
simulation and is shown in the lower panel of Fig. 1. The
elastic fraction reaches values as high as about 35% in
the lowest x bin, and rapidly decreases towards high x,
becoming compatible with zero for x > 0.1.

The final results for the measured sinφ amplitudes
Asin φ

UT are shown in Fig. 2 as a function of x separately for
electrons and positrons. In both cases the asymmetries
are consistent with zero within their uncertainties.

The systematic uncertainties, shown as bands in
Fig. 2, include contributions from particle misidentifica-
tion, trigger inefficiencies, a correction for the bending of
the electron/positron tracks in the transverse magnetic
field of the target magnet, the target polarization uncer-
tainty, and a Monte Carlo simulation used to estimate
the effects of detector misalignment and beam position
and slope at the interaction point.

The overall transverse single-spin asymmetry ampli-
tudes Asin φ

UT for electrons and positrons are given sep-
arately for the “low-Q2” region and the “DIS” region
in Table II along with their statistical uncertainties and
the individual contributions to the systematic uncertain-
ties. All asymmetry amplitudes are consistent with zero
within their uncertainties, which in the DIS region are
below 2×10−3, and no hint of a sign change between
electrons and positrons is observed.

In conclusion, single-spin asymmetries were measured
in inclusive deep-inelastic scattering at HERMES with
unpolarized electron and positron beams and a trans-
versely polarized proton target with the goal of searching
for a signal of two-photon exchange. No signal was found

within the uncertainties, which are of order 10−3.
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applies only to the DIS regime. Due to the forward ge-
ometry of the HERMES spectrometer, the quantities x
and Q2 are strongly correlated, as shown in the upper
panel of Fig. 1.

The Asin φ
UT amplitudes were extracted with a binned

χ2 fit of the measured asymmetry to a functional form
p1 · sin φ + p2. Leaving p2 as a free parameter or fixing it
to the values given by Eq. 4 and Table I has no impact
on the extracted sin φ amplitude p1 = Asin φ

UT .
The resulting amplitudes were not corrected for smear-

ing or contamination by the large radiative tail from elas-
tic scattering; the latter correction requires knowledge
of the presently unknown elastic two-photon asymmetry.
Instead, the contribution of the elastic radiative tail to
the total event sample was estimated from a Monte Carlo
simulation and is shown in the lower panel of Fig. 1. The
elastic fraction reaches values as high as about 35% in
the lowest x bin, and rapidly decreases towards high x,
becoming compatible with zero for x > 0.1.

The final results for the measured sinφ amplitudes
Asin φ

UT are shown in Fig. 2 as a function of x separately for
electrons and positrons. In both cases the asymmetries
are consistent with zero within their uncertainties.

The systematic uncertainties, shown as bands in
Fig. 2, include contributions from particle misidentifica-
tion, trigger inefficiencies, a correction for the bending of
the electron/positron tracks in the transverse magnetic
field of the target magnet, the target polarization uncer-
tainty, and a Monte Carlo simulation used to estimate
the effects of detector misalignment and beam position
and slope at the interaction point.

The overall transverse single-spin asymmetry ampli-
tudes Asin φ

UT for electrons and positrons are given sep-
arately for the “low-Q2” region and the “DIS” region
in Table II along with their statistical uncertainties and
the individual contributions to the systematic uncertain-
ties. All asymmetry amplitudes are consistent with zero
within their uncertainties, which in the DIS region are
below 2×10−3, and no hint of a sign change between
electrons and positrons is observed.

In conclusion, single-spin asymmetries were measured
in inclusive deep-inelastic scattering at HERMES with
unpolarized electron and positron beams and a trans-
versely polarized proton target with the goal of searching
for a signal of two-photon exchange. No signal was found

within the uncertainties, which are of order 10−3.
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applies only to the DIS regime. Due to the forward ge-
ometry of the HERMES spectrometer, the quantities x
and Q2 are strongly correlated, as shown in the upper
panel of Fig. 1.

The Asin φ
UT amplitudes were extracted with a binned

χ2 fit of the measured asymmetry to a functional form
p1 · sin φ + p2. Leaving p2 as a free parameter or fixing it
to the values given by Eq. 4 and Table I has no impact
on the extracted sin φ amplitude p1 = Asin φ

UT .
The resulting amplitudes were not corrected for smear-

ing or contamination by the large radiative tail from elas-
tic scattering; the latter correction requires knowledge
of the presently unknown elastic two-photon asymmetry.
Instead, the contribution of the elastic radiative tail to
the total event sample was estimated from a Monte Carlo
simulation and is shown in the lower panel of Fig. 1. The
elastic fraction reaches values as high as about 35% in
the lowest x bin, and rapidly decreases towards high x,
becoming compatible with zero for x > 0.1.

The final results for the measured sinφ amplitudes
Asin φ

UT are shown in Fig. 2 as a function of x separately for
electrons and positrons. In both cases the asymmetries
are consistent with zero within their uncertainties.

The systematic uncertainties, shown as bands in
Fig. 2, include contributions from particle misidentifica-
tion, trigger inefficiencies, a correction for the bending of
the electron/positron tracks in the transverse magnetic
field of the target magnet, the target polarization uncer-
tainty, and a Monte Carlo simulation used to estimate
the effects of detector misalignment and beam position
and slope at the interaction point.

The overall transverse single-spin asymmetry ampli-
tudes Asin φ

UT for electrons and positrons are given sep-
arately for the “low-Q2” region and the “DIS” region
in Table II along with their statistical uncertainties and
the individual contributions to the systematic uncertain-
ties. All asymmetry amplitudes are consistent with zero
within their uncertainties, which in the DIS region are
below 2×10−3, and no hint of a sign change between
electrons and positrons is observed.

In conclusion, single-spin asymmetries were measured
in inclusive deep-inelastic scattering at HERMES with
unpolarized electron and positron beams and a trans-
versely polarized proton target with the goal of searching
for a signal of two-photon exchange. No signal was found

within the uncertainties, which are of order 10−3.
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applies only to the DIS regime. Due to the forward ge-
ometry of the HERMES spectrometer, the quantities x
and Q2 are strongly correlated, as shown in the upper
panel of Fig. 1.

The Asin φ
UT amplitudes were extracted with a binned

χ2 fit of the measured asymmetry to a functional form
p1 · sin φ + p2. Leaving p2 as a free parameter or fixing it
to the values given by Eq. 4 and Table I has no impact
on the extracted sin φ amplitude p1 = Asin φ

UT .
The resulting amplitudes were not corrected for smear-

ing or contamination by the large radiative tail from elas-
tic scattering; the latter correction requires knowledge
of the presently unknown elastic two-photon asymmetry.
Instead, the contribution of the elastic radiative tail to
the total event sample was estimated from a Monte Carlo
simulation and is shown in the lower panel of Fig. 1. The
elastic fraction reaches values as high as about 35% in
the lowest x bin, and rapidly decreases towards high x,
becoming compatible with zero for x > 0.1.

The final results for the measured sinφ amplitudes
Asin φ

UT are shown in Fig. 2 as a function of x separately for
electrons and positrons. In both cases the asymmetries
are consistent with zero within their uncertainties.

The systematic uncertainties, shown as bands in
Fig. 2, include contributions from particle misidentifica-
tion, trigger inefficiencies, a correction for the bending of
the electron/positron tracks in the transverse magnetic
field of the target magnet, the target polarization uncer-
tainty, and a Monte Carlo simulation used to estimate
the effects of detector misalignment and beam position
and slope at the interaction point.

The overall transverse single-spin asymmetry ampli-
tudes Asin φ

UT for electrons and positrons are given sep-
arately for the “low-Q2” region and the “DIS” region
in Table II along with their statistical uncertainties and
the individual contributions to the systematic uncertain-
ties. All asymmetry amplitudes are consistent with zero
within their uncertainties, which in the DIS region are
below 2×10−3, and no hint of a sign change between
electrons and positrons is observed.

In conclusion, single-spin asymmetries were measured
in inclusive deep-inelastic scattering at HERMES with
unpolarized electron and positron beams and a trans-
versely polarized proton target with the goal of searching
for a signal of two-photon exchange. No signal was found

within the uncertainties, which are of order 10−3.
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signal of two-photon exchange is observed within statistical and systematic uncertainties of order
10−3 integrated over the accepted kinematics.

PACS numbers: ???

In recent years, the contribution of two-photon ex-
change to the cross section for electron-nucleon scattering
has received considerable attention. In elastic ep scatter-
ing, two-photon effects are believed to be the best candi-
date to explain the discrepancy in the measurement of the
ratio GE/GM of the electric and magnetic form factors
of the proton obtained at large momentum transfer us-
ing the Rosenbluth method and the polarization transfer
method [1]. It was shown that the interference between
the one-photon and two-photon exchange amplitudes can
affect the Rosenbluth extraction of the nucleon form fac-
tors to the level of a few percent, enough to explain the
discrepancy between the two methods [2] . Two-photon
exchange effects have also been shown to affect the mea-
surement of parity violation in elastic scattering of lon-
gitudinally polarized electrons off unpolarized protons,
with corrections of several percent to the parity violating
asymmetry [3].

In order to test the accuracy of such two-photon cor-
rections, it is necessary to find experimental observables
that isolate two-photon effects. Beam-charge and trans-
verse single-spin asymmetries (SSAs) are two suitable
candidates. In both elastic and inclusive inelastic lepton-
nucleon scattering, these asymmetries arise from the in-
terference of one-photon and two-photon exchange am-
plitudes. Specifically, beam-charge asymmetries in the
unpolarized cross section arise from the real part of the
two-photon exchange amplitude [4], while inclusive trans-
verse SSAs are sensitive to the imaginary part [5].

All evidence of non-zero two-photon exchange effects
to date comes from elastic lepton-nucleon scattering,
l + N → l′ + N ′. Measurements of the cross-section
ratio R = σe+p/σe−p are compiled in Ref. [4]. Though
the individual measurements are consistent with unity a
recent reanalysis [6] demonstrates a 5% deviation at low
values of the negative squared four-momentum Q2 and
low values of the virtual photon polarization ε. Three
experiments have measured a non-zero transverse beam
SSA in the elastic scattering of transversely polarized
electrons off unpolarized protons: SAMPLE at MIT-
Bates [7], PVA4 at Mainz [8], and G0 at Jefferson Lab [9].
The transverse SSAs are very small: of order 10−5.

In inelastic scattering, no clear signature of two-photon
exchange effects has yet been observed. Measurements
of the cross-section ratio R with e+/e− and µ+/µ−

beams [10–16] show no effect within their accuracy of
a few percent. The transverse target SSA has been mea-
sured at the Cambridge Electron Accelerator [17, 18] and
at SLAC [19]. The data are confined to the resonance re-
gion, and show an asymmetry which is compatible with
zero within the few-percent level of the experimental un-

certainties.
This paper presents results on the measurement of the

target SSA in inclusive deep-inelastic scattering (DIS). In
the one-photon exchange approximation, such a SSA is
forbidden by the combination of time reversal invariance,
parity conservation, and the hermiticity of the electro-
magnetic current operator, as stated in the Christ-Lee
theorem [20]. A non-zero SSA can therefore be inter-
preted as an indication of two-photon exchange.

Ref. [5] presents a theoretical treatment of the trans-
verse SSA arising from the interference of one-photon and
two-photon exchange amplitudes in DIS. With one par-
ticle polarized (beam or target) the spin dependent part
of the cross section is given by

∆σ ∝ elαem
mpol

Q
εµνρσ Sµpνkρk′σ CT . (1)

Here, el is the charge of the incident lepton, mpol is the
mass of the polarized particle, CT is a twist-3 term aris-
ing from quark-quark and quark-gluon-quark correlations
which have not yet been fully calculated, and p is the
four-momentum of the target, while εµνρσ is the Levi-
Civita tensor. The term εµνρσSµpνkρk′σ is proportional
to %S · (%k× %k′), consequently the largest asymmetry is ob-
tained when the spin vector %S (of either beam or target)
is perpendicular to the electron scattering plane spanned
by the three-momenta %k and %k′ of the incident and the
scattered electron, respectively.

As ∆σ is proportional to the electromagnetic coupling
constant αem, it will certainly be small. However, the
factor mpol/Q in Eq. (1) indicates a much larger tar-
get (nucleon) than beam (electron) asymmetry. With
transverse beam SSAs of 10−6−10−5 measured in elastic
scattering [7–9], the enhancing factor of mN/me gives an
expected order of magnitude for elastic transverse target
SSAs of 10−3 − 10−2. (The inelastic SSAs might be
substantially smaller depending on the unknown
value of the factor CT in Eq. 1). Asymmetries of this
magnitude are not excluded by existing inelastic data.
An alternate calculation based on certain model assump-
tions [21] for a JLAB experiment [22] yields expectations
for the asymmetry of order 10−4 at the kinematics of that
experiment. Due to the factor el in Eq. (1) the asymme-
try is expected to have different sign for opposite beam
charge. The capability of the HERA accelerator to sup-
ply both electron and positron beams thus provides an
additional means to isolate a possible effect from two-
photon exchange.

In this paper the most precise measurement so far of
the transverse target SSA in inclusive DIS of unpolar-
ized electrons and positrons on a transversely polarized
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signal of two-photon exchange is observed within statistical and systematic uncertainties of order
10−3 integrated over the accepted kinematics.

PACS numbers: ???

In recent years, the contribution of two-photon ex-
change to the cross section for electron-nucleon scattering
has received considerable attention. In elastic ep scatter-
ing, two-photon effects are believed to be the best candi-
date to explain the discrepancy in the measurement of the
ratio GE/GM of the electric and magnetic form factors
of the proton obtained at large momentum transfer us-
ing the Rosenbluth method and the polarization transfer
method [1]. It was shown that the interference between
the one-photon and two-photon exchange amplitudes can
affect the Rosenbluth extraction of the nucleon form fac-
tors to the level of a few percent, enough to explain the
discrepancy between the two methods [2] . Two-photon
exchange effects have also been shown to affect the mea-
surement of parity violation in elastic scattering of lon-
gitudinally polarized electrons off unpolarized protons,
with corrections of several percent to the parity violating
asymmetry [3].

In order to test the accuracy of such two-photon cor-
rections, it is necessary to find experimental observables
that isolate two-photon effects. Beam-charge and trans-
verse single-spin asymmetries (SSAs) are two suitable
candidates. In both elastic and inclusive inelastic lepton-
nucleon scattering, these asymmetries arise from the in-
terference of one-photon and two-photon exchange am-
plitudes. Specifically, beam-charge asymmetries in the
unpolarized cross section arise from the real part of the
two-photon exchange amplitude [4], while inclusive trans-
verse SSAs are sensitive to the imaginary part [5].

All evidence of non-zero two-photon exchange effects
to date comes from elastic lepton-nucleon scattering,
l + N → l′ + N ′. Measurements of the cross-section
ratio R = σe+p/σe−p are compiled in Ref. [4]. Though
the individual measurements are consistent with unity a
recent reanalysis [6] demonstrates a 5% deviation at low
values of the negative squared four-momentum Q2 and
low values of the virtual photon polarization ε. Three
experiments have measured a non-zero transverse beam
SSA in the elastic scattering of transversely polarized
electrons off unpolarized protons: SAMPLE at MIT-
Bates [7], PVA4 at Mainz [8], and G0 at Jefferson Lab [9].
The transverse SSAs are very small: of order 10−5.

In inelastic scattering, no clear signature of two-photon
exchange effects has yet been observed. Measurements
of the cross-section ratio R with e+/e− and µ+/µ−

beams [10–16] show no effect within their accuracy of
a few percent. The transverse target SSA has been mea-
sured at the Cambridge Electron Accelerator [17, 18] and
at SLAC [19]. The data are confined to the resonance re-
gion, and show an asymmetry which is compatible with
zero within the few-percent level of the experimental un-

certainties.
This paper presents results on the measurement of the

target SSA in inclusive deep-inelastic scattering (DIS). In
the one-photon exchange approximation, such a SSA is
forbidden by the combination of time reversal invariance,
parity conservation, and the hermiticity of the electro-
magnetic current operator, as stated in the Christ-Lee
theorem [20]. A non-zero SSA can therefore be inter-
preted as an indication of two-photon exchange.

Ref. [5] presents a theoretical treatment of the trans-
verse SSA arising from the interference of one-photon and
two-photon exchange amplitudes in DIS. With one par-
ticle polarized (beam or target) the spin dependent part
of the cross section is given by

∆σ ∝ elαem
mpol

Q
εµνρσ Sµpνkρk′σ CT . (1)

Here, el is the charge of the incident lepton, mpol is the
mass of the polarized particle, CT is a twist-3 term aris-
ing from quark-quark and quark-gluon-quark correlations
which have not yet been fully calculated, and p is the
four-momentum of the target, while εµνρσ is the Levi-
Civita tensor. The term εµνρσSµpνkρk′σ is proportional
to %S · (%k× %k′), consequently the largest asymmetry is ob-
tained when the spin vector %S (of either beam or target)
is perpendicular to the electron scattering plane spanned
by the three-momenta %k and %k′ of the incident and the
scattered electron, respectively.

As ∆σ is proportional to the electromagnetic coupling
constant αem, it will certainly be small. However, the
factor mpol/Q in Eq. (1) indicates a much larger tar-
get (nucleon) than beam (electron) asymmetry. With
transverse beam SSAs of 10−6−10−5 measured in elastic
scattering [7–9], the enhancing factor of mN/me gives an
expected order of magnitude for elastic transverse target
SSAs of 10−3 − 10−2. (The inelastic SSAs might be
substantially smaller depending on the unknown
value of the factor CT in Eq. 1). Asymmetries of this
magnitude are not excluded by existing inelastic data.
An alternate calculation based on certain model assump-
tions [21] for a JLAB experiment [22] yields expectations
for the asymmetry of order 10−4 at the kinematics of that
experiment. Due to the factor el in Eq. (1) the asymme-
try is expected to have different sign for opposite beam
charge. The capability of the HERA accelerator to sup-
ply both electron and positron beams thus provides an
additional means to isolate a possible effect from two-
photon exchange.

In this paper the most precise measurement so far of
the transverse target SSA in inclusive DIS of unpolar-
ized electrons and positrons on a transversely polarized
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signal of two-photon exchange is observed within statistical and systematic uncertainties of order
10−3 integrated over the accepted kinematics.
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In recent years, the contribution of two-photon ex-
change to the cross section for electron-nucleon scattering
has received considerable attention. In elastic ep scatter-
ing, two-photon effects are believed to be the best candi-
date to explain the discrepancy in the measurement of the
ratio GE/GM of the electric and magnetic form factors
of the proton obtained at large momentum transfer us-
ing the Rosenbluth method and the polarization transfer
method [1]. It was shown that the interference between
the one-photon and two-photon exchange amplitudes can
affect the Rosenbluth extraction of the nucleon form fac-
tors to the level of a few percent, enough to explain the
discrepancy between the two methods [2] . Two-photon
exchange effects have also been shown to affect the mea-
surement of parity violation in elastic scattering of lon-
gitudinally polarized electrons off unpolarized protons,
with corrections of several percent to the parity violating
asymmetry [3].

In order to test the accuracy of such two-photon cor-
rections, it is necessary to find experimental observables
that isolate two-photon effects. Beam-charge and trans-
verse single-spin asymmetries (SSAs) are two suitable
candidates. In both elastic and inclusive inelastic lepton-
nucleon scattering, these asymmetries arise from the in-
terference of one-photon and two-photon exchange am-
plitudes. Specifically, beam-charge asymmetries in the
unpolarized cross section arise from the real part of the
two-photon exchange amplitude [4], while inclusive trans-
verse SSAs are sensitive to the imaginary part [5].

All evidence of non-zero two-photon exchange effects
to date comes from elastic lepton-nucleon scattering,
l + N → l′ + N ′. Measurements of the cross-section
ratio R = σe+p/σe−p are compiled in Ref. [4]. Though
the individual measurements are consistent with unity a
recent reanalysis [6] demonstrates a 5% deviation at low
values of the negative squared four-momentum Q2 and
low values of the virtual photon polarization ε. Three
experiments have measured a non-zero transverse beam
SSA in the elastic scattering of transversely polarized
electrons off unpolarized protons: SAMPLE at MIT-
Bates [7], PVA4 at Mainz [8], and G0 at Jefferson Lab [9].
The transverse SSAs are very small: of order 10−5.

In inelastic scattering, no clear signature of two-photon
exchange effects has yet been observed. Measurements
of the cross-section ratio R with e+/e− and µ+/µ−

beams [10–16] show no effect within their accuracy of
a few percent. The transverse target SSA has been mea-
sured at the Cambridge Electron Accelerator [17, 18] and
at SLAC [19]. The data are confined to the resonance re-
gion, and show an asymmetry which is compatible with
zero within the few-percent level of the experimental un-

certainties.
This paper presents results on the measurement of the

target SSA in inclusive deep-inelastic scattering (DIS). In
the one-photon exchange approximation, such a SSA is
forbidden by the combination of time reversal invariance,
parity conservation, and the hermiticity of the electro-
magnetic current operator, as stated in the Christ-Lee
theorem [20]. A non-zero SSA can therefore be inter-
preted as an indication of two-photon exchange.

Ref. [5] presents a theoretical treatment of the trans-
verse SSA arising from the interference of one-photon and
two-photon exchange amplitudes in DIS. With one par-
ticle polarized (beam or target) the spin dependent part
of the cross section is given by

∆σ ∝ elαem
mpol

Q
εµνρσ Sµpνkρk′σ CT . (1)

Here, el is the charge of the incident lepton, mpol is the
mass of the polarized particle, CT is a twist-3 term aris-
ing from quark-quark and quark-gluon-quark correlations
which have not yet been fully calculated, and p is the
four-momentum of the target, while εµνρσ is the Levi-
Civita tensor. The term εµνρσSµpνkρk′σ is proportional
to %S · (%k× %k′), consequently the largest asymmetry is ob-
tained when the spin vector %S (of either beam or target)
is perpendicular to the electron scattering plane spanned
by the three-momenta %k and %k′ of the incident and the
scattered electron, respectively.

As ∆σ is proportional to the electromagnetic coupling
constant αem, it will certainly be small. However, the
factor mpol/Q in Eq. (1) indicates a much larger tar-
get (nucleon) than beam (electron) asymmetry. With
transverse beam SSAs of 10−6−10−5 measured in elastic
scattering [7–9], the enhancing factor of mN/me gives an
expected order of magnitude for elastic transverse target
SSAs of 10−3 − 10−2. (The inelastic SSAs might be
substantially smaller depending on the unknown
value of the factor CT in Eq. 1). Asymmetries of this
magnitude are not excluded by existing inelastic data.
An alternate calculation based on certain model assump-
tions [21] for a JLAB experiment [22] yields expectations
for the asymmetry of order 10−4 at the kinematics of that
experiment. Due to the factor el in Eq. (1) the asymme-
try is expected to have different sign for opposite beam
charge. The capability of the HERA accelerator to sup-
ply both electron and positron beams thus provides an
additional means to isolate a possible effect from two-
photon exchange.

In this paper the most precise measurement so far of
the transverse target SSA in inclusive DIS of unpolar-
ized electrons and positrons on a transversely polarized
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A note about acceptance:
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left right
with the target polarized both in the ’up’ and ’down’ di-
rections. The direction of the nuclear polarization was
flipped at 1-3 min. time intervals to minimize systematic
effects. The beam was longitudinally polarized and an
helicity balanced data sample was used.

The number of events can be expressed as:

N↑
R = (L↑σ0 + L↑

P ∆σ)χR/2 ,

N↑
L = (L↑σ0 − L↑

P ∆σ)χL/2 ,

N↓
R = (L↓σ0 − L↓

P ∆σ)χR/2 ,

N↓
L = (L↓σ0 + L↓

P ∆σ)χL/2 , (2)

where the subscripts L (R) refer to the leptons scat-
tered to the left (right), corresponding to π < φ < 2π
(0 < φ < π). Here φ is the azimuthal angle between
the lepton scattering plane and the target polarization
vector pointing upwards. L↑,↓ are the total luminosities
in the two polarization states, L↑,↓

P are the polarization-
weighted luminosities, χL,R are the left and right detec-
tor acceptances, respectively, and the ’true’ asymmetry
in the φ detector acceptance is Ameas

true = ∆σ/σ0.
The normal asymmetry was calculated as:

Ameas
N =

√
N↑

L

L↑
P

N↓
R

L↓
P

−

√
N↑

R

L↑
P

N↓
L

L↓
P√

N↑
L

L↑
N↓

R

L↓ +

√
N↑

R

L↑
N↓

L

L↓

, (3)

which has the advantage that acceptance effects originat-
ing from a different left and right acceptance completely
cancel in the ratio[22], leaving no dependence on χL or
χR. Eq. (3) can be approximated as

Ameas
N " Ameas

true

(
1 +

1
2
ε2

P

)
(4)

with εP = (P ↑−P ↓)/(P ↑+P ↓). The measured asymme-
try is equal to the true asymmetry if the two polarizations
P ↑ and P ↓ are the same, and, as shown in Table I, this
condition is fulfilled to a good approximation.

year beam P ↑ P ↓ DIS events
2002 e+ 0.795 0.795 1.1M
2004 e+ 0.745 0.742 2.5M
2005 e− 0.705 0.705 6.1M

TABLE I: Average target polarizations and total number of
DIS events for the three data sets used in this analysis.

The HERMES detector is top-bottom symmetric, with
a gap in the horizontal direction, and thus it does not
cover the full 2π range in φ.

For a perfect detector with a full coverage in the angle
φ the expected measurement of a left-right asymmetry of
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FIG. 1: Top panel: Q2 range of the data. Middle panel:
acceptance factor under the assumption of a sinφ asymmetry
modulation. Bottom panel: fraction of elastic background
events. The open (closed) circles identify the data from the
Q2 < 1 GeV2 (Q2 > 1 GeV2).

amplitude Asin φ would be:

A2π
N =

∫ π
0 dφ σ0 Asin φ sinφ

∫ π
0 dφ σ0

=
2
π

Asin φ = 0.64 Asin φ,

(5)
where the expected dependence of the asymmetry on
sin φ coming from Eq. (1) was used. In order to get an es-
timate of the acceptance scaling-factor χ arising from this
incomplete φ-coverage, an asymmetry was introduced in
a Monte Carlo sample containing a full detector simu-
lation and later extracted in the same way as done for
real data. The implementation of a spin-dependent left-
right asymmetry was done by multiplying the weight of
each MC event of the sample by a factor of the form
1 ± Asin φ sin(φ) (± depending on the randomly intro-
duced spin state); then varying the value of Asin φ be-
tween 0 to 0.5, and extracting the asymmetry Ameas

N in
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FIG. 2: Normal asymmetry obtained from data taken with
a positron beam (top) and with an electron beam (bottom).
The open (closed) circles identify the data from the Q2 < 1
GeV2 (Q2 > 1 GeV2).

beam centr. value stat. error PID TRIGGER TMC Lumi*Pol MC tot. syst. error < x > < Q2 >
×10−3 ×10−3 ×10−3 ×10−3 ×10−3 ×10−3 ×10−3 ×10−3

e+ 1.28 1.47 0.25 0.14 1.31 0.04 0.14 1.35 0.02 0.6
e− 1.35 1.29 0.30 0.62 0.22 0.10 0.07 0.73 0.02 0.6
e+ 0.21 0.90 0.04 0.05 0.32 0.00 0.66 0.74 0.14 2.4
e− 0.87 0.76 0.09 0.06 0.01 0.06 0.39 0.41 0.14 1.4

TABLE II: Total asymmetry separated in the two Q2 ranges Q2 < 1 GeV2 (upper row) and Q2 > 1 GeV2 (lower row).
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• Inclusive single spin                              have been measured 
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with the target polarized both in the ’up’ and ’down’ di-
rections. The direction of the nuclear polarization was
flipped at 1-3 min. time intervals to minimize systematic
effects. The beam was longitudinally polarized and an
helicity balanced data sample was used.

The number of events can be expressed as:

N↑
R = (L↑σ0 + L↑

P ∆σ)χR/2 ,

N↑
L = (L↑σ0 − L↑

P ∆σ)χL/2 ,

N↓
R = (L↓σ0 − L↓

P ∆σ)χR/2 ,

N↓
L = (L↓σ0 + L↓

P ∆σ)χL/2 , (2)

where the subscripts L (R) refer to the leptons scat-
tered to the left (right), corresponding to π < φ < 2π
(0 < φ < π). Here φ is the azimuthal angle between
the lepton scattering plane and the target polarization
vector pointing upwards. L↑,↓ are the total luminosities
in the two polarization states, L↑,↓

P are the polarization-
weighted luminosities, χL,R are the left and right detec-
tor acceptances, respectively, and the ’true’ asymmetry
in the φ detector acceptance is Ameas

true = ∆σ/σ0.
The normal asymmetry was calculated as:

Ameas
N =

√
N↑

L
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−
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√
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, (3)

which has the advantage that acceptance effects originat-
ing from a different left and right acceptance completely
cancel in the ratio[22], leaving no dependence on χL or
χR. Eq. (3) can be approximated as

Ameas
N " Ameas

true

(
1 +

1
2
ε2

P

)
(4)

with εP = (P ↑−P ↓)/(P ↑+P ↓). The measured asymme-
try is equal to the true asymmetry if the two polarizations
P ↑ and P ↓ are the same, and, as shown in Table I, this
condition is fulfilled to a good approximation.

year beam P ↑ P ↓ DIS events
2002 e+ 0.795 0.795 1.1M
2004 e+ 0.745 0.742 2.5M
2005 e− 0.705 0.705 6.1M

TABLE I: Average target polarizations and total number of
DIS events for the three data sets used in this analysis.

The HERMES detector is top-bottom symmetric, with
a gap in the horizontal direction, and thus it does not
cover the full 2π range in φ.

For a perfect detector with a full coverage in the angle
φ the expected measurement of a left-right asymmetry of
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FIG. 1: Top panel: Q2 range of the data. Middle panel:
acceptance factor under the assumption of a sinφ asymmetry
modulation. Bottom panel: fraction of elastic background
events. The open (closed) circles identify the data from the
Q2 < 1 GeV2 (Q2 > 1 GeV2).

amplitude Asin φ would be:

A2π
N =

∫ π
0 dφ σ0 Asin φ sinφ

∫ π
0 dφ σ0

=
2
π

Asin φ = 0.64 Asin φ,

(5)
where the expected dependence of the asymmetry on
sin φ coming from Eq. (1) was used. In order to get an es-
timate of the acceptance scaling-factor χ arising from this
incomplete φ-coverage, an asymmetry was introduced in
a Monte Carlo sample containing a full detector simu-
lation and later extracted in the same way as done for
real data. The implementation of a spin-dependent left-
right asymmetry was done by multiplying the weight of
each MC event of the sample by a factor of the form
1 ± Asin φ sin(φ) (± depending on the randomly intro-
duced spin state); then varying the value of Asin φ be-
tween 0 to 0.5, and extracting the asymmetry Ameas

N in

 AsinΦ

since AN =  χ ·AsinΦ

Extract AN as in real data for different values of

3. fit ratio AN /AsinΦ to a line

4. Repeat step 3. for every (x, Q2) bin

HoW?
to make this plot:
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1.Calculate               for every ɸi bin
NU - ND

NU + ND

2.Fit to sinɸ

Repeat for every (x, Q2) bin3.
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