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attering with e�e
tivelyunpolarized ele
tron and positron beams o� a transversely polarized hydrogen target was measured,with the goal of sear
hing for a two-photon ex
hange signal in the kinemati
 range 0:007 < xB < 0:9and 0.25 GeV2 < Q2 < 20 GeV2. In two separate regions Q2 > 1 GeV2 and Q2 < 1 GeV2, andfor both ele
tron and positron beams, the asymmetries are found to be 
onsistent with zero within
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2statisti
al and systemati
 un
ertainties, whi
h are of order 10�3 for the asymmetries integrated overxB.PACS numbers: 13.60.-r, 13.60.Hb, 13.88.+e, 14.20.Dh, 14.65.-In re
ent years, the 
ontribution of two-photon ex-
hange to the 
ross se
tion for ele
tron-nu
leon s
atteringhas re
eived 
onsiderable attention. In elasti
 ep s
atter-ing, two-photon ex
hange e�e
ts are believed to be thebest 
andidate to explain the dis
repan
y in the mea-surement of the ratio GE=GM of the ele
tri
 and mag-neti
 form fa
tors of the proton obtained at large four-momentum transfer between the Rosenbluth method andthe polarization transfer method [1℄. It has been shownthat the interferen
e between the one-photon and two-photon ex
hange amplitudes 
an a�e
t the Rosenbluthextra
tion of the nu
leon form fa
tors at the level of afew per
ent. This is enough to explain most of the dis-
repan
y between the results of the two methods [2, 3℄,although none of the re
ent 
al
ulations 
an fully resolvethe dis
repan
y at all momentum transfers [4℄. Two-photon ex
hange e�e
ts have also been shown to a�e
tthe measurement of parity violation in elasti
 s
atter-ing of longitudinally polarized ele
trons o� unpolarizedprotons, with 
orre
tions of several per
ent to the parity-violating asymmetry [5℄.In order to investigate 
ontributions from two-photonex
hange, it is ne
essary to �nd experimental observablesthat allow their isolation. Beam-
harge and transversesingle-spin asymmetries (SSAs) are two suitable 
andi-dates. In both elasti
 and in
lusive inelasti
 lepton-nu
leon s
attering, these asymmetries arise from the in-terferen
e of one-photon and two-photon ex
hange am-plitudes. Spe
i�
ally, beam-
harge asymmetries in theunpolarized 
ross se
tion arise from the real part of thetwo-photon ex
hange amplitude [6℄, while in
lusive trans-verse SSAs are sensitive to the imaginary part [7℄.To date, all eviden
e of non-zero two-photon ex
hangee�e
ts in lepton-nu
leon intera
tions 
omes from elasti
s
attering, l +N ! l0 +N 0. Measurements of the 
ross-se
tion ratio R = �e+p=�e�p are 
ompiled in Ref. [6℄.Though the individual measurements are 
onsistent withR being unity, a re
ent reanalysis [8℄ demonstrates thata deviation of about 5% at low values of four-momentumtransfer and virtual-photon polarization is not ex
luded.Three experiments have measured a non-zero transverse-beam SSA of order 10�5 � 10�6 in elasti
 s
atteringof transversely polarized ele
trons o� unpolarized pro-tons [9, 10, 11℄.In inelasti
 s
attering no 
lear signature of two-photonex
hange e�e
ts has yet been observed. Measurementsof the 
ross-se
tion ratio R with e+=e� and �+=��beams [12, 13, 14, 15, 16, 17, 18℄ show no e�e
t withintheir a

ura
y of a few per
ent. The transverse-targetSSA has been measured at the Cambridge Ele
tron A
-
elerator [19, 20℄ and at Sla
 [21℄. The data are 
on-

�ned to the region of nu
leon resonan
es, and show anasymmetry whi
h is 
ompatible with zero within the few-per
ent level of the experimental un
ertainties.In in
lusive deep-inelasti
 s
attering (DIS), l+p! l0+X , and in the one-photon ex
hange approximation, su
ha SSA is forbidden by the 
ombination of time reversalinvarian
e, parity 
onservation, and the hermiti
ity ofthe ele
tromagneti
 
urrent operator, as stated in theChrist-Lee theorem [22℄. A non-zero SSA 
an thereforebe interpreted as an indi
ation of two-photon ex
hange.Ref. [7℄ presents a theoreti
al treatment of the trans-verse SSA arising from the interferen
e of one-photon andtwo-photon ex
hange amplitudes in DIS. For an unpolar-ized beam (U) and a transversely (T) polarized nu
leontarget, the spin-dependent part of the 
ross se
tion isgiven by �UT / el�em MQ "���� S�p�k�k0� CT : (1)Here, el is the 
harge of the in
ident lepton,M is the nu-
leon mass, �Q2 is the squared four-momentum transfer,p, k and k0 are the four-momenta of the target, the in
i-dent and the s
attered lepton, respe
tively, while "���� isthe Levi-Civita tensor. The term "����S�p�k�k0� is pro-portional to ~S �(~k� ~k0), 
onsequently the largest asymme-try is obtained when the spin ve
tor ~S is perpendi
ular tothe lepton s
attering plane de�ned by the three-momenta~k and ~k0. Finally, CT is a higher-twist term arising fromquark-quark and quark-gluon-quark 
orrelations.As �UT is proportional to the ele
tromagneti
 
oupling
onstant �em, it is expe
ted to be small. Furthermore,due to the fa
torM=Q in Eq. (1), �UT is expe
ted to in-
rease with de
reasingQ2. A 
al
ulation based on 
ertainmodel assumptions [23℄ for a Jlab experiment [24℄ yieldsexpe
tations for the asymmetry of order 10�4 at the kine-mati
s of that experiment. The authors in Ref. [7℄, onthe other hand, do not ex
lude asymmetries as large as10�2 and point out that the term CT in Eq. (1) 
annotbe 
ompletely evaluated at present. Due to the fa
torel in Eq. (1), the asymmetry is expe
ted to have a dif-ferent sign for opposite beam 
harges. The 
apability ofthe Hera a

elerator to supply both ele
tron and posi-tron beams thus provides an additional means to isolatea possible e�e
t from two-photon ex
hange.In this paper a �rst pre
ise measurement of thetransverse-target SSA in in
lusive DIS of unpolarizedele
trons and positrons o� a transversely polarized hy-drogen target is presented.The data were 
olle
ted with the Hermes spe
tro-meter [25℄ during the period 2002-2005. The 27.6 GeV



3positron or ele
tron beam was s
attered o� the trans-versely polarized gaseous hydrogen target internal to theHera storage ring at Desy. The open-ended target 
ellwas fed by an atomi
-beam sour
e [26℄ based on Stern-Gerla
h separation 
ombined with radio-frequen
y tran-sitions of hydrogen hyper�ne states. The dire
tion ofthe target spin ve
tor was reversed at 1-3 minute timeintervals to minimize systemati
 e�e
ts, while both thenu
lear polarization and the atomi
 fra
tion of the tar-get gas inside the storage 
ell were 
ontinuously mea-sured [27℄. Data were 
olle
ted with the target polarizedtransversely to the beam dire
tion, in both \upward"and \downward" dire
tions in the laboratory frame.The beam was longitudinally polarized, but a heli
ity-balan
ed data sample was used to obtain an e�e
tivelyunpolarized beam. Only the s
attered leptons were 
on-sidered in this analysis. Leptons were distinguished fromhadrons by using a transition-radiation dete
tor, a s
in-tillator pre-shower 
ounter, a dual-radiator ring-imagingCherenkov dete
tor, and an ele
tromagneti
 
alorime-ter. In order to ex
lude any 
ontamination from a trans-verse hadron SSA in the lepton signal, hadrons were sup-pressed by very stringent parti
le identi�
ation require-ments su
h that their 
ontamination in the lepton sampleis smaller than 2�10�4. This resulted in a lepton identi-�
ation eÆ
ien
y greater than 94%. Events were sele
tedin the kinemati
 region 0:007 < xB < 0:9, 0:1 < y < 0:85,0.25 GeV2 < Q2 < 20 GeV2, and W 2 > 4 GeV2. Here,xB is the Bjorken s
aling variable, y is the fra
tionalbeam energy 
arried by the virtual photon in the labora-tory frame, and W is the invariant mass of the photon-nu
leon system.The di�erential yield for a given target spin dire
tion(" upwards or # downwards) 
an be expressed asd3N"(#)dxB dQ2 d�S =hL"(#) d3�UU + (�)L"(#)P d3�UT i 
(xB ; Q2; �S)= d3�UU hL"(#) + (�)L"(#)P Asin�SUT (xB ; Q2) sin�Si 
(xB ; Q2; �S): (2)Here, �S is the azimuthal angle about the beam dire
tionbetween the lepton s
attering plane and the \upwards"target spin dire
tion, �UU is the unpolarized 
ross se
-tion. Also, L"(#) is the total luminosity in the " (#) polar-ization state, L"(#)P = R L"(#)(t) P (t) dt is the integratedluminosity weighted by the magnitude P of the targetpolarization, and 
 is the dete
tor a

eptan
e eÆ
ien
y.The sin�S azimuthal dependen
e follows dire
tly fromthe form ~S � (~k � ~k0) of the spin-dependent part of the
ross se
tion; Asin �SUT refers to its amplitude.

year beam hP "i hP #i Events2002 e+ 0.783�0.041 0.783�0.041 0.9 M2004 e+ 0.745�0.054 0.742�0.054 2.0 M2005 e� 0.705�0.065 0.705�0.065 4.8 MTABLE I: Average target polarizations and total number ofin
lusive events for the three data sets used in this analysis.The asymmetry was 
al
ulated asAUT (xB ; Q2; �S) = N"L"P � N#L#PN"L" + N#L# ; (3)where N"(#) are the number of events measured in binsof xB ; Q2, and �S . With the use of Eq. (2), it 
an beapproximated, for small di�eren
es of the two averagetarget polarizations hP "(#)i = L"(#)P =L"(#), asAUT (xB ; Q2; �S) ' Asin�SUT sin�S + 12 hP #i � hP "ihP "ihP #i : (4)As shown in Table I, hP "i and hP #i are the same to agood approximation for all data-taking periods.The advantage of using the fully-di�erential asymme-try AUT (xB ; Q2; �S) in Eq. (3) instead of the more 
om-mon left-right asymmetry AN (xB ; Q2) is that the a

ep-tan
e fun
tion 
 
an
els in ea
h (xB ; Q2; �S) kinemati
bin, if the bin size or the asymmetry is small. Assumingthe �S dependen
e of �UT in Eq. (1) and Eq. (2), it 
anbe easily shown that the sin�S amplitude Asin �SUT and theleft-right normal asymmetry AN are related byAN = �L � �R�L + �R =R �0 d�S d3�UU Asin �SUT sin�SR �0 d�S d3�UU = 2� Asin�SUT ; (5)where �L (�R) refers to the integrated 
ross se
tionwithin the angular range 0 � �S < � (� � �S < 2�).For this analysis the Q2 range was divided into a \DISregion" with Q2 > 1 GeV2 and a \low-Q2 region" withQ2 < 1 GeV2. To test for a possible enhan
ement of thetransverse-target SSA due to the fa
tor M=Q appearingin Eq. (1) the data at low Q2 are also presented, though,stri
tly speaking, Eq. (1) may not be appli
able to thisrange.The Asin �SUT amplitudes were extra
ted with a binned�2 �t of the fun
tional form p1 sin�S+p2 to the measuredasymmetry. Leaving p2 as a free parameter or �xing itto the values given by Eq. (4) and Table I had no impa
ton the extra
ted sin�S amplitude p1 � Asin�SUT .The �nal results for the measured sin�S amplitudesAsin�SUT are shown in Fig. 1 as a fun
tion of xB separately
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FIG. 1: The xB dependen
e of the sin�S amplitudes Asin�SUTmeasured with an ele
tron beam (top) and a positron beam(
enter). The open (
losed) 
ir
les identify the data withQ2 < 1 GeV2 (Q2 > 1 GeV2). The error bars show thestatisti
al un
ertainties, while the error boxes show the sys-temati
 un
ertainties. The asymmetries integrated over xBare shown on the left. Bottom panel: average Q2 vs. xB fromdata (squares), and the fra
tion of elasti
 ba
kground eventsto the total event sample from a Monte Carlo simulation (tri-angles).for ele
trons and positrons. In both 
ases the asymme-tries are 
onsistent with zero within their un
ertainties.Due to the kinemati
s of the experiment, the quantitiesxB and hQ2i are strongly 
orrelated, as shown in thebottom panel of Fig. 1.The resulting amplitudes were not 
orre
ted for kine-mati
 migration of inelasti
 events due to dete
tor smear-ing and higher order QED e�e
ts or 
ontamination bythe radiative tail from elasti
 s
attering. The latter
orre
tion requires knowledge of the presently unknownelasti
 two-photon asymmetry. Instead, the 
ontribu-tion of the elasti
 radiative tail to the total event sam-ple was estimated from a Monte Carlo simulation basedon the Lepto generator [28℄ together with the Rad-gen [29℄ determination of QED radiative e�e
ts and witha Geant [30℄ based simulation of the dete
tor. The elas-

ti
 fra
tion is shown in the lower panel of Fig. 1. Itrea
hes values as high as about 35% in the lowest xBbin, where y is large (hyi ' 0:80) and hen
e radiative
orre
tions are largest [31℄. The elasti
 fra
tion rapidlyde
reases towards high xB , be
oming less than 3% forxB > 0:1.The systemati
 un
ertainties, shown in the fourth 
ol-umn of Table II and as error boxes in Fig. 1, in
lude
ontributions due to 
orre
tions for misalignment of thedete
tor, beam position and slope at the intera
tion pointand bending of the beam and the s
attered lepton in thetransverse holding �eld of the target magnet. They weredetermined from a high statisti
s Monte Carlo sampleobtained from a simulation 
ontaining a full des
riptionof the dete
tor, where an arti�
ial spin-dependent az-imuthal asymmetry was implemented. Input asymme-tries being zero or as small as 10�3 were well reprodu
edwithin the statisti
al un
ertainty of the Monte Carlo sam-ple, whi
h was about �ve times smaller than the statis-ti
al un
ertainty of the data. For ea
h measured pointthe systemati
 un
ertainty was obtained as the maximumvalue of either the statisti
al un
ertainty of the MonteCarlo sample or the di�eren
e between the input asym-metry and the extra
ted one. Systemati
 un
ertaintiesfrom other sour
es like parti
le identi�
ation or triggereÆ
ien
ies were found to be negligible.The transverse single-spin asymmetry amplitudesAsin�SUT for ele
tron and positron beams integrated overxB are given separately for the \low-Q2 region" and the\DIS region" in Table II along with their statisti
al andsystemati
 un
ertainties. All asymmetry amplitudes are
onsistent with zero within their un
ertainties, whi
h inthe DIS region are of order 10�3. The only ex
eptionis the low-Q2 ele
tron sample, where the asymmetry is1.9 standard deviations di�erent from zero. No hint of asign 
hange between ele
tron and positron asymmetriesis observed within un
ertainties.In 
on
lusion, single-spin asymmetries were measuredin in
lusive deep-inelasti
 s
attering at Hermes with un-polarized ele
tron and positron beams and a transverselypolarized hydrogen target with the goal of sear
hing fora signal of two-photon ex
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