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2

The desription of inlusive deep-inelasti satteringof longitudinally polarized harged leptons o� polarizednuleons requires two nuleon spin-struture funtions,g1(x;Q2) and g2(x;Q2), in addition to the well-knownstruture funtions F1(x;Q2) and F2(x;Q2) [1℄. Here,�Q2 is the squared four-momentum of the exhanged vir-tual photon with laboratory energy �, x = Q2=(2M�)is the Bjorken saling variable, and M is the nuleonmass. In the quark-parton model (QPM), the spin stru-ture funtion g1(x;Q2) an be interpreted as a harge-weighted sum of the quark heliity distributions�q(x;Q2)desribing a longitudinally polarized nuleon,g1(x;Q2) = 12Xq e2q�q(x;Q2): (1)The spin struture funtion g2(x;Q2) does not havesuh a probabilisti interpretation in the QPM. Its prop-erties an be interpreted in the framework of the operatorprodut expansion (OPE) analysis [2,3,4℄, whih showsthat g2(x;Q2) is related to the matrix elements of bothtwist-2 and twist-3 operators. Negleting quark mass ef-fets, g2(x;Q2) an be written as a sum of two termsg2(x;Q2) = gWW2 (x;Q2) + �g2(x;Q2) : (2)Here, gWW2 (x;Q2) is the twist-2 part derived byWandzuraand Wilzek [5℄gWW2 (x;Q2) = �g1(x;Q2) + Z 1x g1(y;Q2)d yy : (3)The seond term in Eq. (2), �g2(x;Q2), is the twist-3 partof g2(x;Q2). It arises from quark-gluon orrelations in thenuleon and is the most interesting part of the funtion.The x2 moment of �g2(x;Q2),d2(Q2) = 3 Z 10 x2 �g2(x;Q2) dx ; (4)

an be alulated on the lattie (see, e.g., [6,7℄, where d2is de�ned with an additional fator of two with respetto (4)). The moment d2 has also been linked to the trans-verse fore ating on the quark that absorbed the virtualphoton in a transversely polarized nuleon, and thus tothe Sivers e�et [8,9,10℄.The Burkhardt{Cottingham sum rule [11℄ for g2 atlarge Q2, Z 10 g2(x;Q2) dx = 0 ; (5)does not follow from the OPE. Its validity relies on anassumed Regge behaviour of g2 at low x. In the absene ofhigher twist ontributions to the funtion g2, i.e., �g2(x) �0, the sum rule would automatially be ful�lled. Hene aviolation of the sum rule would indiate the presene ofhigher-twist ontributions.The spin struture funtions g1(x;Q2) and g2(x;Q2)an be related to the virtual photon-absorption asymme-tries A1(x;Q2) and A2(x;Q2) [1℄A1 = �T1=2 � �T3=2�T1=2 + �T3=2 = g1 � 2g2F1 ; (6)A2 = 2�LT�T1=2 + �T3=2 =  g1 + g2F1 : (7)Here, �T1=2 and �T3=2 are the transverse virtual-photon ab-sorption ross setions for total photon plus nuleon an-gular momentum projetion on the photon diretion of1=2 and 3=2, respetively. The ross-setion �LT arisesfrom the interferene between the transverse and longitu-dinal photon-nuleon amplitudes, with  = 2Mx=pQ2.All of the �'s are di�erential ross setions depending onx and Q2, but this dependene was omitted for brevity.The measurement of the struture funtion g2 requiresa longitudinally polarized beam and a transversely po-



3larized target. In this ase, the inlusive di�erential rosssetion an be represented as a sum of two terms, thepolarization-averaged part, �UU , and the polarization-related part, �LT . Here, the subsript UU indiates thatboth the beam and the target are unpolarized, while thesubsript LT indiates a longitudinally polarized beamand a transversely polarized target. The polarization-related part of the ross setion at Born level, i.e., inthe one-photon approximation, is given by [3℄d3�LTdxdyd� = �hl os�4�2Q2 r1� y � 2y24� �y2g1(x;Q2) + g2(x;Q2)� : (8)Here, hl = +1 (�1) for a lepton beam with positive(negative) heliity, � is the �ne-struture onstant, andy = �=E, where E is the inident lepton energy. The an-gle � is the azimuthal angle about the beam diretion be-tween the lepton sattering plane and the \upwards" tar-get spin diretion. The polarization-related ross setion�LT is signi�antly smaller than the polarization-avera-ged part �UU and therefore its measurement requires highstatistial preision. Up to now, the funtion g2 and theasymmetry A2 have been extrated [12,13,14℄ to less a-uray than g1 and A1.A measurement of the inlusive ross setions (8) atangles � and �+� allows one to onstrut the asymmetryALT ,ALT (x;Q2; �) = hl �(x;Q2; �)� �(x;Q2; �+ �)�(x;Q2; �) + �(x;Q2; �+ �)= hl �LT (x;Q2; �)�UU (x;Q2; �) = �AT (x;Q2) os� ; (9)whih de�nes the asymmetry amplitude AT (x;Q2). Thisamplitude ontains all information on the funtion g2 andthe asymmetry A2. Their extration requires the knowl-edge of �UU (x;Q2), whih an be expressed by the stru-ture funtions F1;2(x;Q2) or, equivalently, parameteriza-tions of the funtion F2(x;Q2) and the ratio of longitudi-nal to transverse virtual-photon absorption ross setionsR = R(x;Q2). The extration of the struture funtiong2(x;Q2) from the asymmetry amplitude AT is analo-gous to the extration of g1(x;Q2) from the longitudinalasymmetry as desribed in [15℄. The funtion g2 an beextrated from the measured asymmetry amplitude ATand parameterizations of previous measurements of �UUand g1, using (8) and (9). Also F1 an be omputed fromparameterizations of F2 and R. This leads with (7) to thefollowing relationsg2 = F1(1 + �) �ATd � ( � �) g1F1� ; (10)A2 = 11 + � �ATd + �(1 + 2) g1F1� ; (11)

with d = p1� y � 2y2=4(1� y=2) D ; (12)� = (1� y=2)(1 + 2y=2) ; (13)D = y(2� y)(1 + 2y=2)y2(1 + 2) + 2(1� y � 2y2=4)(1 +R) : (14)However, it is not obvious from these relations that theextration of g2 is independent of orrelated variations invalues of F1, F2 and R that onserve the diretly mea-sured values of �UU .This paper reports a new measurement of the fun-tion g2 and the asymmetry A2. The data were olletedduring the years 2003 { 2005 with the HERMES spe-trometer [16℄ using a longitudinally polarized positron oreletron beam of energy 27.6 GeV sattered o� a trans-versely polarized target [17℄ of pure hydrogen gas inter-nal to the HERA lepton storage ring at DESY. The us-age of a pure target avoids the ompliations of nulearorretions present in previous measurements. The open-ended target ell was fed by an atomi-beam soure [18℄based on Stern{Gerlah separation ombined with radio-frequeny transitions between hydrogen hyper�ne states.The nulear polarization of the atoms was ipped at 1{3minute time intervals, while both the polarization mag-nitude and the atomi fration inside the target ell wereontinuously measured [19℄. The average magnitude ofthe proton polarization was 0:78�0:04. The lepton beam(positrons during 2003 { 2004 and eletrons in 2005) wasself-polarized in the transverse diretion due to the asym-metry in the emission of synhrotron radiation [20℄ in thears of the HERA storage ring. Longitudinal orientationof the beam polarization was obtained by using a pairof spin rotators [21℄ loated before and after the inter-ation region of the HERMES spetrometer. The signof the beam polarization was reversed every few months.The beam polarization was measured by two independentHERA polarimeters [22,23,24℄. The averagemagnitude ofthe beam polarization was found to be 0:34� 0:01. Thesattered leptons were deteted by the HERMES spe-trometer within an angular aeptane of �170 mradhorizontally and �(40 � 140) mrad vertially. The lep-tons were identi�ed using the information from an ele-tromagneti alorimeter, a transition-radiation detetor,a preshower sintillating ounter and a dual-radiator ring-imaging �Cerenkov detetor. The identi�ation eÆienyfor leptons with momentum larger than 2.5 GeV exeeds98%, while the hadron ontamination in the lepton sam-ple is found to be less than 1%. The luminosity monitor[25℄ measured e+e� (e�e�) pairs from Bhabha (M�ller)sattering of beam positrons (eletrons) o� the target gaseletrons, and  pairs from e+e� annihilation in twoNaBi(WO4)2 eletromagneti alorimeters, whih weremounted symmetrially on either side of the beam line.Traking orretions were applied for the deetions ofthe sattered partiles aused by the vertial 0.3 T target



4holding �eld, with little e�et on the extrated asymme-tries.Most of the details of the analysis follow the inlusiveanalysis desribed in [15℄. The kinemati onstraints im-posed on the events were: 0.18 GeV2 < Q2 < 20 GeV2,invariant mass of the virtual photon{nuleon systemW >1:8 GeV, 0:004 < x < 0:9, and 0:10 < y < 0:91. Afterapplying data quality riteria, 10.2 � 106 events wereavailable for the asymmetry analysis. The kinemati re-gion overed by the experiment in (x, Q2)-spae was di-vided into nine bins in x. Eah of the seven x-bins in theregion x > 0:023 was subdivided into three logarithmi-ally equidistant bins in Q2. The range in �-spae (2�)was divided into 10 bins. Two of the �-bins over theshielding steel-plate region of the spetrometer and thusannot be used for the analysis. The data were orretedfor the e+e� harge-symmetri bakground [15℄, whihamounted in total to about 1.8% of the events, reahingthe largest ontribution of about 14% at small values ofx. The measurement of the asymmetry ALT (x;Q2; �)given by (9) an be performed by either reversing thetransverse target polarization and omparing the num-ber of events in the same part of the detetor, or by om-paring the number of events in the upper and lower partof the detetor for the same upward or downward targetpolarization diretion. The �rst method provides a bet-ter anellation of aeptane e�ets and was hosen toobtain the asymmetryALT (x;Q2; �; hl) =hl Nhl*(x;Q2; �)Lhl+ � Nhl+(x;Q2; �)Lhl*Nhl*(x;Q2; �)Lhl+p + Nhl+(x;Q2; �)Lhl*p : (15)Here, Nhl*(+) is the number of sattered leptons in onebin of the 3-dimensional spae (x;Q2; �) for the ase ofthe inident lepton with heliity hl when the diretionof the proton spin points up (down). Lhl*(+) and Lhl*(+)pare the orresponding integrated luminosities and the in-tegrated luminosities weighted with the absolute value ofthe beam and target polarization produt, respetivelyLhl*(+) = Z dtLhl*(+)(t)�(t) ; (16)Lhl*(+)p = Z dtLhl*(+)(t) j PB(t)PT (t) j �(t): (17)Here, L(t) is the luminosity, �(t) is the trigger live-timefator, and PB and PT are the beam and target polariza-tions, respetively. The asymmetries evaluated aordingto (15) were found to be onsistent for the two beamheliity states. Therefore they were ombined in the fur-ther analysis. Finally, the asymmetry given by (15) wasunfolded for radiative and instrumental smearing e�etsto obtain the asymmetry orresponding to single-photonexhange in the sattering proess. Radiative orretionswere alulated using a Monte-Carlo generator [26℄. Theunfolding proedure is analogous to that used previouslyin other HERMES analyses [15,27,28℄. It inates the size

of the statistial unertainties espeially in the lowestQ2-bins at a given value of x. The magnitude of inationreahes almost a fator of two at low values of x. Thesubdivision of x-bins in the range x > 0:023 into threebins in Q2 dereases the error ination by about a fa-tor of 1.5 beause at larger Q2 the amount of smearingbetween x-bins is smaller and the prefators of AT in(10) and (11) are larger in magnitude. After the unfold-ing proedure the entral values of g2 and A2 hangedless than the initial statistial unertainties. As a on-sequene of the unfolding proedure, the resulting datapoints are no longer orrelated systematially throughradiative and instrumental smearing e�ets, but are onlystatistially orrelated [15℄. The proedure generates astatistial ovariane matrix for the data points.In every (x;Q2)-bin the amplitude AT (x;Q2) was ob-tained by �tting the unfolded asymmetries with the fun-tion f(�) = �AT (x;Q2) os�. Finally, the asymmetryA2(x;Q2) and the funtion g2(x;Q2) were evaluated fromthe amplitude AT and the previously measured funtiong1, for whih a world-data parameterization [29℄ was em-ployed, using (10) and (11). The struture funtionF1(x;Q2) = F2(x;Q2)(1 + 2)=[2x(1 +R(x;Q2))℄ (18)was alulated using a parameterization of the struturefuntion F2(x;Q2) [30℄ and the ratio R(x;Q2) [31℄. Allkinemati fators in (10) and (11), and the funtions F1and g1=F1 were alulated at the average values of x andQ2 in eah (x, Q2)-bin after unfolding.The unertainties in the measurements of the beamand target polarizations produe in total a 10% sale un-ertainty on the value of AT . Other soures of system-ati unertainties suh as aeptane e�ets, small beamand spetrometer misalignments, unertainties in the tar-get polarization diretion, orretion for trak deetionin the vertial target holding �eld, the unfolding proe-dure and a possible orrelation between prefators of ATand AT itself in (10) and (11) were evaluated by Monte-Carlo studies. Unertainties stemming from parameteri-zations of g1(x;Q2), F2(x;Q2), and R(x;Q2) were esti-mated also. In the error propagation to g2, the uner-tainty in R(x;Q2) was not inluded in addition to that ofF2(x;Q2), sine they are strongly orrelated as explainedin [15℄. The total systemati unertainty was evaluatedas the quadrati sum of all the onsidered soures. Itsmagnitude is less than the magnitude of the statistialunertainty.Figure 1 shows the values of xg2 as a funtion ofQ2 forthe bins with x > 0:1, whih have suÆient overage inQ2, along with results from the E143 [13℄ and E155 [14℄experiments at SLAC. The entire set of measured dataand average values of x and Q2 are presented in Table 1.Within the auray of the data, they are in agreementwith the other experiments. Also shown is the Wandzura{Wilzek term gWW2 , whih was evaluated aording to (3).A world data parameterization of g1(x;Q2) [29℄ was usedfor the alulation.In order to study the x dependene, A2(x;Q2) andg2(x;Q2) in bins overing the same x range but with dif-ferent Q2 values were evolved to their mean value of Q2
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6iments have only slightly di�erent values of average Q2for a partiular value of x. The results are within their un-ertainties in good agreement with eah other. The solidurves represent values of A2 and xg2 evaluated with theWandzura{Wilzek relation (3) using the g1(x;Q2) pa-rameterization [29℄. The values were alulated at theaverage Q2 of HERMES at eah value of x. Within theunertainties the data satisfy the positivity bound [32℄for the asymmetry A2, jA2j �pR(1 +A1)=2 ' 0:4, forall values of x in the kinemati range of the HERMESexperiment.The Burkhardt{Cottingham integral (5) was evalu-ated in the measured region of 0:023 � x < 0:9 at Q2 =5 GeV2, resulting in R 0:90:023 g2(x;Q2) dx = 0:006� 0:024�0:017. This result is to be ompared with the ombinedresult from experiments E143 and E155 [14℄ in the region0:02 � x < 0:8: R 0:80:02 g2(x;Q2) dx = �0:042� 0:008.Using the results measured by HERMES for the fun-tion g2, the twist-3 matrix element d2 given by (4) wasevaluated. For the unmeasured region 0:9 < x � 1, theansatz g2(x) / (1 � x)3 was assumed. The unertaintyin the extrapolated ontribution was taken to be equalto the ontribution itself. The ontribution from the re-gion x < 0:023 was negleted beause of the x2 suppres-sion fator. The result is d2 = 0:0148 � 0:0096(stat) �0:0048(syst). This is to be ompared with the ombinedresult from experiments E143 and E155 [14℄: d2 = 0:0032�0:0017.In onlusion, HERMES measured the spin-struturefuntion g2 and the virtual-photon asymmetry A2 of theproton in the kinemati range 0:004 < x < 0:9 and 0.18GeV2 < Q2 < 20 GeV2. For the overed x-range the mea-sured integral of g2(x) onverges to the null result of theBurkhardt{Cottingham sum rule. The x2 moment of thetwist-3 ontribution to g2(x) is found to be ompatiblewith zero, in agreement with expetations on its small-ness from lattie alulations. The results on A2 and g2are overall in good agreement with measurements of SMCat CERN, and E143 and E155 at SLAC, but they are notstatistially preise enough to detet a deviation of g2from its Wandzura{Wilzek part, as seen by the SLACexperiments.We gratefully aknowledge the DESY management for itssupport and the sta� at DESY and the ollaborating insti-tutions for their signi�ant e�ort. This work was supportedby the Ministry of Eonomy and the Ministry of Eduationand Siene of Armenia; the FWO-Flanders and IWT, Bel-gium; the Natural Sienes and Engineering Researh Coun-il of Canada; the National Natural Siene Foundation ofChina; the Alexander von Humboldt Stiftung, the GermanBundesministerium f�ur Bildung und Forshung (BMBF), andthe Deutshe Forshungsgemeinshaft (DFG); the Italian Is-tituto Nazionale di Fisia Nuleare (INFN); the MEXT, JSPS,and G-COE of Japan; the Duth Foundation for FundamenteelOnderzoek der Materie (FOM); the Russian Aademy of Si-ene and the Russian Federal Ageny for Siene and Inno-vations; the U.K. Engineering and Physial Sienes ResearhCounil, the Siene and Tehnology Failities Counil, and
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7Table 1. The spin-struture funtion xg2(x;Q2) and the virtual-photon asymmetry A2(x;Q2) of the proton in bins of (x;Q2),see text for details. Statistial and systemati unertainties are presented separatelybin hxi hQ2i;GeV2 xg2 � stat. � syst. A2 � stat. � syst.1 0.009 0.38 0.0799 0.0521 0.0182 0.0257 0.0163 0.00572 0.018 0.68 0.0699 0.0513 0.0111 0.0269 0.0183 0.00403 0.033 0.89 0.0450 0.0326 0.0215 0.0278 0.0165 0.01094 0.039 1.37 -0.0047 0.0652 0.0080 0.0033 0.0275 0.00355 0.044 1.80 0.3489 0.1279 0.0612 0.1440 0.0507 0.02436 0.067 1.09 0.0044 0.0421 0.0097 0.0190 0.0346 0.00857 0.069 1.88 0.0473 0.0357 0.0062 0.0402 0.0210 0.00418 0.076 2.79 0.0202 0.0674 0.0323 0.0225 0.0342 0.01649 0.116 1.30 -0.0094 0.0506 0.0081 0.0266 0.0603 0.011110 0.118 2.44 0.0356 0.0301 0.0099 0.0584 0.0251 0.009011 0.124 4.04 -0.0571 0.0466 0.0149 -0.0137 0.0311 0.010212 0.182 1.51 -0.0758 0.0642 0.0230 -0.0466 0.1055 0.038913 0.183 3.01 0.0121 0.0324 0.0038 0.0707 0.0375 0.007414 0.187 5.42 -0.0334 0.0440 0.0041 0.0143 0.0392 0.005215 0.282 1.95 0.0071 0.0396 0.0063 0.1675 0.0925 0.016716 0.298 3.99 -0.0242 0.0195 0.0055 0.0718 0.0363 0.011717 0.311 7.58 -0.0571 0.0283 0.0105 0.0039 0.0437 0.016618 0.458 2.83 -0.0613 0.0582 0.0129 0.0064 0.2616 0.059819 0.482 4.31 -0.0987 0.0370 0.0104 -0.2064 0.1704 0.050020 0.484 7.57 -0.0362 0.0183 0.0045 0.0421 0.0744 0.020621 0.630 4.76 0.2413 0.1194 0.0534 3.0231 1.3295 0.596922 0.658 6.79 -0.0129 0.0320 0.0081 0.1197 0.4350 0.111523 0.678 10.35 0.0076 0.0160 0.0025 0.3672 0.2551 0.0419Table 2. The spin-struture funtion xg2 and the virtual-photon asymmetry A2 of the proton after evolving to ommon Q2and averaging over in eah x-bin (see text for details). Statistial and systemati unertainties are presented separatelybin x range hxi hQ2i,GeV2 xg2 �stat �syst A2 �stat �syst1 0.004 - 0.014 0.009 0.38 0.0794 0.0520 0.0153 0.0256 0.0162 0.00492 0.014 - 0.023 0.018 0.68 0.0668 0.0509 0.0181 0.0258 0.0182 0.00653 0.023 - 0.050 0.036 1.08 0.0456 0.0262 0.0157 0.0261 0.0121 0.00744 0.050 - 0.090 0.069 1.59 0.0271 0.0236 0.0150 0.0312 0.0154 0.01005 0.090 - 0.150 0.118 2.07 -0.0023 0.0212 0.0085 0.0289 0.0194 0.00886 0.150 - 0.220 0.183 2.51 -0.0005 0.0086 0.0063 0.0612 0.0109 0.01057 0.220 - 0.400 0.291 3.23 -0.0314 0.0126 0.0043 0.0629 0.0248 0.01048 0.400 - 0.600 0.473 4.62 -0.0454 0.0154 0.0075 0.0373 0.0665 0.03459 0.600 - 0.900 0.654 7.06 0.0107 0.0177 0.0073 0.4275 0.2316 0.0970Table 3. Correlation matrix for xg2 in 9 x-bins (as in Table 2)1 2 3 4 5 6 7 8 91 1.0000 -0.1281 -0.0038 -0.0033 -0.0017 0.0005 0.0000 0.0000 0.00002 -0.1281 1.0000 -0.1584 -0.0083 -0.0007 0.0000 0.0000 0.0001 0.00003 -0.0038 -0.1584 1.0000 -0.1951 -0.0281 0.0077 -0.0016 0.0002 0.00004 -0.0033 -0.0083 -0.1951 1.0000 -0.2885 0.0312 -0.0107 0.0013 -0.00055 -0.0017 -0.0007 -0.0281 -0.2885 1.0000 -0.0102 -0.0654 0.0067 -0.00186 0.0005 0.0000 0.0077 0.0312 -0.0102 1.0000 -0.1829 0.0143 -0.00557 0.0000 0.0000 -0.0016 -0.0107 -0.0654 -0.1829 1.0000 -0.3539 0.09268 0.0000 0.0001 0.0002 0.0013 0.0067 0.0143 -0.3539 1.0000 -0.39479 0.0000 0.0000 0.0000 -0.0005 -0.0018 -0.0055 0.0926 -0.3947 1.0000


