
Eletroweak Measurements at High Q2 at HERA.S.Shushkevihon behalf of the H1 and ZEUS CollaborationsMax-Plank-Institut f�ur Physik,F�ohringer Ring 6, M�unhen, DeutshlandOver 15 years of data taking at the HERA ep ollider the H1 and ZEUS experiments olletedtogether about 1 fb�1 of neutral and harge urrent deep inelasti sattering data at an epenter-of-mass energy of 320 GeV. This allowed to determine the parton distribution fun-tions in the proton and study eletroweak e�ets using data at high four momentum transfersquared, Q2, where the W� and Z0 boson exhange ontributes signi�antly to the rosssetion.1 Introdution.At HERA 27.6 GeV leptons (eletrons and positrons) were ollided with the 920 GeV protons(820 GeV till 1997), leading to an ep enter-of-mass energy of 320 GeV. Therefore the HERAfaility with the two ollider experiments H1 and ZEUS o�ers the unique possibility to probethe struture of the proton down to distanes of about 10�18 m.The dominant ontribution to the neutral urrent (NC) deep-inelasti ep sattering (DIS)at low four-momentum transfer squared, Q2, is due to photon exhange between the inominglepton and a quark in the proton. At high Q2 the ontributions to the NC and harged urrent(CC) proesses due to the exhange of a massive vetor boson, Z0 and W� beome important,allowing the investigation of eletroweak (EW) e�ets in lepton-proton reations.Over 15 years of data taking from 1992 to 2007, the H1 and ZEUS experiments olletedtogether a total integrated luminosity of about 1 fb�1. The NC and CC ross setions measuredby H1 and ZEUS using data olleted from 1992 to 2000 (HERA-I) 1; 2; 3 have been ombinedinto one averaged data set and analyzed in terms of QCD, providing a set of parton distributionfuntions (PDF) in the proton, HERAPDF 1.0 4.During the seond phase of the HERA program (2003-2007) the amount of the olletedluminosity was inreased by a fator of 2 for e+p and by a fator of 9 for e�p. In addition spinrotators installed in the beam pipe provided the longitudinal polarization of the lepton beam inthe H1 and ZEUS ep interation regions.This paper onentrates on the investigation of EW e�ets in NC 7; 8 and CC 9; 10 reationsusing data with longitudinally polarized lepton beam from HERA-II and ombined unpolarizeddata from HERA-I and HERA-II.



2 The Neutral Current Cross Setion.The Born ross setion 5; 6 of the NC DIS reation e�p! e�X an be written asd2��NCdxdQ2 = 2��2Y+xQ4  ~F2 � Y�Y+x ~F3 � y2y+ ~FL! � 2��2Y+xQ4 � ~��NC(x;Q2) (1)where � is the �ne struture onstant and the funtions Y� = 1� (1� y)2 desribe the heliitydependene of the eletroweak interations. The "�" sign orresponds to the e�p sattering.Eq. 1 de�nes the redued NC ross setion ~��NC whih is a ombination of the struture funtions~F2, x ~F3 and ~FL.The generalized proton struture funtions ~F2;3 may be written as a linear ombination ofthe struture funtions F2, F Z2;3 , and FZ2;3 ontaining information on the parton dynamis as wellas on the EW ouplings of the quarks to the neutral vetor bosons.~F�2 = F2 � (ve � Peae)� Q2Q2 +M2Z F Z2 + (v2e + a22 � Pe2veae)�2 " Q2Q2 +M2Z #2 FZ2 (2)x ~F�3 = �(ae � Peve)� Q2Q2 +M2Z xF Z3 + (2aeve � Pe hv2e + a2ei)�2 " Q2Q2 +M2Z #2 xFZ3 (3)The funtion F2 is assoiated with the pure photon exhange, F Z2;3 orrespond to Z0 interfereneand FZ2;3 orrespond to the the pure Z0 exhange. In addition the longitudinal struture funtion~FL may be similarly deomposed, however this ontribution is important only at high y and isexpeted to be negligible at large x and Q2. In Eq. 2, 3 ��1 = 4M2WM2Z (1 � M2WM2Z ) in the on-massshell sheme, MW and MZ are the weak vetor boson masses. The longitudinal polarization isde�ned as Pe = (NR � NL)=(NR + NL), where NR(NL) is the number of right (left) handedleptons in the beam.In the quark parton model (QPM), the hadroni struture funtions are related to linearombinations of sums and di�erenes of the quark and anti-quark momentum distributionsxq(x;Q2) and x�q(x;Q2)hF2; F Z2 ; FZ2 i = xXq he2q ; 2eqvq; v2q + a2qi (q + �q); hxF Z3 ; xFZ3 i = 2xXq [eqaq; vqaq℄ (q � �q) (4)where vq and aq are the vetor and axial-vetor ouplings of the light quarks and eq is the hargeof the quark of avor q.Longitudinally polarized lepton beams allow to measure polarization e�ets related to thehiral struture of the neutral eletroweak exhange. The polarization asymmetry, A, de�ned asA(e�p) � 2PR � PL ��NC(PR)� ��NC(PL)��NC(PR) + ��NC(PL) � ��aeF Z2F2 � ��1 + dv=uv4 + dv=uv : (5)is to a very good approximation proportional to the struture funtions ratio (F Z2 =F2). Atlarge x the asymmetry is related to d=u ratio of the valene quark distribution.The polarization asymmetry is determined using the polarized ross setions measured atHERA-II. The H1 results are shown in Fig. 1 in omparison with the Standard Model (SM)expetation based on the H1 PDF 2009 �t. The measured asymmetry is about zero at low Q2and signi�antly above (below) zero for e+p (e�p) as expeted in SM.The polarized e+p(e�p) data sets from HERA-II were merged to obtain the unpolarizedross setions for the e+p(e�p) proesses after a small orretion for a residual polarization.
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Figure 1: TheQ2 dependene of the polarization asymmetry for e�p interations as measured in the H1 experimentin omparison with the SM predition based on H1 PDF 2009 �t.The unpolarized ross setions from HERA-II were ombined then with the HERA-I results toimprove the preision of the measurement. The e�p ross setions measured by ZEUS are shownin Fig. 2a for Q2 > 3000 GeV 2. At relatively small values of the Q2 the e�p ross setion isfound to be in agreement with the e+p measurements as is expeted for a solely eletromagnetiinteration. At larger values of Q2, however, the e�p data lie at low x generally above the e+presults. This is due to a positive (negative) ontribution from xF3 to the e�p (e+p) ross setionas given in Eq. 1.The struture funtion x ~F3 an be obtained using the equationx ~F3 = Y+2Y� h~��(x;Q2)� ~�+(x;Q2)i � xF Z3 ae�Q2(Q2 +M2Z) (6)From Eq. 3 one an see that the dominant ontribution to x ~F3 arises from the Z interfereneterm, sine the pure Z exhange term is suppressed by �[Q2=(Q2 +M2Z)℄2 and, in the ase ofunpolarized sattering, by the small vetor oupling ve.Sine the dependene of the non-singlet struture funtion xF Z3 on Q2 is weak, the dataobtained at di�erent Q2 are transformed to one Q2 value at 1500 GeV2 for H1 experiment andthen averaged. This averaging allows to improve the statistial preision of the measurement.The averaged xF Z3 is shown in Fig. 2b. It is diretly sensitive to the valene quark distributions.The SM predition using H1 PDF 2009 and HERAPDF 1.0 is also shown and found to be in agood agreement in both shape and magnitude with the data.3 The Charged Current Cross Setion.Similarly to the NC ross setion, the eletroweak Born level CC ross setion 6 for the ollisionof polarized leptons with unpolarized protons an be expressed asd2��CCdxdQ2 = (1�Pe) G2F4�x " M2WM2W +Q2 #2 �Y+ ~W�2 � Y�x ~W�3 � y2 ~W�L � � G2F2�x " M2WQ2 +M2W #2 ~�CC(e�p)(7)GF is the Fermi onstant, ~W�2 , x ~W�3 and ~W�L are CC struture funtions for e�p satteringand ~�CC(e�p) is the redued ross setion.In the QPM, where W�L � 0, the redued ross setion for the e�p CC proess may be ex-pressed as the sum and di�erene of the quark and anti-quark momentum distributions, xq(x;Q2)and x�q(x;Q2): ~�CC(e�p) = (xu+ x) + (1� y)2(x �d+ x�s) (8)
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Figure 2: (a) The unpolarized e�p NC ross setion measurements by ZEUS for Q2 above 3000 GeV2 omparedwith the Standard Model expetation from ZEUS-JETS. (b) The struture funtion xF Z3 extrated from allHERA data by H1 experiment shown together with the theory predition based on H1 PDF 2009 (solid urve)and HERAPDF 1.0 (shaded band).~�CC(e+p) = (x�u+ x�) + (1� y)2(xd+ xs) (9)The total CC ross setion, �totCC , was measured by H1 and ZEUS as an integrated rosssetion in the kinemati region Q2 > 400 GeV2 and y < 0:9 using polarized data from HERA-II and unpolarized data from HERA-I. The results are shown in Fig. 3a ompared to the SMexpetation using HERAPDF 1.0. The data exhibit a lear linear polarization dependene ofthe ross setion onsistent with the absene of the right handed harged urrents, suh that theextrapolated ross setion is zero for a fully right handed eletron beam, Pe = 1, or a fully lefthanded positron beam.To obtain unpolarized ross setion measurements, the left and right handed e�p sampleswere ombined into unpolarized data sets, orreting for small residual polarization. The result-ing e�p ross setions for the H1 experiment were ombined with the HERA-I measurement.The single di�erential unpolarized ross setion for CC together with the single di�erentialNC ross setion is shown in Fig 3b. The measurements are ompared with the theoretialexpetation from HERAPDF 1.0. At low Q2 the NC ross setion is larger than the CC rosssetion by two orders of magnitude. Approahing the mass of the Z and W bosons, the NC andCC proesses ross setions beome of the same magnitude demonstrating an uni�ation of theeletroweak interations.4 The Eletroweak Fit.The NC and CC double di�erential ross setions measurements allow the determination of theparton densities together with the eletroweak parameters. Aording to Eq. 3 the NC rosssetion at high Q2 depends on the weak vetor vq and axial-vetor aq ouplings of up- anddown-type quarks (q = u; d) to the Z boson via struture funtions. The longitudinal polarizedeletron beam at HERA-II provides additional sensitivity on the quark ouplings (see Eq. 2,Eq. 3).The results of the EW �ts11; 12 to the quark ouplings from the H1 and ZEUS experimentsare shown in Fig. 4a for the u quark and Fig. 4b for the d quark and ompared with similarresults obtained by the CDF experiment 13 and ombined LEP experiments 14. The HERAdetermination has smaller unertainties than the CDF result in partiular for the u quark.
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Figure 3: (a) The dependene of the e�p CC ross setion on the lepton beam polarization Pe in omparisonwith the SM predition based on the HERAPDF 1.0 parametrisation. (b) The Q2 dependene of the unpolarizede�p NC and CC ross setions d�=dQ2 ompared with the SM expetation from the HERAPDF 1.0 �t.These determinations are sensitive to the u and d quarks separately, ontrary to the othermeasurements from the light quark-Z ouplings in �N sattering and atomi parity violationon heavy nulei. They resolve the sign ambiguity in the determinations of vq and aq based onobservables measured at the Z resonane 14.5 Summary.Measurements of the polarized NC and CC e�p ross setions using the HERA-II were presented.For the NC proess the polarization asymmetry was measured. Unpolarized ross setions wereobtained and ombined with the HERA-I results. This allowed the preise determination of thexF Z3 struture funtion. Both the polarization asymmetry and the xF Z3 struture funtionmeasured are found to be in a good agreement with the theoretial preditions.For the CC proess the total polarized ross setions were measured and ombined with theunpolarized measurements from HERA-I. The results verify the left handed struture of theweak interations.The EW �t to the HERA-I and HERA-II data is used to determine the ouplings of up- anddown-quarks to the Z0 boson. The results are in a good agreement with the Standard Modelpreditions.Referenes1. C. Adlo� et al. H1 Collaboration Eur. Phys. J. C 30 (2003) 1, and referenes therein2. S. Chekanov at al. ZEUS Collaboration Eur. Phys. J. C 32 1 (2003)3. S. Chekanov at al. ZEUS Collaboration Phys. Rev. D 70 70 (2004), and referenes therein4. H1 and ZEUS Collaborations, DESY-09-1585. E.Derman, Phys. Rev. D 7, (1973) 27556. G.Ingelman and R.R�ukl, Phys. Lett. B 201, (1988) 3697. H1 Collaboration, H1-prel-09-042, (2009)8. Eur. Phys. J. C 62 (2009) 625-658
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Figure 4: Results at 68% on�dene level (CL) on the weak neutral urrent ouplings of (a) u and (b) d quarksto the Z0 boson determined in the analysis.9. H1 Collaboration, H1-prel-09-043, (2009)10. Eur. Phys. J. C 61 (2009) 223-23511. H1 Collaboration, H1-prel-10-042, (2010), and referenes therein12. ZEUS Collaboration, ZEUS-prel-07-027, (2007)13. D.E. Aosta el. al. CDF Collaboration, Phys. Rev. D 71 052002 200514. [ALEPH Collaboration and DELPHI Collaboration and L3 Collaboration and ℄, Phys.Rept.427 257 (2006)


