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Abstra
tThe longitudinal stru
ture fun
tion FL has been dire
tly measured for 24 � Q2 �110 GeV2 and 6:7 � 10�4 � x � 4:9 � 10�3 using the positron-proton in
lusive deepinelasti
 s
attering at three di�erent 
enter-of-mass energies, ps = 318, 252 and 225GeV, at HERA. During the measurement, the double di�erential 
ross se
tion is alsomeasured at ea
h beam energy for the same Q2 but 0:13 � y � 0:75. Re
onstru
tionof the s
attered positron and reje
tion of the ba
kground events were improved for thismeasurement. The extra
ted FL is 
onsistent with perturbative QCD predi
tions.
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Chapter 1Introdu
tionHigh energy physi
s has been aiming to understand the fundamental 
onstituents ofthe world and the intera
tion between them. In our present understanding, the funda-mental parti
les are 12 spin-12 fermions, i.e. 6 leptons and 6 quarks, 
lassi�ed to threegenerations. If we ignore the gravitation, whi
h is too weak to have any importan
ein the 
urrent rea
h of high energy experiments, the intera
tion between the parti
lesis mediated by ex
hanges of spin-1 gauge bosons. The bosons are 
, Z and W forele
troweak intera
tion and gluons for strong intera
tion, respe
tively. The StandardModel has been established and su

essfully des
ribes the various phenomena in thehigh energy physi
s.The strong intera
tion, the intera
tion between the quarks and gluons, is des
ribedby the Quantum Chromodynami
s (QCD). The QCD is a non-abelian SU(3) gaugetheory and the gluon itself has the 
olor 
harge, the 
harge in the strong intera
tion.Therefore, gluons 
an intera
t with themselves. The self-
oupling of gluons determinethe 
hara
teristi
s of the behavior of the 
oupling 
onstant, �s. At long distan
e,�s is large leading 
on�nement of quarks. At short distan
e, �s gets small so thatquarks and gluons behave as free parti
les. This is 
alled asymptoti
 freedom. Thesmall value of �s means that perturvative 
al
ulation is appli
able. A

ording to thefa
torization theorem, the predi
tion of QCD pro
esses is usually separated into twoparts as 
al
ulation of hard pro
ess by perturbative QCD (pQCD) and experimentallyextra
ted quantities whi
h are 
onsidered as pro
ess independent.The proton is one of the most familiar parti
les around us. The study of its stru
tureis one of the mandatory topi
s in the QCD, sin
e the proton 
onsists of quarks andgluons. The proton stru
ture itself is a very interesting topi
 sin
e it would be dire
tanswer to how matter is made of from its origin. In the view of QCD, the goodunderstanding of the proton stru
ture is indispensable for the pQCD predi
tion ofany pro
ess involving the proton. The pQCD 
an des
ribe the hard pro
ess with thepartons, 
onstituents of the proton in the pQCD view, but the distribution of thepartons should be determined based on experimental results.Histori
ally, in the Rutherford's famous experiment [1℄, the s
attering of � parti
leso� a thin gold �lm, the angular distribution of s
attered � parti
les revealed theexisten
e of nu
lei in the atoms. Starting with this, many s
attering experiment hasbeen performed to investigate the inner stru
ture of matters. In the late 1960s, the1



�rst experiments on highly inelasti
 ele
tron s
attering on liquid hydrogen targetswere started at the two mile a

elerator at the Stanford Linear A

elerator Center(SLAC). The results suggested the point-like 
onstituents in the proton, 
alled partons,whi
h were identi�ed as quarks after some years. Various lepton-nu
leon deep inelasti
s
atterings (DIS) have been performed in following years and have 
ontributed todevelop the des
ription of nu
leons.HERA was the unique ele
tron-proton 
ollider in the world operated from year 1992to 2007 at DESY, Hamburg. The large 
enter-of-mass energy of the s
attering largelyexpanded the kinemati
 region explored by the previous experiments. The rea
hablehighest value of the squared four momentum transfer, Q2, was Q2 � 40000 GeV2,whi
h 
orresponds to the resolution s
ale of 10�18 m, i.e. 1/1000 of the size of theproton. One of the striking early results from HERA is that the steep rise of thein
lusive 
ross se
tions at the region with the low value of Bjorken x, where no otherexperiment 
an perform study. The rise is interpreted in the pQCD des
ription, asthere are lot of gluons whi
h 
arry very small fra
tion of the proton momentum.In 15 years of its operation, various measurements has been done at HERA relatedto both QCD and ele
troweak physi
s. From the pre
ise measurements of the 
rossse
tion of in
lusive deep inelasti
 s
attering over the HERA kinemati
 region, theparton distributions in the proton are well determined in the framework of pQCD.They will be used in the predi
tions of any pro
esses involving protons at high energy,for example, physi
s at LHC, the large hadron 
ollider started its operation in 2008,where the observation of new physi
s is highly expe
ted.However, further test of pQCD des
ription is still important. There are manyassumptions in the pQCD determination of parton distribution. One of su
h assump-tions is on the approximation in a perturbative approa
h. The approa
h should havea limit on its validity. There are also other approa
hes whi
h is theoreti
ally suitableat low x. As QCD pro
ess is 
onsidered by a 
onvolution of pQCD 
al
ulation andnon-perturbative part su
h as parton density, deviation in pQCD 
al
ulation may beabsorbed by the latter and sometimes may be invisible as long as a single observableis measured.Con
erning the low x physi
s, the proton stru
ture is interpreted by gluon dom-inan
e. The gluon distribution in pQCD des
ription is determined indire
tly by Q2dependen
e of DIS 
ross se
tion, whi
h is 
alled s
aling violation. The determinationis dire
tly a�e
ted by pQCD 
al
ulation. Independent variable whi
h has di�erentsensitivity to the gluon distribution in the proton gives 
onsisten
y 
he
k of 
urrentpQCD view of the proton stru
ture.The proton longitudinal stru
ture fun
tion FL is dire
tly related to gluon dynami
sin the proton. Sin
e, in the pQCD, its sensitivity to gluon density is by a di�erentmanner from the s
aling violation, FL is highly expe
ted to give a test of pQCDvalidity. Though HERA was the only possible pla
e to study FL at low x, the regionwith gluon dominan
e, the dire
t measurement had not done due to experimentaldiÆ
ulty. However, at the last months of HERA, HERA operated with signi�
antlylowered proton beam energies. It gives an opportunity for the dire
t FL measurementat HERA for the �rst time. This analysis aims the dire
t FL measurement �rst timeat the low x region to test our present understanding of the proton stru
ture.2



The thesis is organized as follows. In the next 
hapter the theoreti
al ba
kgroundsfor the deep inelasti
 s
attering are given. The third 
hapter explains the experimentalsetup in
luding des
ription of HERA ma
hine and the ZEUS dete
tor. The fourth and�fth 
hapters des
ribe event re
onstru
tion and event sele
tion for the measurement,respe
tively. Chapter 6 presents 
ross se
tion measurement of in
lusive deep inelasti
s
attering 
overing the region where indire
t sensitivity to FL is expe
ted. The dire
tFL extra
tion is performed in 
hapter 7, where its result is also shown. The 
on
lusionis in 
hapter 8.
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Chapter 2Deep Inelasti
 S
attering and theQuantum Chromodynami
s
2.1 Deep Inelasti
 S
atteringThe lepton-proton s
attering with a large momentum transfer is 
alledDeep Inelasti
S
attering (DIS). This pro
ess is interpreted in the quark-parton pi
ture as the point-like lepton is s
attered with a parton, a 
onstituent of the proton, and then the protonis broken up. Its diagram is shown in Fig. 2.1. The intera
tion pro
eeds by an ex
hangeof an ele
troweak virtual boson, namely 
�, Z or W . The pro
ess via a neutral bosonis 
alled the neutral 
urrent (NC) pro
ess and that viaW is 
alled the 
harged 
urrent(CC) pro
ess, whi
h 
hanges the lepton 
harge via intera
tion.A measurement summing up all the �nal states in the hadroni
 system is 
alledin
lusive measurement. The kinemati
s of the in
lusive DIS pro
ess 
an be des
ribedby the following Lorentz invariant kinemati
 variables. With regarding k, p and k0 asfour-momentum of the in
oming lepton, proton and outgoing lepton, respe
tively, the

Figure 2.1: Diagram of the deep inelasti
 s
attering.5



variables are de�ned as s � (k + p)2; (2.1)Q2 � �q2 = �(k � k0)2; (2.2)x � Q22p � q ; (2.3)y � p � qp � k : (2.4)The variable s is the squared 
enter-of-mass energy. The negative square of the momen-tum transfer, Q2, is virtuality of the ex
hanged boson, whi
h qualitatively 
orrespondsto the resolution (�) of the boson looking into the proton as� � 1pQ2 : (2.5)The variable x 
orresponds to the momentum fra
tion of a stru
k parton to the protonin the na��ve quark-parton model (will be dis
ussed in Se
. 2.3) and is equivalent toBjorken s
aling variable x. The variable y is inelasti
y. By ignoring masses of protonsand leptons, they are related to ea
h other by an equationQ2 = sxy; (2.6)so that only two of them are independent at a given 
enter-of-mass energy (ps).2.2 DIS and the stru
ture fun
tionsThe 
ross se
tion of lepton-proton s
attering 
an be written as a 
onvolution of aleptoni
 part and a hadroni
 part, d� � L��W ��; (2.7)where L�� and W �� are the leptoni
 and hadroni
 tensor, respe
tively. With ignoringele
tron masses, the leptoni
 tensor 
an be written asL�� = 2(k0�k� + k0�k� � (k0 � k)g��): (2.8)With the requirements of the Lorentz invarian
e, the hadroni
 tensor has the generalform of [2℄W �� = �W1g�� + W2M2 p�p� � i"����p�q� W32M2+ q�q� W4M2 + (p�q� + q�p�)W5M2 + i(p�q� � p�q�) W62M2 ; (2.9)where M is the proton mass and Wi are s
alar fun
tions of x and Q2 re
e
ting theproton stru
ture. If the s
attering pro
eeds by 
 ex
hange only, the parity violation6



term W3 and also antisymmetri
 term W6 are absent. The 
urrent 
onservation givesq�W �� = q�W �� = 0 so thatW5 = �p � qq2 W2 (2.10)W4 = M2q2 W1 + �p � qq2 �2W2: (2.11)Therefore, the hadroni
 tensor depends W1 and W2 only and 
an be written asW �� = W1��g�� + q�q�q2 � + W2M2 �p� � p � qq2 q���p� � p � qq2 q�� : (2.12)The fun
tions W1 and W2 are rede�ned as the stru
ture fun
tions F1 and F2 whi
hdepends on two Lorentz invariant kinemati
 variables of x and Q2.F1(x;Q2) =MW1(x;Q2) (2.13)F2(x;Q2) = p � qM W2(x;Q2): (2.14)Thus, the DIS 
ross se
tion with 
� ex
hange is written asd2�dxdQ2 = 4��2xQ4 �y22 2xF1(x;Q2) + (1� y)F2(x;Q2)� ; (2.15)with ignoring mass terms. The longitudinal stru
ture fun
tion is de�ned asFL = F2 � 2xF1: (2.16)The 
ross se
tion 
an be also written asd2�dxdQ2 = 2��2xQ4 �Y+F2(x;Q2)� y2FL(x;Q2)� ; (2.17)where Y+ = 1 + (1� y)2. It is 
onvenient to de�ne redu
ed 
ross ~� se
tion as~� � 1Y+ xQ42��2 d2�dxdQ2 = F2(x;Q2)� y2Y+FL(x;Q2) (2.18)for dis
ussion.In prin
iple, F1 and F2 are independently de�ned and both should not be negativefrom their nature. From Eq. 2.16, FL is only required to be0 � FL � F2: (2.19)By 
onsidering models on proton stru
ture, F2 and FL start to have relation betweenea
h other.The stru
ture fun
tions 
an be related to the 
ross se
tion of the virtual photon andhadron intera
tion. The polarization ve
tor �(�) of the virtual photon with momentumq = (E; 0; 0; jpj) 
an be written as�(�1) = 1p2(0; 1;�i; 0); �(0) = 1pE2 � p2 (jpj; 0; 0; E):7



By 
al
ulating the 
ross se
tion �(�) with polarization �, the 
ross se
tions for thevirtual photon s
attering are given for Q2 �M2 as�T � 12(�(+) + �(�)) = 4�2�Q2(1� x)(F2 � FL) (2.20)�L � �(0) = 4�2�Q2(1� x)FL; (2.21)where �T and �L are 
ross se
tions for transverse and longitudinal virtual photon,respe
tively. Equation 2.21 shows that FL is the stru
ture fun
tion whi
h re
e
ts the
ross se
tion of the s
attering by the longitudinal virtual photon.2.3 Quark-parton modelIn the quark-parton model (QPM), the DIS is interpreted as the in
oherent sum ofelasti
 s
attering between the probing lepton and partons, the point-like 
onstituentsof the proton, whi
h were identi�ed as spin-12 quarks. In this model, the stru
turefun
tions is written as F2(x;Q2) =Xq e2qxq(x); (2.22)where eq is the 
harge of parton q and q(x) is the probability of the parton q to havemomentum fra
tion x of the proton. The sum runs over all partons in the proton.This means that F2 depends only on x and has no Q2 dependen
e. It is 
alled Bjorkens
aling and is observed in the �rst DIS experiment at SLAC.Sin
e the longitudinal virtual photon 
annot intera
t with spin-12 parti
les, �L = 0,the model predi
ts FL(x;Q2) = 0; (2.23)and 
onsequently gives F2(x) = 2xF1(x); (2.24)whi
h is known as Callan-Gross relation [3℄, valid for spin-12 partons.The QPM 
annot des
ribe whole property of the DIS. Following three issues areun-answered.� Partons are 
on�ned inside the proton so that they 
annot behave as free parti-
les.� The Bjorken s
aling is violated, i.e. a weak Q2 dependen
e of the F2 is experi-mentally observed.� The momentum sum of the partons over the proton is only about a half of theproton. 8



2.4 Quantum Chromodynami
s (QCD)The Quantum Chromodynami
s (QCD) is the theory to des
ribe the strong intera
tionbetween quarks through 
olor 
harge 
oupling. A quark 
arries one of the three 
olor
harges of red, green and blue. The intera
tion between the quarks is mediated by theex
hange of massless spin-1 bosons 
alled gluons. The QCD is a non-abelian SU(3)gauge theory. As a 
onsequen
e, there are eight gluons and they also have 
olor 
hargeso that they 
an intera
t among themselves. Only 
olorless parti
les 
an exist as freeparti
les so that the quarks and gluons should always be 
on�ned in hadrons and
annot be observed as free parti
les.The framework of the QCD is an analogue to that of the quantum ele
trodynami
(QED) though the gluon self-
oupling in the QCD makes the property of its inter-a
tion totally di�erent from that of the QED. The strong intera
tion of the QCD is
hara
terized by the 
oupling 
onstant �s. While the 
oupling 
onstant � in the QEDis generally small and in
reases only slightly with in
rease of Q2, �s is large at smallQ2 and de
reases as Q2 in
reases.The energy s
ale dependen
e of the 
oupling is expressed by the basi
 renormaliza-tion group equation, using g(�) =p4��s(�2),�dg(�)d� = �(g(�)) = �2�s��s4��1 + ��s4��2 �2 + � � �� : (2.25)�(g) is 
alled beta fun
tion with �1 = 11� 23Nf (2.26)at leading order (LO), where Nf is the number of 
avors of quarks.In the �rst order, the solution of Eq. 2.25 is given as�s(�2) = 12�(33� 2Nf) ln �2�2QCD ; (2.27)where �QCD 
hara
terizes the energy s
ale at whi
h the strong 
oupling 
onstant be-
omes large and is the order of 300 - 500 MeV. At large energy s
ale �, 
orrespondingto short s
ale, �s gets logarithmi
ally 
lose to 0, whi
h is known as asymptoti
 free-dom. It is a ne
essary 
ondition for appli
ation of perturbative 
al
ulation in theQCD.Another important issue for the appli
ation of perturbative 
al
ulation is fa
tor-ization theorem, whi
h states that the physi
s pro
ess involving quarks or gluons 
anbe separated into short distan
e and long distan
e parts. The former is a hard pro
esswhi
h is pro
ess dependent and 
an be 
al
ulated by perturbative QCD (pQCD). Thelatter is largely pro
ess independent but not predi
table so that it requires experimen-tal results. This part absorbs the divergen
e, whi
h 
ome from gluon self-
oupling, ifperturbation were applied at the low energy s
ale.From the fa
torization theorem, the in
lusive 
ross se
tion of the DIS, l + A �!l0 + X, 
an be written as 
onvolution of parton densities and hard-s
attering 
ross9



se
tion; F �A(x;Q2) =Xi Z 1x dyy f iA (y; �F ; �) F̂ �A �xy ; Q� ; �F� ; �s(�)� (2.28)where f iA is the distribution of parton qi in the hadron A and F̂ �A is the hard 
rossse
tion, 
�(q; �) + qi �! X, whi
h 
an be obtained from perturbative 
al
ulation.The fa
torization s
ale, �F , separates the perturbatively 
al
ulable and non-
al
ulableregion. The s
ale � is the renormalization s
ale whi
h de�nes the boundary betweenthe �nite and the divergent 
ontributions in the renormalization pro
edure. If theperturbative 
al
ulation is performed at all order, the results do not depends on �Fnor �, so that they 
an be arbitrary 
hosen. In the �nite order 
al
ulation, there is adependen
e on s
ale. In DIS, Q2 is usually 
hosen as a s
ale.Whi
h s
heme is used to absorb the divergen
e should be also 
hosen. The 
om-monly used s
heme is MS (modi�ed minimal subtra
tion) s
heme and another s
hemeuseful for the deep inelasti
 s
attering is the DIS s
heme.2.5 QCD improved parton modelThe na��ve QPM should be modi�ed in the QCD sin
e quarks emit gluons and gluonssplit into quark pairs or gluons. It introdu
es the Q2 dependen
e to the parton distri-bution fun
tions (PDFs), q(x;Q2) or g(x;Q2) for quarks or gluons respe
tively. Withhigher Q2, whi
h means �ner spatial resolution, more quarks or gluons with low x arere
ognizable by the intera
tion and hen
e the number of quarks or gluons at low xin
reases with Q2. This Q2 dependen
e is usually referred as Q2 evolution.2.5.1 DGLAP evolution equationTheQ2 evolution of parton distributions 
an be predi
ted within pQCD by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) [4, 5, 6, 7℄ evolution equation.dq(x;Q2)d lnQ2 = �s2� Z 1x dyy �q(y;Q2)Pqq �xy�+ g(y;Q2)Pqg �xy�� (2.29)dg(x;Q2)d lnQ2 = �s2� Z 1x dyy  Xq q(y;Q2)Pgq �xy�+ g(y;Q2)Pgg �xy�! (2.30)where Pij �xy� is the splitting fun
tion, whi
h are 
al
ulable in the pQCD and representthe probability of that a parton i with the momentum fra
tion x is emitted by aparton j with the larger momentum fra
tion y (y > x). In both equations, the �rstterm 
orresponds to gluon radiation from a quark (q �! qg or gq) and the se
ondterm 
orresponds to gluon splitting (g �! qq or gg) and they are integrated over thepartons with momentum fra
tion higher than x.The DGLAP equation is formally derived in the Leading Logarithm Approximation(LLA), where the terms of (�s ln(Q2))n are summed up to all orders. These (�s ln(Q2))nterms 
orrespond to the ladder diagrams with n gluons emission as shown in Fig.10



Figure 2.2: Ladder diagrams.2.2. The LLA approximation is that the emissions are strongly ordered by transversemomentum of gluons kT as Q2 � k2Tn � � � � � k2T2 � k2T1: (2.31)The approximation is valid for the large Q2 region and not too small x region, where�s(Q2) ln 1x � �s(Q2) ln(Q2).2.5.2 S
aling violation of F2The Q2 dependen
e of the parton distribution indi
ates that Bjorken s
aling is nolonger valid. F2 de
reases at high x and in
reases at low x as Q2 in
reases, re
e
tingthat more quarks with small x are resolved by virtual photons with larger Q2.In the DIS fa
torization s
heme, F2 
an be written asF2(x;Q2) =Xi e2i �xqi(x;Q2) + x�qi(x;Q2)� : (2.32)Therefore, the DGLAP equation gives�F2(x;Q2)� lnQ2 = �s2� Z 1x dyy �F2(y;Q2)Pqq �xy�+ 2�e2xg(y;Q2)Pqg �xy�� ; (2.33)where �e2 =Pi e2i . At low x (x < 0:01), the 
ontribution from the Pqq term is negligi-ble [8℄ so that the Q2 dependen
e of F2 
an be written as�F2(x;Q2)� lnQ2 / �sPqgxg; (2.34)11



whi
h shows indire
t sensitivity to gluon PDF.The s
aling violation is observed by many experiments. At HERA, whi
h 
overedso far the widest kinemati
 range in both x and Q2, steep rise of F2 as in
rease of Q2at low x is seen as shown in Fig. 2.3.2.5.3 Longitudinal stru
ture fun
tion FLIn the na��ve QPM, FL = 0 sin
e s
attering between a spin-12 parti
le and a longitudinalphoton 
annot 
onserve heli
ity and angular momentum simultaneously as drawn inFig. 2.4. However, in the QCD, existen
e of gluon make it possible to give non-zeroFL through gluon emission or splitting. From its nature, FL has dire
t sensitivity tothe gluon emission inside the proton, i.e. dynami
s in the proton.In the pQCD framework, FL at LO is given as [10, 11℄FL(x;Q2) = �s4�x2 Z 1x dzz3 "163 F2(z; Q2) + 8Xq e2q �1� xz� zg(z; Q2)# ; (2.35)where the last term in
ludes gluon PDF.2.6 DIS at low xHERA, the ep 
ollider, had brought the widened kinemati
 region for DIS analysis
omparing to the �xed target experiments. The a

essible region is expanded by abouttwo orders towards both high Q2 and low x. The DIS 
ross se
tions measured atHERA shows steep rise at low x and reveals that the pQCD view 
an des
ribe themeasurements. From the QCD analysis based on the DGLAP equations, the PDFs aredetermined. At low x, the strong rise of gluon PDF is obtained as seen in Fig. 2.5,whi
h shows the PDFs from the experiments at HERA [12, 13℄. PDF determination isdone by several groups and their PDFs reasonably agree. However, there is still roomfor dis
ussion in the pQCD approa
h.2.6.1 Des
ription of low x physi
sAt small x, the terms of (�s ln 1x)n 
annot be negle
ted so that the DGLAP equationsmay fail to des
ribe the data. There are other approa
hes to des
ribe the low x physi
s.At moderate small x, the Double Leading Logarithm Approximation (DLLA) 
anbe used. In the DLLA, the terms of (�s ln 1x ln(Q2))n are summed up.For des
ription of further small x, the Balitskii-Fadin-Kuraev-Lipatov (BFKL)equation was developed. In the BFKL equation, the ordering by kT is no longer neededbut the strong ordering by x, the momentum fra
tion of emitted gluon is requiredx1 � x2 � � � � � x (2.36)to sum up the terms of (�s ln 1x)n. The BFKL equation predi
ts steeper in
rease of F2,hen
e gluons, at low x than the DGLAP equation.12
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Figure 2.5: ZEUS-JETS PDF and H1 2000 PDF.The di�erent approa
hes are summarized in Fig. 2.6. With very low Q2, per-turbation 
annot work due to the large value of �s(Q2). The high density of gluondistribution at very low x may saturate due to re
ombination or annihilation of gluons.2.6.2 FL at low xIn the PDF determination, the gluon PDF is mainly determined from s
aling violationof F2, whi
h has indire
t sensitivity to the gluon PDF as des
ribed in Se
. 2.5.2. How-ever, Eq. 2.34 shows that the s
aling violation is a 
onvolution of the splitting fun
tionPqg and the gluon PDF. Any extension on Pqg, whi
h is usually 
al
ulated from NLODGLAP, will be absorbed by the gluon PDF by modifying its shape. Measurement ofvariable with di�erent sensitivity to the gluons is ne
essary for 
ross 
he
k of Pqg andthe gluon distribution, whi
h means the test of 
urrent understanding by the pQCDdes
ription.One of su
h variables is FL. A

ording to the QCD, FL dire
tly re
e
ts gluondynami
s in the proton. As seen in Eq. 2.35, the pQCD des
ription of FL, its sensitivityto the gluon PDF is in di�erent manner as the s
aling violation.However, the measurement of FL is not easy and the experimental results arelimited. As seen in the Eq. 2.17, the separation of F2 and FL needs DIS 
ross se
tions atthe same (x;Q2) but the di�erent y, whi
h requires measurements at di�erent 
enter-of-mass energies. In the past F2 measurements at HERA, the FL 
ontribution to the
ross se
tion was subtra
ted by using model predi
tions.In the past �xed target experiments [14, 15, 16, 17℄, the dire
t measurements of FL14
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hes on the (Q2; 1x) plane.had been done in the form ofR = �L�T = 4M2x2Q2 F2 + FLF2 � FL (2.37)�= FLF2 � FL ; (Q2 �M2) (2.38)where M is the proton mass. These results are shown in Fig. 2.7 [17℄. These measure-ments are at relatively high x where the sensitivity to the gluon physi
s is small.At HERA, the in
lusive 
ross se
tion measured by the H1 
ollaboration [18℄ showedturnover in ~� at low x, impli
itly indi
ating non-zero FL 
ontribution to the 
rossse
tion. Nevertheless, a study on su
h turnover has limited pre
ision and the dire
tmeasurement of FL is ne
essary for the 
onsisten
y 
he
k of the pQCD.Various predi
tions of FL have been done as summarized in [19℄. In addition to thepredi
tions using NLO or NNLO pQCD, there are also predi
tions with 
orre
tionsbeyond the �xed order pQCD, su
h as ln 1x resummation (or BFKL enhan
ed model),higher twist 
orre
tion and 
olor dipole model. Comparison of predi
tions is shown inFig. 2.8 for x = Q2=35420 � 2:8� 10�5 �Q2. The di�eren
es between the predi
tionsare sizable at very low Q2, but not so large at Q2 & 10 GeV2.The FL measurement requires to 
olle
t DIS events at high y. The measurementof su
h events is diÆ
ult and gets more diÆ
ult for lower Q2. In this thesis, by usinga newly developed tool to in
rease the purity of DIS events, the measurement goesdown to Q2 ' 20 GeV2. FL is separated from the measured DIS 
ross se
tions for the�rst time at low x without model dependen
e. It is done for 24 � Q2 � 110 GeV2 toperform 
onsisten
y 
he
k of the pQCD des
ription of the proton stru
ture.
15



Figure 2.7: R measured by various �xed target experiments. The plot is taken from[17℄.
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Chapter 3Experimental setup
3.1 The HERA ColliderHERA (Hadron Elektron Ring Anlage) is lo
ated at the resear
h 
enter DESY inHamburg, Germany. It was the unique a

elerator in the world whi
h 
ollides ele
tronsor positrons with protons and was in operation from 1992 to the end of June in 2007.Its 
enter of mass energy was 318 GeV from 1998 with the ele
tron energy of 27.5 GeVand the proton energy of 920 GeV. The luminosity upgrade took pla
e from 2000 to2002.A s
hemati
 view of HERA is shown in Fig. 3.1. Protons are �rst a

elerated in theform of H�1 by the linear a

elerator (LINAC) to 50 MeV. After ele
trons are strippedo�, protons are a

elerated to 7.5 GeV at DESY III and then to 40 GeV at PETRA.Finally they are inje
ted to HERA and a

elerated to their �nal energy. A

elerationof ele
trons or positrons starts at LINAC I or II, respe
tively, to 220 MeV for ele
tronsand to 480 MeV for positrons. They are subsequently a

elerated by DESY II to 7.5GeV and by PETRA II to 12 GeV and then inje
ted to HERA. In HERA, the protonring uses super
ondu
ting magnets while the ele
tron ring uses normal 
ondu
tingmagnets. Both beams have bun
h stru
ture with 96 ns bun
h spa
ing, resulting abun
h 
rossing rate of 10.4 MHz. The nominal parameters of HERA are shown inTable 3.1. ele
tron protonCir
umferen
e of the ring 6336.83mNumber of bun
hes (in
l. empty bun
hes) 180Number of 
olliding bun
hes 174Time between bun
h 
rossings 96nsCenter of mass energy 318GeVBeam energy 27.5GeV 920GeVMaximum 
urrent 58mA 140mALuminosity 7:4 � 1031
m�2se
�1Table 3.1: Parameters of HERA after 2005.17



Figure 3.1: A s
hemati
 view of HERA.
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Figure 3.2: Integrated luminosity delivered by HERA. The periods before and afterthe luminosity upgrade are 
alled HERA I and HERA II.Four experiments were in operation at HERA. H1 and ZEUS were 
ollider experi-ments lo
ated at Hall North and Hall South, respe
tively. HERA-B and HERMES are�xed target experiments using the proton beam and the ele
tron beam, respe
tively.Before the end of HERA, HERA was operated with lowered proton beam energieswhi
h give the opportunity for the dire
t measurement of FL. While positron beamenergy was kept as 27.5 GeV, the proton beam energies were 460 GeV in the �rst twomonths and 575 GeV in the last month. These operations are referred as the LowEnergy Running (LER) and as the Medium Energy Running (MER), respe
tively, inthis thesis. In 
ontrast, operation with the nominal energy of 920 GeV is now 
alledas the High Energy Running (HER).The integrated luminosity whi
h was delivered by HERA during its whole operationis shown in Fig. 3.2.3.2 The ZEUS Dete
torThe ZEUS dete
tor [20℄ is a multipurpose dete
tor, designed to measure parti
les fromep 
ollision. It surrounds an ep intera
tion point almost hermeti
ally. A s
hemati
 viewof the ZEUS dete
tor is shown in Fig 3.3.The ZEUS 
oordinate system is a right-handed system de�ned with respe
t to thenominal intera
tion point. The dire
tion of the proton beam is taken as the positivez dire
tion. The positive x dire
tion is horizontal dire
tion pointing the 
enter ofthe HERA ring and the y dire
tion is pointing upwards. Sin
e ep system is boostedtowards the proton dire
tion, the positive z dire
tion is also referred to as the forwarddire
tion while the negative z dire
tion is 
alled the rear or ba
kward dire
tion. Thepolar angle � is measured with respe
t to the proton beam dire
tion and the azimuthalangle � is measured with respe
t to the positive x dire
tion.19



Figure 3.3: The ZEUS dete
tor along the beampipe. In this �gure, the left side is theforward dire
tion and the right side is the rear dire
tion.
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From the inner part to the outer, the ZEUS dete
tor has a tra
king system, a
alorimeter and a muon dete
ting system. In the barrel region, a super
ondu
tingsolenoid 
oil surrounding the tra
king system provides a magneti
 �eld of 1.43 T.The tra
king system 
onsists of the Mi
rovertex Dete
tor (MVD), the Central Tra
k-ing Dete
tor (CTD) and the forward dete
tor (FDET) whi
h 
ontains the StrawTube Tra
ker (STT) with the interleaved Transition Radiation Dete
tors (TRD). Theuranium-s
intillator 
alorimeter (CAL) is pla
ed surrounding the tra
king system andthe solenoid and is divided into three se
tions namely Rear, Barrel and Forward
alorimeters (RCAL, BCAL and FCAL). It is equipped with sub-dete
tors su
h assili
on pads 
alled Hadron-Ele
tron-Separators (HES) and s
intillator tiles 
alled Pre-sampler (PRES). The Small Angle Rear Tra
king Dete
tor (SRTD) is atta
hed to thefront fa
e of the RCAL around the beam pipe. Outside the CAL, iron yokes are usedas the absorber for the Ba
king Calorimeter (BAC). The wire 
hambers for muon de-te
tion (BMUON, RMUON and FMUON) are at the inner side and the outer side ofthe BAC. At the rear side of the main dete
tor, the Veto Wall, whi
h 
onsists of aniron wall with s
intillator hodos
opes on both sides, reje
ts ba
kground parti
les fromthe proton beam halo. The C5 
ounter, whi
h is a small s
intillator 
ounter lo
ated atz = �1:2m around the beam pipe, monitors the beam 
ondition and is used to vetobeam gas events. In downstream of the ele
tron beam, several dete
tors are situated.The 6m tagger tags ele
trons es
aped through the beam pipe. Two kinds of luminositymonitors are pla
ed at z ' �100m, namely the Photon Calorimeter (PCAL) and theSpe
trometer (SPEC).In the following se
tions, further details of the dete
tor 
omponents important forthis analysis are des
ribed.3.2.1 The mi
rovertex dete
tor (MVD)The MVD [21℄ is a dete
tor using sili
on strip sensors and 
onsists of the Barrel(BMVD) and the Forward (FMVD) se
tions. A s
hemati
 
ross se
tion along thez dire
tion of the MVD is shown in Fig. 3.4. The BMVD has a 3-layer stru
tureand the FMVD 
onsists of 4 wheels. The MVD takes its pla
e from z = �33
m toz = 75
m within the radius of 16.2 
m. The length of the BMVD and the FMVD are65 
m and 43 
m, respe
tively. The 
overage in polar angle is from 7Æ to 160Æ.Sensors of the MVD are single-sided dete
tors made of n-type sili
on of 300 �ma
tive thi
kness with implanted p+ strips. Capa
itive 
harge division is used and thereadout pit
h is 120 �m with 5 intermediate strips giving 20 �m strip pit
h. Thespatial resolution of a sensor is 20 � 30�m.In the BMVD, ea
h sensor has a square shape of 6.4 
m � 6.4 
m with 512 readoutstrips whi
h run parallel to a side of a sensor. Two sensors with their strip dire
tionsperpendi
ular to ea
h other form a Half Module (HM) as shown in Fig. 3.5. Twostrips in di�erent sensors are read together, whi
h leads to existen
e of ghost hit. Twomirror-shaped HMs are put together and form a module. Five modules are pla
ed ina line and form a ladder. In total, 30 ladders, whi
h 
orrespond to 600 sensors, arepla
ed parallel to the beam pipe in the BMVD. Their arrangement is shown in Fig.3.6. Due to the ellipti
 shape of the beam pipe, whi
h is not 
entered, the �rst layer in21



protonelectron

BMVDFMVDFigure 3.4: The 
ross se
tion of the MVD along z dire
tion.

Figure 3.5: Half Modules in the BMVD.the BMVD is not symmetri
 resulting some angular regions 
overed by 2 layers only.The sensors in the FMVD have a trapezoidal shape with a base of 6.4 
m, a heightof 7.4 
m and a tilt of a side of �13Æ. Some of the sensors have a shorter height of 4.9
m due to their lo
ation. Ea
h sensor has 480 strips and they run parallel to one ofthe tilted sides. A sensor forms a HM and two sensors with oppositely tilted strips areoverlapped and form a module. A wheel 
onsists of 14 modules arranged to surroundthe beam pipe. The FMVD 
onsists of 4 wheels 
orresponding to 112 sensors in total.3.2.2 The 
entral tra
king dete
tor (CTD)The CTD [22℄ is a 
ylindri
al drift 
hamber with 72 radial layers of sense wires. A
ross se
tion of an o
tant of the CTD is shown in Fig. 3.7. The layers are organized in9 superlayers (SL) of 
ells, ea
h 
ontaining 8 sense wires. The wire plane in ea
h 
ellis rotated by 45Æ with respe
t to the radial dire
tion adapted to Lorentz Angle of theCTD. The SLs are numbered as from 1 to 9 from the inner side. Wires in the SLs with22



Figure 3.6: The arrangement of the ladders in the BMVD.SL 1 2 3 4 5 6 7 8 9Center radius of a 
ell (
m) 21 27 35 41 49 56 63 69 77Number of 
ells 32 40 48 56 64 72 80 88 96Table 3.2: Radii of CTD SLs.odd number are parallel to the beam axis, while those in the SLs with even numberare tilted with respe
t to the beam axis by approximately �5 to provide a stereo viewto determine the z position of a tra
k.The CTD 
overs the polar angle region of 15Æ < � < 164Æ (19Æ < � < 160Æ whenrequiring the tra
k to pass the third layer) from the nominal intera
tion point. Thea
tive volume extends from z = �1:00m to z = 1:05m with the inner and outer radiiof 18.2 
m and 79.4 
m, respe
tively. The 
enter radius of ea
h SL is shown in Table3.2.The CTD tra
king resolution is parameterized as �(pT )=pT = 0:0058pT � 0:0065�0:0014=pT [23℄, where pT is transverse momentum of a tra
k in GeV, for tra
ks �tted tothe event vertex and passing all the 9 SLs. The �rst term in the right hand side derivesfrom the position resolution of hits and the se
ond and the last terms are 
oming frommultiple s
attering inside and before the CTD, respe
tively. The spatial resolution fora tra
k passing all the 9 SLs is � 180�m in r� dire
tion and � 2mm in z dire
tion.The z position of a hit 
an be also given by the di�eren
e in signal arrival timeat the ends of a wire. All the wires in SL 1 and half of the wires in SL 3 and 5 areequipped with spe
ial ele
troni
s to measure the time di�eren
e. The system is 
alledas the z-by-timing system. Though the position resolution is not pre
ise, about 4 
m, itperforms a fast measurement of the z position. The information from the z-by-timing23



Figure 3.7: The 
ross se
tion of an o
tant of the CTD.is mainly used in the ZEUS trigger system but also in o�ine tra
king.The CTD gives the referen
e frame of the ZEUS 
oordinate system. Other dete
torsare aligned to the CTD.3.2.3 The uranium-s
intillator 
alorimeter (CAL)The 
alorimetry [24, 25℄ for the ep 
ollider physi
s is required to perform pre
ise mea-surement of both the s
attered ele
tron and the hadroni
 systems in the �nal state.To have good hadroni
 energy resolution, the ZEUS experiment has 
hosen a uranium-s
intillator sampling 
alorimeter. It 
onsists of alternating plates of depleted uranium(DU) as absorbers and plasti
 s
intillator as a
tive materials for readout. While the
alorimeter response to a hadroni
 shower is usually less than that of an ele
tromagneti
shower, the 
ombination of DU and plasti
 s
intillator 
ompensates the undete
ted en-ergy in a hadroni
 shower through the following pro
ess. Neutrons produ
ed fromthe fragmentation of uranium elasti
ally s
atter out protons in the s
intillator. Theseprotons lead s
intillation and hen
e produ
e additional signals whi
hH 
ompensateIthe undete
ted energy. By sele
ting the thi
kness of ea
h layer as 3.3 mm for DU plateand 2.6 mm for s
intillators, the ZEUS 
alorimeter has a
hieved the equal response tohadrons and ele
trons, e=h = 1:00 � 0:03 for E > 3 GeV, where e/h is the ratio ofaverage signal of ele
tron and hadron of the same energy. The energy resolutions wereobtained from the test beam study as�(E)E = 18%pE[GeV℄ � 1% for ele
trons (3.1)�(E)E = 35%pE[GeV℄ � 2% for hadrons: (3.2)24



RCAL BCAL FCALAngular 
overage (degree) 128.1 � 176.5 36.7 � 129.1 2.2 � 39.9Size of EMC front fa
e (
m � 
m) 20 � 10 23 � 5 20 � 5Depth (�) 4 5 7Depth (X0) 194 128 109Table 3.3: The parameters of the CAL.The plasti
 s
intillator also gives a �ne timing resolution, whi
h is important for e�e
-tive reje
tion of ba
kgrounds from beam gas intera
tion or 
osmi
 rays. The timingresolution of the CAL is 0:5 + 1:5pE[GeV℄ ns.The CAL is divided into three se
tions of the Rear, the Barrel and the Forward
alorimeters (RCAL, BCAL and FCAL) as shown in Fig. 3.8. They me
hani
ally
onsist of modules, whi
h are further segmented into units for readout 
alled towers.In the FCAL and the RCAL, modules have 20 
m width in the x dire
tion and arepla
ed parallel to the y � z plane. A s
hemati
 view of an FCAL module is shownin Fig. 3.9. The size of a tower is 20 
m � 20 
m in the x � y 
ross se
tion andtowers are lined with the y dire
tion in ea
h module. Ea
h module is longitudinallyseparated into an ele
tromagneti
 
alorimeter (EMC) and a hadroni
 one (HAC). AnFCAL tower has 4 EMC 
ells with the size of 20 
m � 5 
m, shorter in y, on its frontfa
e and 2 HAC 
ells with the size of tower, 20 
m � 20 
m, following behind them.An RCAL tower has 2 EMC 
ells with the size of 20 
m � 10 
m and a HAC 
ellwith the size of 20 
m � 20 
m. The longitudinal thi
kness of the EMC part is 26radiation length (X0) or � 1 intera
tion length (�). Ea
h HAC 
ell has a thi
kness of� 3 � whi
h results in the thi
kness of 4 � and 7 � for RCAL and FCAL, respe
tively.In the BCAL, 32 modules are arranged parallel to the beam axis and have a wedgeshape in transverse 
ross se
tion. The EMC 
ells in the BCAL are proje
tive in polarangle with ea
h size of 5 
m in z and 23 
m in r� on the front fa
e. The BCAL has 2layers of HAC 
ells behind the layer of EMC 
ells, where 4 EMC 
ells are 
onne
tedto a HAC 
ell. The �rst layer in a HAC 
ell has a dimension of 24 
m � 27 
m. Thethi
kness of the BCAL is � 5� with 22 X0 for EMC layer and 2 � for ea
h HAC layer.The parameters of ea
h RCAL, BCAL and FCAL are summarized in table 3.3. TheCAL has 99.7% 
overage of 4� solid angle in total ex
ept for holes for the beam pipein FCAL and RCAL, where ea
h hole has approximately the size of a tower.The s
intillation light is transmitted by wavelength shifters to photomultiple tubes(PMTs). The wavelength shifters are atta
hed to the both sides of ea
h 
ell and pla
edbetween modules so that every 
ell is read out by 2 PMTs. The impa
t position of ashower 
an be known from the imbalan
e of the signals from the 2 PMTs.3.2.4 The Hadron-Ele
tron-Separator (HES)The HES [26, 27℄ is a dete
tor inserted in the CAL EMC to identify ele
tromagneti
showers. It 
onsists of 20518 sili
on pad dete
tors forming two layers of the HES withone in the RCAL and the other in the FCAL. Ea
h layer 
overs the radius up to � 19025
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Figure 3.9: A s
hemati
 view of an FCAL module.
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m from the beam pipe and is pla
ed at 3.3 X0 from the CAL surfa
e. It 
orrespondsto the shower maximum position for ele
tromagneti
 showers while hadrons behave asMIP parti
les at the position of the HES. Based on the fa
t that the Moliere radius ofele
tromagneti
 shower in the ZEUS CAL is about 2 
m, the size of a sili
on pad was
hosen as 3.1 
m � 3.4 
m with 400 �m thi
kness. A HES 
luster is re
onstru
ted by3 � 3 sili
on pads with highest energy deposit in its 
entral pad. When a shower hitsmore than a single pad, the position resolution of the HES is about 0.5 
m.Pairs of pads are arranged in line on HES skis. Ea
h ski has a width of 6.3 
m.Three skis are installed to a CAL module to �ll a gap prepared for the HES. The 
rossse
tion of a gap is 1.5 
m � 19 
m.3.2.5 The small rear tra
king dete
tor (SRTD)The SRTD [28℄ is a s
intillator strip hodes
ope pla
ed on the RCAL front fa
e. Fourquadrants are arranged to surround the beam pipe. Ea
h quadrant has a size of 24 
m� 44 
m and 
onsists of two planes of s
intillator strips, whi
h are 1 
m wide and 0.5
m thi
k. The two planes are pla
ed so that strip dire
tions are perpendi
ular to ea
hother. The position resolution of the SRTD is 3 mm. It has a good timing resolutionof 1 ns for MIP and its timing information is used for ba
kground vetoes in the triggersystem.3.2.6 The luminosity monitorThe ZEUS experiment was equipped with two independent luminosity monitors sin
e2003, namely the Photon Calorimeter (PCAL) [29℄ and the Spe
trometer (SPEC) [30℄.Both systems measure the rate of high energy bremsstrahlung photons from the Bethe-Heitler pro
ess, ep �! e
p and are lo
ated at the downstream of the ele
tron beam.The 
ross se
tion of the pro
ess is large and is theoreti
ally well known, whi
h minimizeboth statisti
al and theoreti
al un
ertainties on the luminosity measurement.The PCAL system 
onsists of 
arbon �lters, aerogel 
erenkov 
ounters [31℄, and aphoton 
alorimeter. Their setup is shown in Fig. 3.10. The 
arbon graphite �lterswork as absorbers and shield the 
alorimeter from high syn
hrotron radiation emittedfrom the ele
tron beam. The thi
kness of the �lters is 4.2 X0 in total. The sili
aaerogel 
erenkov 
ounters are pla
ed before and behind of one of the �lters to improvethe 
alorimeter resolution, whi
h is signi�
antly deteriorated by the �lters. Withthe 
erenkov energy threshold for ele
trons of 1.62 MeV, the 
ounters do not dete
tphotons from syn
hrotron radiation, whi
h have energy spe
trum up to 1-2 MeV, butmeasure ele
tromagneti
 showers from the bremsstrahlung photons sin
e typi
al energyof their shower parti
les is about 20 MeV. The photon 
alorimeter is a sandwi
h lead-s
intillator 
alorimeter lo
ated at z = �107m. It 
onsists of 48 layers of lead plates ands
intillator plates with the dimension of 20.0 
m � 20.0 
m. It 
orresponds to the depthof 24 X0. After 8 layers from the front, a position dete
tor is inserted to re
onstru
tthe positions of the in
oming photons. The position dete
tor is a hodos
ope made oftwo layers of s
intillator strips with 1.0 
m wide and 0.3 
m thi
kness. The length of28
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Figure 3.10: The setup of the PCAL system.the strips is 15 
m for 17 strips running in verti
al and 18 
m for 13 strips running inhorizontal.The SPEC system dete
ts the bremsstrahlung photons by measuring ele
tron-positron pairs from their 
onversion, 
 ! e+e�. A s
hemati
 layout of the systemis shown in Fig. 3.11. Approximately, 10 % of the photons 
overt into the ele
tronpairs at the photon exit window, whi
h is lo
ated at z = �92:5m. The ele
trons andpositrons are split verti
ally by the dipole magnet and dete
ted by 
alorimeters belowand above the photon beam, respe
tively. The 
alorimeters are segmented tungsten-s
intillator sampling 
alorimeters whi
h allow the simultaneous measurement of theimpa
t position and energy of an ele
tron. They 
onsist of 26 tungsten layers with3.5 mm thi
kness and layers of s
intillator strips. The strips are 7.9 mm wide and 2.6mm thi
k and alternates after ea
h layer in x and y dire
tion. The total depth of ea
h
alorimeter is 24 X0. Their energy and position resolutions are 17%=pE and 1 mm,respe
tively.The systemati
 un
ertainty on the luminosity measurement is 2.6 %. The measure-ments from the two systems agree well within the un
ertainty.3.2.7 The 6m taggerEle
trons from the Bethe-Heitler pro
ess or the photoprodu
tion pro
ess are de
e
tedo� the beam ele
trons by the dipole magnet for the ele
tron beam separation. The6m tagger [32℄ is a tungsten s
intillator spaghetti 
alorimeter lo
ated at z = �5:37mto dete
t these ele
trons. It 
onsists of 84 tungsten plates and 1890 �bres and has asize of 85 mm � 24 mm � 100 mm. The 
alorimeter is divided into 70 
ells, 14 in xand 5 in y, where ea
h 
ell has 27 �bres and is read out by a photomultiple tube. Thetagger has almost 100 % eÆ
ien
y for ele
trons with energy of 4-8 GeV.29



Figure 3.11: The setup of the SPEC system.3.3 The ZEUS Trigger and data a
quisition systemAn experiment at HERA is required to have a sophisti
ated data a
quisition systemto 
ope with the short bun
h spa
ing and large ba
kgrounds. While the bun
h spa
ingof 96 ns gives event rate of 10.4 MHz, the rate of ep s
attering events to be analyzedis a few Hz. The rate of ba
kgrounds is about 100 kHz. Most of them are 
ausedby intera
tions between proton beam parti
les and residual gas mole
ules in the beampipe. There are also ele
tron beam gas ba
kgrounds, beam halo and 
osmi
 events.The ZEUS experiment is equipped with pipeline readout and three-level triggersystem [33℄ to minimize the dead time and to take data eÆ
iently. A s
hemati
 diagramof the ZEUS trigger system is shown in Fig. 3.12.First Level Trigger (FLT)The FLT is a hardware trigger designed to redu
e the event rate to less than 1 kHz.It 
onsists of lo
al FLTs and the Global First Level Trigger (GFLT). Ea
h dete
tor
omponent stores its data in the own pipeline system during the FLT 
al
ulation whi
htakes � 5�s. For the �rst 2�s, lo
al FLTs, the FLTs at the 
omponents, make rough
al
ulation on the parti
ular data read for trigger purpose and send the 
al
ulatedtrigger signal to the GFLT. The GFLT 
olle
ts the signals from all the lo
al FLTs andmake a de
ision whether to take or not using memory lookup tables. The output is 64bits, where ea
h bit 
orresponds to a de
ision for a single logi
 and 
alled slot. Theselogi
s 
an be easily modi�ed via software. The GFLT de
ision is OR of the 64 slots. Ifthe GFLT makes a positive de
ision, an a

ept 
ag is sent to ea
h dete
tor 
omponentand 
omponents start to read out the data in the 
orresponding pipeline.The GFLT also sends HERA 
lo
k to ea
h 
omponent to syn
hronize all the pipelinesystems and the lo
al FLTs with the HERA bun
h 
rossings.30



Figure 3.12: A s
hemati
 diagram of the ZEUS trigger system.
31



Se
ond Level Trigger (SLT)The SLT is a software based trigger running on a network of 
omputers. It redu
esthe event rate to less than 100 Hz within the available time of � 10ms. The SLT also
onsists of lo
al SLTs and Global Se
ond Level Trigger (GSLT).The data read out based on the GFLT a

ept 
ag is digitized and sent to digitizerbu�ers whi
h play a similar role as pipelines at the FLT. Ea
h lo
al SLT pro
ess thenominal data of its own dete
tor 
omponent and sends it to the GSLT. Sin
e all the datafrom the dete
tors is available, the GSLT makes the de
ision based on physi
s oriented�lters with more sophisti
ated vetoes than the FLT for the ba
kground reje
tion. Thenumber of �lters is about up to 100.If an event is a

epted by the GSLT, all the dete
tor 
omponents send the datastored in their bu�er to the Event Builder (EVB). It 
onstru
ts the event stru
ture
ombining all data from the 
omponents.Third Level Trigger (TLT)The TLT runs a part of the o�ine re
onstru
tion 
odes on a PC farm. It sele
ts physi
sevents with the output rate of less than 10 Hz.The events whi
h are a

epted by TLT are sent to Mass Storage and written intotapes. The typi
al size of a event is about 100 kBytes.3.4 Monte Carlo simulationAny dete
tor has limited a

eptan
e and also imperfe
tion in reality. Their e�e
t onthe measurement should be well understood for the 
ross se
tion measurement. The
omplexity of a dete
tor requires a

urate dete
tor simulation for estimation of thea

eptan
e and the smearing e�e
t of the dete
tor.The Monte Carlo (MC) simulation is used for the estimation. The simulation hastwo steps, �rst the event generation and then the dete
tor simulation.Event generationIn the lepton-proton s
attering, the event generation is done through the 
ombina-tion of parton distributions in the proton, hard s
attering at the parton level andhadronization.The DIS events are simulated by DJANGOH1.6 [34℄ using CTEQ5D PDFs [35℄. Inthe simulation, HERACLES4.6 [36℄ takes into a

ount of �rst-order ele
troweak radia-tive 
orre
tion. HERACLES is interfa
ed to the QCD program, ARIADNE4.12 [37℄, byDJANGOH. ARIADNE simulates QCD 
as
ades from partons using the 
olor-dipolemodel. Hadronization is done based on LUND string model of JETSET7.4 [38℄. Thesample used in this analysis is generated with FL = 0.The photoprodu
tion MC is used for the ba
kground estimation. It was simu-lated by PYTHIA6.221 [39, 40℄. It also uses HERACLES4.6 so that the �rst-orderele
troweak radiative 
orre
tion is in
luded.32



Ep Signal MC Ba
kground MC(GeV) Nevents L Nevents L920 Q2 > 1:5 GeV2 20 M 28 pb�1 y > 0:5, Q2 < 1:5 GeV2 20 M 9 pb�1Q2 > 4 GeV2 10 M 29 pb�1460 Q2 > 1:5 GeV2 20 M 33 pb�1 y > 0:5, Q2 < 1:5 GeV2 25 M 13 pb�1Q2 > 4 GeV2 10 M 37 pb�1575 Q2 > 1:5 GeV2 20 M 31 pb�1 y > 0:5, Q2 < 1:5 GeV2 20 M 10 pb�1Table 3.4: MC samples used in the analysis.Photoprodu
tion events 
an be 
lassi�ed in subpro
esses a

ording to the intera
-tion. The proportion of ea
h subpro
ess in the generated photoprodu
tion MC is setto reprodu
e the measured results by the ZEUS 
ollaboration [41℄. While the total
ross se
tion is un
hanged, the proportion of dire
t pro
esses is in
reased and that ofdi�ra
tive pro
ess is de
reased.The both DIS and photoprodu
tion MC in
ludes the di�ra
tive 
omponent. Thegenerated samples are summarized in Table 3.4.Dete
tor simulationThe dete
tor simulation is done by the program MOZART based on GEANT3.21 [42℄,whi
h in
ludes dete
tor des
ription and simulates dete
tor response. After the simula-tion of dete
tor response, the trigger simulation is done and the full event re
onstru
-tion is applied.
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Chapter 4Measurement and eventre
onstru
tion
4.1 Overview of the FL measurementAs seen in Eq. 2.17, the DIS 
ross se
tion is formulated as a 
ombination of thestru
ture fun
tions. The redu
ed 
ross se
tion ~� is de�ned by Eq. 2.18 as~� � 1Y+ xQ42��2 d2�dxdQ2 = F2(x;Q2)� y2Y+FL(x;Q2); (4.1)whi
h is to be measured. The separation of the FL 
ontribution 
an be done by the
omparison of the redu
ed 
ross se
tions with the same (x;Q2) but the di�erent y. Ifthe redu
ed 
ross se
tions are plotted as a fun
tion of y2Y+ , the slope 
orresponds tothe FL. Due to the relation of Q2 = sxy, the 
omparison needs the DIS 
ross se
tionmeasurement at the di�erent 
enter-of-mass energies.The DIS events are identi�ed by the existen
e of the s
attered positron in the de-te
tor. In this measurement, the a

urate re
onstru
tion of the positron is 
ru
ial. Tohave a large sensitivity to FL, the measurement should be done at the high y regiondue to the fa
tor of y2Y+ , where the s
attered positrons have low energy. The interestingregion is at low Q2 whi
h means the s
attered angle is also low. However, the a

urateidenti�
ation of the positrons with low energy and low angle is diÆ
ult. Misidenti�
a-tion of 
harged- or neutral- pions as the positrons bring the ba
kground 
ontaminationto the DIS events. The main ba
kground are photoprodu
tion events, in whi
h thealmost real photon is emitted from the positron and intera
ts with the proton. Thepositron es
apes through the beam pipe and is undete
ted in the main dete
tor. Sin
eits 
ross se
tion is huge, it may 
ause a signi�
ant amount of ba
kground events bythe positron misidenti�
ation.The kinemati
 re
onstru
tion uses the energy and the angle of the s
attered positronas des
ribed in the next se
tion. The measurement is quite sensitive to the positronre
onstru
tion. 35



4.2 Re
onstru
tion of kinemati
 variablesThe a

urate re
onstru
tion of the kinemati
 variables x, y and Q2 is essential for thebetter measurement of the in
lusive 
ross se
tion. Two of the variables are independentand the rest 
an be determined by the relation of Q2 = sxy.In the �nal state of the s
attering, four parameters are measurable, namely theenergy and angle of the s
attered positron (E 0e, �e) and two variables from the hadroni
system, Æh =Ph(E � pz)i and pT;h =q(Ph(px;i))2 + (Ph(py;i))2, where the sumPhruns over all parti
les in the �nal state ex
ept the s
attered positron. The parti
les inthe proton remnant little 
ontribute to Æh nor pT;h sin
e the remnant runs downstreamof the proton beam with E � pz. The hadroni
 angle 
h 
an be re
onstru
ted from Æhand pT;h as 
os 
h = p2T;h � Æ2hp2T;h + Æ2h ; (4.2)whi
h 
orresponds to the angle of the s
attered quark in the na��ve QPM view. Isolinesof these measured variables in the (x, Q2) plane is shown in Fig. 4.1. The variables areshown for Ep = 920 GeV. Closer lines in the kinemati
 plane mean steeper dependen
eon the variable. In su
h region, in prin
iple the variable is expe
ted to re
onstru
tskinemati
 variables with the better pre
ision. The variables of E 0e and �e are shownalso for Ep = 460 GeV in Fig. 4.2.There are several methods to re
onstru
t kinemati
 variables depending on whi
hvariables to use. Three of them are des
ribed here.Ele
tron methodThe re
onstru
tion based purely on the variables of the s
attered positron is referredas the Ele
tron method. yel = 1� E 0e2Ee (1� 
os �e) (4.3)Q2el = 2EeE 0e(1 + 
os �e) (4.4)The equations show that high y 
orresponds to low E 0e and low Q2 
orresponds tolarge �e in the ZEUS 
oordinate, i.e. low s
attered angle. The re
onstru
ted valuesare sensitive to the positron energy s
ale. This method has a good resolution at thehigh y region. At the low y region, the re
onstru
tion loses the sensitivity to the E 0eand its resolution deteriorates as seen in Fig. 4.1 (a).Ja
qet-Blondel methodIn the Ja
qet-Blondel method [43℄, the kinemati
 variables are re
onstru
ted byhadroni
 variables only. It is used in the 
harged-
urrent analysis, where the s
atteredneutrino es
apes from the dete
tor and is not measurable.36
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yJB = Æh2Ee (4.5)Q2JB = p2T;h1� yJB (4.6)The method has reasonably good re
onstru
tion power for y. The Q2 re
onstru
tiondepends on the measurement of pT;h, whose a

ura
y 
an be easily spoiled by thedete
tor e�e
ts su
h as 
alorimeter noises, so that the method gives a worse resolutionof Q2 re
onstru
tion 
omparing to other methods.Double Angle methodThe Double Angle method minimizes the sensitivity to the absolute energy s
ale.It uses the angles of the s
attered positron and the hadroni
 system.Q2DA = 4E2e sin 
h(1 + 
os �e)sin 
h + sin �e � sin(
h + �e) (4.7)xDA = EeEp sin 
h + sin �e + sin(
h + �e)sin 
h + sin �e � sin(
h + �e) (4.8)yDA = sin �e(1� 
os 
h)sin 
h + sin �e � sin(
h + �e) (4.9)The method performs generally reasonable re
onstru
tion of kinemati
 variables overthe whole kinemati
 region.The measurement of E 0e, �e, Æh and pT;h are done during the re
onstru
tion des
ribedin the following se
tions. The E 0e re
onstru
tion is des
ribed in Se
. 4.3.2. The �e isre
onstru
ted by the positron position and the event vertex, whose re
onstru
tionsare des
ribed in Se
. 4.3.3 and 4.5.1, respe
tively. The hadroni
 four momentum isre
onstru
ted as des
ribed in Se
. 4.4.This measurement is fo
using on the high y region. The measured region in thisanalysis is shown in Fig. 4.1 (
). Figure 4.3 and Figure 4.4 show the bias and theresolutions of the Q2 and y re
onstru
ted with the Ele
tron method and the DoubleAngle method in (y, Q2) bins for the region of 0:1 < y < 0:7 and 10 < Q2 < 400GeV2.The bias and resolutions are estimated from the 
omparison between re
onstru
tedand true values of ea
h Q2 and y in MC. In both Q2 and y, the distributions by theEle
tron method have a peak at 1 and show no signi�
ant bias. For the resolution,the Ele
tron method has good Q2 resolution over the region. The Q2 resolution fromthe Double Angle method gets worse at higher y. For the y resolution, the Ele
tronmethod has a good resolution at high y and gets worse at lower y, where the DoubleAngle method gives better resolution. In this analysis, the Ele
tron method is adoptedfor the main kinemati
 re
onstru
tion. The other methods are used for various 
he
ks.38
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Figure 4.3: Resolution of Q2. The solid line is for the Ele
tron method and the dashedline is for the Double Angle method. The values of RMS are shown for the Ele
tronmethod.
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Figure 4.4: Resolution of y. The solid line is for the Ele
tron method and the dashedline is for the Double Angle method. The values of RMS are shown for Ele
tronmethod.
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4.3 Positron re
onstru
tion4.3.1 Positron �ndingA s
attered positron 
reates an ele
tromagneti
 shower in the CAL, where most of itsenergy would be measured in the EMC 
ells with a small energy leakage to the HAC
ells. On
e 
alorimeter 
ells with energy deposits are 
lustered into islands, �nding of
andidates for the s
attered positron is done by the positron �nder SINISTRA [44, 45℄.It evaluates the shower pro�le using a neural network based on 
alorimeter information.SINISTRA gives an output variable 
alled probability, PSira, whi
h 
an take the valuefrom 0 (hadron-like) to 1 (positron-like). The probability for the low energy s
atteredpositrons (Ee < 10GeV) gets signi�
antly smaller than 1, sin
e it gets harder to distin-guish for showers with lower energy whether it 
omes from positrons or hadrons. ��
ontaminates the distribution of the positrons at the low energy region. In addition,sin
e photons make the similar ele
tromagneti
 showers as positrons, it is hard for SIN-ISTRA to ex
lude photons from �0 ! 2
. Their reje
tion needs tra
king information,whi
h is des
ribed in Se
. 4.3.4.4.3.2 Energy re
onstru
tionSin
e the Ele
tron method uses the energy of s
attered positron, the a

urate measure-ment of positron energy is 
ru
ial. The measured energy is deviated from its originalenergy by energy losses in the ina
tive materials, non-uniformity of the dete
tor andinadequate understanding of the individual response of ea
h 
alorimeter 
ell. Thefollowing 
orre
tions are applied at the re
onstru
tion.� RCAL 
ell-by-
ell energy s
ale 
orre
tion.The energy s
ale in data is 
orre
ted by 
ell-by-
ell basis. The positrons dete
tedwell within ea
h 
ell are used to extra
t its s
ale fa
tor. During the extra
tion,some 
ells show de�
it in their energy distribution and are 
onsidered as bad
ells. They are masked in this analysis by setting the energy measured in themto zero.� Non-uniformity 
orre
tionThe gaps between the modules and those between the 
ells 
ause non-uniformresponse of the 
alorimeter. The e�e
t in RCAL is 
orre
ted by the produ
t of ax-dependent 
orre
tion fa
tor and a y-dependent fa
tor whi
h are derived for theMC and the data separately. The upper and lower halves (left and right halves)have di�erent x-dependent (y-dependent) parameters.� Dead material 
orre
tionBefore entering the 
alorimeter, the s
attered positron looses its energy by trav-eling materials, su
h as the beam pipe, supporting materials or 
ables, et
. To
ompensate this energy loss, the dead material 
orre
tion is applied. The 
or-re
tion depends on the 
alorimeter energy and the amount of ina
tive materials,whi
h is estimated based on dead material map, from the position of the eventvertex and the s
attered angle. 41
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Figure 4.5: Energy 
alibration. Comparison of the re
onstru
ted energy with the DAenergy is shown for both data and DIS MC.� Low E 0e 
orre
tionAdditional low Ee 
orre
tion,E 0e �! 1:015 � (5:5� E 0e) � E 0e for E 0e < 5:5 GeV,is applied in the data.These 
orre
tion parameters are mainly derived using two di�erent methods, oneof whi
h uses Kinemati
 Peak (KP) events and the other uses Double Angle (DA)energy. In a wide kinemati
 region around the line of x = x0 � Ee=Ep (Q2 . 100GeVand y . 0:03), the energy of s
attered positron is 
lose to the positron beam energyand almost independent of x or Q2 as seen in Fig 4.1 (a). These events form a peakin the E 0e distribution at the positron beam energy and hen
e 
alled the Kinemati
Peak events. These positrons 
an be used as a referen
e energy. The DA energy is theenergy of the s
attered positron estimated from �e and 
h,E 0DA = 2Ee sin 
hsin 
h + sin �e � sin(
h + �e) : (4.10)E 0DA is an independent estimate of E 0e sin
e the kinemati
 re
onstru
tion needs onlytwo of the four measured variables. It gives reasonable estimation for the positronswhen E 0e & 15GeV. The re
onstru
ted energy after all the 
orre
tions is 
omparedwith the DA energy in Fig. 4.5.For the 
he
k of the re
onstru
ted energy, J=	 produ
tion events and QED Comp-ton events are also used. Figure 4.6 shows the 
omparison between the data and theMC after applied all the 
orre
tions. The systemati
 un
ertainty for the energy s
aleis estimated as 1% for Ee > 15GeV and linealy in
reased for lower energy to be 2% atEe = 5GeV.Figure 4.7 shows the energy distribution for the KP events after all the 
orre
tion.The energy in the MC is too good 
omparing with data. In the MC, smearing fa
toris applied event by event to worsen the resolution by 1 %.42
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Figure 4.6: Energy 
alibration. The ratios of energy s
ale (Ere
:=Eref:) in data to thatin MC are shown.
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Figure 4.7: Energy distribution of KP events after the energy 
orre
tions. The pointsare data and the yellow histogram is the DIS MC.
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4.3.3 Position re
onstru
tionThe DIS 
ross se
tion has a strong dependen
e on Q2 by the fa
tor of 1Q4 and itrequires good re
onstru
tion of Q2. As seen in Fig. 4.1 (b), �e is sensitive to the Q2re
onstru
tion. In general, tra
king performs a good re
onstru
tion of �e. However, inthis measurement, the s
attered angle of the positrons is not so high and reasonabletra
king is not always available for the positrons. Therefore, �e is re
onstru
ted by thehit position of positrons on the ZEUS dete
tor and the event vertex.Variety of the position re
onstru
tionIn the 
alorimeter, the hit position of the positron is re
onstru
ted from the energysharing between the 
ell with the maximum energy and its neighboring 
ells [46℄. The yposition is extra
ted using energy fra
tion between neighbouring 
ells. To re
onstru
tthe x position, energy imbalan
e between the PMTs in the left and right sides of 
ellsis also used. The depth of the ele
tromagneti
 shower depends on its energy and angle.The e�e
t is taken into a

ount in the both x and y re
onstru
tion.Comparing with the 
alorimeter, the HES 
an re
onstru
t the position with betterresolution thanks to the �ner granularity. The position is re
onstru
ted by the loga-rithmi
 
enter of gravity of 9 pads where the 
enter pad has the highest energy deposit.The 
losest HES 
luster is mat
hed to the positron re
onstru
ted by the 
alorimeter.Around the beam pipe, slight deviation of the measured position a�e
ts largely onthe measurement, sin
e it 
orresponds to the low Q2 region. In this region, the SRTDalso dete
ts the s
attered positrons and measures its position with good resolution.The position is re
onstru
ted by the 
enter of gravity of 3 strips around the highestenergy deposit.The tra
king gives the position of the positron independently of its energy depositin the 
alorimeter. However, the reasonable re
onstru
tion of tra
ks requires for thepositron to pass through tra
king dete
tors with enough length. It 
annot be done forthe low angle positrons. The positions from the tra
king ex
ept the low angle regionare used only as the referen
e position in the dete
tor alignment or the systemati

he
ks.Choi
e for the analysisThe analysis uses the position re
onstru
ted from the HES and the SRTD for the �ere
onstru
tion. The eÆ
ien
y of the HES is high as shown in Fig. 4.8 and reasonablydes
ribed by the MC.The position from the CAL is not used in �e re
onstru
tion sin
e it is found thatthey deviates from the referen
e position given by the HES or tra
king. The deviationdepends on its position in a 
ell and gets larger in the outer 
ells.If both the HES and the SRTD are available for position re
onstru
tion, thenthe average is taken as the positron position. During the data taking period, therewere some bad 
hannels in both the SRTD and the HES and the situation of the
hannels di�ers time to time. The bad 
hannels are simulated in the MC based on theluminosities of their period of failure. 44
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tion of y.Figure 4.8: HES eÆ
ien
y. The sample is des
ribed in Se
. C.1.
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Data (aligned)(b) After the y alignment.Figure 4.9: HES module-by-module y alignment 
orre
tion. The plots show �y =yHES � yTra
k vs xHES for ea
h negative-x and positive-x side of the RCAL.HES positionAt the installation, the HES modules were slid into ea
h CAL module from the top.Therefore, the y position of ea
h HES module may be shifted. Figure 4.9 (a) showsmean of �y = yHES� yTra
k distribution as a fun
tion of xHES. The data 
learly showsthe stru
tures with the length of � 20 
m. The module-by-module HES y alignmentparameters are extra
ted by the 
omparison of the position from the HES and thetra
king using the e�p s
attering data taken in 2004 and 2005 [47℄. The di�eren
ebetween the data and the MC is taken as the 
orre
tion parameter and applied to thedata used in this analysis. Figure 4.9 (b) shows the mean of �y after the 
orre
tion.The �y in data gets 
at. The 
orre
tion parameters from e�p data work well for the2006 e+p data.In Fig. 4.10, the distributions of �x = xHES� xTra
k and �y after the y 
orre
tionare shown. Their dependen
es on x or y are also shown in Fig. 4.11. The stru
ture ofevery about 20
m in x is due to module edges, at whi
h the HES has gaps. The �x45
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(a) �x for x < 0. (b) �x for x > 0. (
) �y.Figure 4.10: The distributions of �x = xHES � xTra
k and �y = yHES = yTra
k. Thepoints are data and the yellow histogram is the DIS MC.quadrant 1 2 3 4x shift [
m℄ 0.47 -0.25 -0.53 0.37y shift [
m℄ -0.24 0.26 0.09 -0.38Table 4.1: SRTD alignment 
orre
tion parametersin data is shifted to negative and to positive for the positrons in the negative-x sideand in the positive-x side of the RCAL. Small but similar shift is seen also in the MC.For �y, though y dependen
e shows a slight slope, �y is well distributed around 0.From the width of the distributions in Fig. 4.10, the resolution of the position fromHES 
an be 
onsidered as the same in the From Fig. 4.10 and Fig. 4.11, the dis
rep-an
y between the MC and the data is 
onsidered as 4 mm at maximum. Though thedis
repan
y 
an be 
ontributed from the tra
king, the insuÆ
ien
y of the understand-ing of the position re
onstru
tion is regarded as 4 mm. This number is used at thesystemati
 
he
ks des
ribed in Se
. 6.3.1.SRTD positionEa
h SRTD quadrant is aligned with respe
t to the HES. The extra
tion of parameteris done using the sample with Ee > 10GeV from the period with the small numberof SRTD bad 
hannels. The distributions of �x(y) = x(y)HES � x(y)SRTD for ea
hquadrant is looked for all the HER, LER and MER data. Figure 4.12 is an exampleof su
h distribution shown for quadrant 1 in the HER. For ea
h quadrant, the meanposition of the distribution is 
he
ked for all the HER, LER and MER data and thevalue agrees within 1 mm. The di�eren
e of mean position between the data and theMC is taken as the 
orre
tion parameter. The �nal parameters are shown in Table 4.1whi
h are applied to the data.The �x(y) distributions have di�erent width as seen in Fig. 4.12 implying thedi�erent resolution of the SRTD in the data and the MC. Based on the di�eren
es, theSRTD position in the MC is smeared to have the same resolution as in the data.46
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k vs xTra
k for negative-x side of the RCAL.
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) �y = yHES � yTra
k vs yTra
k.Figure 4.11: Position dependen
e of the 
omparison of the HES and tra
k positions.4.3.4 Ba
kward tra
kingAs mentioned in Se
. 4.3.1, the requirement of a tra
k is a key issue to reje
t photonsfrom the re
onstru
ted positron samples. However, it is not suitable to require atra
k in the standard ZEUS re
onstru
tion for positrons in the low Q2 events (Q2 .100GeV2). The tra
k re
onstru
tion needs a 
ertain number of hits in the tra
kingdete
tors, typi
ally at least hits in 3 SLs of the CTD, so that the tra
king eÆ
ien
yfor the low angle positrons is poor and it is also diÆ
ult to estimate the tra
kingperforman
e in su
h region.In order to make full use of the hit information in the tra
king dete
tor even withoutthe tra
k re
onstru
tion, a new tool is developed for reje
tion of photons among thepositron 
andidates.Road utilityThe 
on
ept of the utility is shown in Fig. 4.13. A road on whi
h the parti
le haspossibly passed 
an be 
reated between the intera
tion point and the dete
ted parti
le47
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Figure 4.14: The distan
e distributions of the hits on the sense wires in the CTD SL1. They are shown for J=	 data (upper row) and for DIS data (bottom row).in the CAL. Hits around the road are 
olle
ted and the number of them are evaluatedto distinguish whether the parti
le has 
harge or not.A road is 
reated by the information of the re
onstru
ted vertex and a positron
andidate, whi
h gives the energy and the position. The e�e
t from the magneti
 �eldis taken into a

ount using the 
harge polarity, whi
h is known from the beam polarityas the 
andidate should be a positron. The event vertex is expe
ted to be re
onstru
tedby the hadroni
 a
tivity as des
ribed in Se
. 4.5.1.Ea
h sense wire of the CTD gives r� hits. In addition, wires in the SL 1, 3 and 5give the z 
oordination, by the z-by-timing (ZbyT ). The distributions of the distan
ebetween a hit and the position of a road on the measurement plane of the sense wire isshown in Fig. 4.14 for J=	 �! e+e� and DIS data. They are shown for the hits on thesense wire in the SL 1. Due to the resolutions of the position of the positron 
andidateand the re
onstru
ted vertex, r� distan
e distribution has a width of � O(1) 
m. Ther� hits also have ambiguity whether the hit is on the left or right side of the sensewire. The ZbyT distan
e distribution for the DIS data has a long tail in the positiveside, indi
ating the 
ontamination of 
oin
idental hits from the hadroni
 a
tivity inthe forward region.Hits are required to pass the distan
e 
ut. After detailed study of distan
e distri-butions, a loose sele
tion is adopted.r� : -4 
m < distan
e <3 
mRegarding the left/right ambiguity, the distan
eis taken from the 
loser one.ZbyT (if available) : -25 
m < distan
e < 25 
m.49
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Figure 4.15: The MVD distan
e distribution 
omparing J=	 data to the MC. Theyare area normalized.With this loose threshold, in
uen
e from the various dependen
es on, for example, E 0e,�e and the layer of the hit are negligible.As des
ribed in Se
. 3.2.1, the MVD 
onsists of sili
on strip sensors. Sin
e thetypi
al MIP signal has � 90 ADC 
ounts, a hits 
onsisting of only 1-strip and with itssignal less than 60 ADC 
ounts is reje
ted as a noise hit. The distan
e distributionsin the MVD are shown in Fig.4.15 for ea
h 
ylinder and separately for hits on the r�measurement plane and the z measurement plane . The distribution in the J=	 datais 
ompared to the MC. The distribution gets wider for the z hits and hits on the outerlayer. The distan
e 
ut for the MVD hits ishit on r� plane : -1.5 
m < distan
e < 1.5 
mhit on z plane : -2.5 
m < distan
e <2.5 
m.The hits found around the road are 
ounted and the result is evaluated by HitFra
tion, FHit = Nfound hitsNexpe
ted hits ; (4.11)where Nexpe
ted hits is the number of layers of the MVD or CTD geometri
ally over-lapped by the road and Nfound hits is those with hits. By using the form of fra
tion,it is less sensitive to the non-uniform stru
ture in � of the MVD and the dead sensorin the MVD. FHit is 
al
ulated in ea
h CTD and MVD separately, sin
e they are quitedi�erent dete
tors. In the MVD, a single side of a ladder is 
ounted as a layer. Thesituation of dead 
hips in the MVD is 
he
ked for ea
h data taking period to analyzeand they are ex
luded from the 
al
ulation of FHit.50
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(a) DIS sample (b) high E � pz sample (
) 6m tagged sampleFigure 4.16: FHit from the CTD and MVD. The points are data and the yellow andred histograms are the DIS+
p and the 
p MCs, respe
tively.
The distributions of FHit from the CTD and the MVD are shown in Fig. 4.16 forpositron 
andidates with 4 GeV < Ee < 12 GeV and 20 
m < RCTD < 100 
m. Figuresare for three samples, namely DIS sample (Chapter 5), high E � pz sample and 6mtagged sample (Se
. 5.4.1). In addition to the data, expe
tation from the DIS and the
p MCs are also shown1 by 
olored histograms, where yellow one is for the sum of theDIS and the photoprodu
tion MC and red one is for the photoprodu
tion MC. The highE � pz sample has a higher threshold of 50 GeV onP(E � pz) so that the sample hasless photoprodu
tion events while 6m tagged sample is almost pure photoprodu
tionsample. In the CTD FHit distributions, DIS MC events have high value of FHit asexpe
ted. For the photoprodu
tion MC, not a small fra
tion of them are distributedalso at high value of CTD FHit, sin
e there 
an be hits due to the photon 
onversion or
oin
idental hits in the 
ounted hits. The MVD FHit distributions is dis
rete re
e
tingthat the MVD has only 3 
ylinders. Roads passing the edges of a sensor may have lowvalue of MVD FHit. Nevertheless, photoprodu
tion MC events are better separatedfrom DIS MC events. This shows that the MVD has a good identi�
ation power forpositrons. The di�eren
e between the MVD and the CTD is understandable sin
e theMVD is 
loser to the intera
tion point and more photon 
onversions are seen in theCTD. In the all distributions, the data distributions are reasonably des
ribed by theMC.1The normalization of the 
p MC has 15% un
ertainty as dis
ussed in Se
. 5.4.51
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ien
y with the CTD and the MVD hit requirement.Performan
e of the road utilityWith a requirement of a 
ertain value of the FHit, the photoprodu
tion reje
tion 
anbe a
hieved. In Fig. 4.17, the eÆ
ien
ies of the requirements ofCTD FHit > 0:60 (4.12)MVD FHit > 0:45 (4.13)is shown as a fun
tion of RCTD for the both DIS and photoprodu
tion MC events withlow energy positron 
andidates (4 GeV < Ee < 6 GeV). While RCTD > 20 
m ensuresat least three expe
ted CTD hits, there 
an be the events with no expe
ted MVD hits.For these events, MVD FHit requirement is not imposed. It is seen that the MVD hasthe highest dis
rimination power at RCTD � 30 
m and the CTD works better at thehigher angle.The eÆ
ien
ies to ful�ll the both MVD and CTD requirement is shown in Fig. 4.18(a) and (b) for ea
h DIS and photoprodu
tion MC events with two ranges of E 0e. Theyare 
ompared with the eÆ
ien
y when a standard re
onstru
ted tra
k with DCA < 10
m and pTra
k > 1 GeV are required, where DCA is the distan
e between the positronposition on the CAL and the end point of a tra
k and pTra
k is the tra
k momentum.While the FHit requirement has similar photoprodu
tion reje
tion power as the tra
krequirement, it keeps high eÆ
ien
y for the DIS events at the lower angle than thetra
king works. At low E 0e, the DIS eÆ
ien
y is worse than at medium E 0e. Amongthe 20 % ineÆ
ien
y, many of the reje
ted events are very low Q2 DIS events (Q2true .10 GeV2) with misidenti�ed positrons, su
h as photons from �0. The eÆ
ien
y plotsrestri
ted to the re
onstru
ted positrons whi
h mat
h to the true s
attered positronsonly are also shown in Fig. 4.18 (
) using DIS MC. The plots show the FHit requirementhas high eÆ
ien
y of more than 90 % for events with properly re
onstru
ted positrons.The eÆ
ien
y of the FHit requirement in the data is shown in Fig. 4.19 
ompared tothe MC. For the MC, the DIS and photoprodu
tion MC events are mixed a

ording totheir 
ross se
tions. The MC des
ribes the data fairly well for all the RCTD range. In theMC des
ription, 80 % of photoprodu
tion events are reje
ted by the FHit requirementat 4 < E 0e < 6 GeV as seen in the Fig. 4.18 (b).52
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onstru
ted positronsFigure 4.18: The eÆ
ien
y with the hit requirement and the tra
king for 4 < E 0e < 6GeV and 10 < E 0e < 12 GeV.
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y with the hit requirement for 4 < E 0e < 6 GeV and 10 <E 0e < 12 GeV.
4.4 Hadron re
onstru
tionAs long as the Ele
tron method is used, hadron distributions do not dire
tly a�e
tthe kinemati
 re
onstru
tion. However, they still a�e
t the measurement through theevent sele
tions.The four momentum of the hadroni
 system, and hen
e Æh and pT;h, is re
onstru
tedfrom the energy deposits in the 
alorimeter using the CorAndCut algorithm [48℄. Thealgorithm 
reates 
one islands by 
ombining the 
lusters of 
alorimeter 
ells, whi
hhave energy deposit, in � � � plane. After the ba
k-splash reje
tion des
ribed below,the energy of ea
h island is 
orre
ted by three kinds of 
orre
tions. The �rst one isthe dead material 
orre
tion, whi
h is parameterized with the amount of the ina
tivematerials and the measured energy, to 
orre
t the energy loss in the ina
tive materials.The se
ond one is the 
orre
tion for hadrons with low energy, where the ratio e=h ofthe 
alorimeter response is no longer 1 due to in
rease of ionization energy loss insteadof showering. The last one is the 
orre
tion for energy loss in the super-
ra
ks, whi
hare the name of the spa
e between FCAL and BCAL or BCAL and RCAL. Thenthe hadroni
 four momentum, whi
h gives Æh and pT;h, are re
onstru
ted by the sumrunning on the islands.The parti
les may be s
attered o� from the dete
tor or HERA ma
hine 
omponents
reating se
ondary parti
les. They may 
ause energy deposits far away from its originalposition. Su
h energy deposits are 
alled ba
k-splash. The ba
k-splash reje
tion aredone by following manner. If an island has larger angle than a threshold 
max whi
h isde�ned as a fun
tion of 
h;all 
al
ulated from all the islands, and if it has energy lessthan 3 GeV, it is ex
luded from the re
onstru
tion of hadroni
 four momentum and
h. The reje
tion also ex
lude 
alorimeter noises.54
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(a) x dire
tion (b) y dire
tion (
) z dire
tionFigure 4.20: The di�eren
e between the re
onstru
ted vertex and true event vertex.4.5 Vertex re
onstru
tion4.5.1 Re
onstru
tion and eÆ
ien
yThe a

urate measurement of the event vertex is also essential to measure the angle ofparti
le, hen
e to the kinemati
 re
onstru
tion.The hits from the 
harged parti
le in the tra
king dete
tors are 
olle
ted by thePattern re
ognition. They are �tted using the Kalman �lter with 
onsideration of thematerial e�e
t and the inhomogeneity of the magneti
 �eld [49℄. The primary vertex isre
onstru
ted from them using the Deterministi
 Annealing Filter (DAF) [50℄ with the
onstraint of the beam spot. The di�eren
e between the re
onstru
ted vertex and thetrue event vertex in ea
h dire
tion is shown in Fig. 4.20 for DIS MC sele
ted by the DISsele
tions (Chapter 5) but without Zvtx 
riteria. The plot shows good re
onstru
tionof the vertex.The eÆ
ien
y of the vertex re
onstru
tion is studied with a sample sele
ted as inSe
. C.2. The eÆ
ien
y is shown in Fig. 4.21, as a fun
tion of E 0e, RHES and 
h,where RHES is the radius of positron position re
onstru
ted only by the HES. In 
hre
onstru
tion, the position of (0; 0; 0) is used as the vertex position, if no re
onstru
tedvertex is available. The eÆ
ien
y gets slightly worse at low RHES and at high 
h, i.e.where the angle gets 
lose to the beam hole for the positrons and the hadroni
 system,respe
tively. However the eÆ
ien
y is still more than 99% and the dis
repan
y betweenthe data and the MC is within 1%.4.5.2 Vertex distributionFigure 4.22 shows the distributions of measured Zvtx, the z position of the vertex, in theHER, LER and MER for the DIS sample (Chapter 5). The Zvtx has wide distributiondue to the length of the proton bun
h. In addition to the main distribution, there areadditional distributions at Zvtx � �80 
m, whi
h are 
ome from satellite bun
hes. Thebeams are 
aptured in a RF bu
ket and the satellite bun
h is formed by the protonswhi
h leak to the neighbouring bu
ket. As seen in Fig. 4.22, the fra
tion of the satellitedistributions depends on the run. In the luminosity measurement, 
ontribution fromthese satellite bun
hes is also in
luded. 55
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DataFigure 4.21: The vertex re
onstru
tion eÆ
ien
y.Figure 4.23 shows the a

eptan
e of the DIS sele
tions (Chapter 5) ex
ept forthe Zvtx requirement. It is plotted as a fun
tion of true Zvtx. The sample is all thegenerated DIS MC events des
ribed in Se
. 3.4, i.e. Q2True > 1:5 GeV2. It shows thatthe a

eptan
e of this measurement has the Zvtx dependen
e. Sin
e the radius 
ut isapplied on the position of the positron at z = �100 
m as des
ribed in Se
. 5.3.1,low angle events, whi
h have large 
ross se
tion, are more a

epted in the forwardregion. In the �nal sele
tion, the re
onstru
ted Zvtx is also required to be in somerange. To understand the a

eptan
e of the measurement, the MC needs to reprodu
ethe Zvtx distribution in data, whi
h depends on the beam 
ondition, hen
e has a rundependen
e as written above.The distribution of the Zvtx for ea
h HER, LER and MER sample is measuredwith the following pro
edure to have less bias from Zvtx as possible. The DIS eventsare sele
ted in the three separated region with di�erent dete
tor a

eptan
e. Theseparation is done by the angle of the s
attered positron so that eÆ
ien
y in ea
hregion has less dependen
e on the Zvtx as possible. A well re
onstru
ted tra
k fromthe hadroni
 system is also required to ensure that the vertex re
onstru
ted by thehadrons. With these sele
tions, the eÆ
ien
y in ea
h region gets linear and very littledependen
e on Zvtx in a 
ertain Zvtx range. By 
ombining the Zvtx distribution fromea
h region with 
onsideration of eÆ
ien
y, the Zvtx distribution is measured withminimum bias.MC events are generated based on the measured Zvtx.It is also important for MC to reprodu
e the position of Xvtx and Yvtx in datasin
e both dire
tly a�e
t the �e re
onstru
tion. Their distributions in the MC are56



Zvtx [cm]
-100-80 -60 -40 -20 0 20 40 60 80 100

E
ve

nt
s

1

10

210

310

410

510

HER data

LER data

MER data

Figure 4.22: The Zvtx distribution in HER, LER and MER data sele
ted by the DISsele
tions.
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(a) HER (b) MER (
) LERFigure 4.24: The Xvtx and Yvtx distributions. The points are data and the yellow andred histograms are the DIS+
p and the 
p MCs, respe
tively.determined from the data. Figure 4.24 shows the distributions of Xvtx and Yvtx afterthe DIS sele
tions. The peak positions in MC agree well with the data for all the HER,MER and LER samples. In the HER Xvtx distribution, se
ondary peaks are seen onlyin the MC. The peaks are asso
iated to the data sample not used in this measurement.The e�e
t of the peak to the 
ross se
tion measurements is investigated and found tobe negligible.
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Chapter 5Event sele
tion
5.1 Analyzed data setsAs the FL measurement is done by the 
omparison of the 
ross se
tion at the di�erentbeam energies, the e+p data sets taken in the HER, LER and MER are analyzed.Data taking was done during a part of the HER period and the whole LER and MERperiods.Due to the higher instantaneous luminosity in the HER than the LER and theMER, the data taking was done as following. As des
ribed in the next se
tion, twokinds of trigger 
on�guration were prepared for data taking, namely medium-Q2 andlow-Q2 trigger logi
s. The latter also 
olle
ts DIS events at lower Q2 
ompared withthe former. The data taking with the low-Q2 trigger logi
 was done for the whole LERand MER period and a short period (� 3 weeks) in the HER. To 
olle
t luminosity forhigher Q2 in the HER, the data taking with the medium-Q2 trigger logi
 was done forlonger period. In this analysis, the HER data taken with medium-Q2 trigger logi
 andthe whole the LER and MER data are used.In addition to the data taking with the proper trigger setup, the data is required tobe taken with good 
ondition of the important dete
tors for the measurement, namelythe CAL, the CTD, the luminosity monitor, the HES and the MVD.Table 5.1 summarizes three data sets used in this analysis. All the data is e+ps
attering data. HER LER MERCenter of mass energy 318 GeV 225 GeV 252 GeVProton beam energy 920 GeV 460 GeV 575 GeVYear of the data taking Sep.-De
. 2006 Mar.-May 2007 June 2007Trigger 
on�guration medium-Q2 low-Q2 low-Q2Integrated luminosity 31:7 pb�1 13:8 pb�1 7:1 pb�1Table 5.1: The analyzed data sets.59



5.2 Online event sele
tionThe requirements for the online event sele
tions, i.e. the trigger, are to take theinteresting physi
s with high eÆ
ien
y and to suppress the event rate to the a

eptablelevel by reje
ting ba
kgrounds.A spe
i�
 signature of the DIS events is the existen
e of the s
attered positron asalready mentioned in Se
. 4.1. In this analysis, the interesting events are the low Q2and high y DIS events. The s
attered positrons have low s
attering angle and lowenergy. The a

urate tagging of su
h a positron is diÆ
ult so that the online sele
tiontries to be less sensitive to online positron �nding as possible.In another way, the existen
e of positron in the dete
tor 
an be impli
itly requiredby the high value ofP(E� pz). The sum runs over all the energy deposit in the maindete
tor. Its value would be twi
e of the positron beam energy for ep s
attering ifno parti
le es
ape to the negative z dire
tion through the beam pipe. Though it stillreje
ts some of DIS events with the photon radiation, the requirement of high value ofP(E � pz) 
an e�e
tively reje
t the non-DIS events whi
h do not have the s
atteredpositrons in the main dete
tor.The main non-DIS ba
kgrounds are beam gas events, o�-momentum positrons,photoprodu
tion events and 
osmi
 rays. The o�-momentum positrons are the beampositrons whi
h have intera
ted with residual gas in the beam pipe far from the inter-a
tion point and deviate from their orbit. Some of them es
ape from 
ollimators inthe beam line and hit the 
ertain position of the CAL with lower momentum than thebeam energy. The photoprodu
tion events have similar �nal state as the DIS eventsex
ept for the absen
e of the s
attered positron.As already mentioned in the previous se
tion, two kinds of the trigger 
on�guration,medium-Q2 and low-Q2 trigger logi
s, are prepared to 
ope with the high instantaneousluminosity in the HER. The medium-Q2 trigger logi
 has a tighter sele
tion fo
usingon events with the s
attered positron outside the �rst inner ring of the RCAL, whi
h
orresponds to the events with Q2 & 20GeV2, while the low-Q2 trigger logi
 tries totag the positrons on the �rst inner ring also. The overview of the both trigger logi
sare;� requirement of EMC energy with isolation and/or tra
k existen
e at the FLT,� P(E � pz) requirement at the SLT (i.e. positron requirement is not applied),� the medium-Q2 trigger logi
 
onsists of OR of the E � pz �lter and the positron�nding �lter, while the low-Q2 trigger logi
 requires P(E � pz) only.The 
ross se
tion for ea
h logi
 is estimated during HER and it was � 0:4�b for themedium-Q2 trigger logi
 and � 1�b for the low-Q2 trigger logi
.5.2.1 Medium-Q2 trigger logi
FLTThe FLT requirement is to �re one of the 11 slots whi
h are des
ribed in Appendix D.In the HER, the logi
 is designed to in
lusively take events with low energy positrons60



at the outside the RCAL 1st inner ring. In addition to the requirement of REMCenergy ex
luding the 1st inner ring, the logi
s require either Risoe, the isolated EMCenergy deposit with the EMC energy above 2 GeV, or at least one good tra
k, whi
husually exists from hadroni
 a
tivity in high y events.SLTFollowing four requirements are imposed at the SLT;� P(E � pz) > 30 GeV� EREMC > 2:5 GeV OR EBEMC > 2:5 GeV OR EFEMC > 10 GeV OR EFHAC > 10GeV� O�-momentum positron reje
tionThe events with the positrons whi
h are in a 
ertain small region and with lowP(E � pz) or no other energy deposit are reje
ted as o�-momentum positronevents.� VetoesThe timing vetoes and the spark veto are applied at the SLT. The timing vetoesreje
t 
osmi
 or beam gas events based on the CAL timing and its di�eren
esbetween up/down or FCAL/RCAL. The spark veto ex
ludes fake positrons dueto ele
tri
 dis
harge of a PMT whi
h 
an be re
ognized by a break of energybalan
e between two PMTs for a CAL 
ell.TLTThe TLT logi
 is the OR of two �lters, one (SPP16) is positron �nding �lter and theother (SPP15) is E�pz �lter whi
h is free from the performan
e of the online positron�nders.SPP16� P(E � pz) > 30 GeV AND� positron with Ee > 4 GeV, jxj > 15 
m and jyj > 15 
m (box 
ut)SPP15� 30GeV <P(E � pz) < 100 GeV AND� 20GeV <Pex:1ir(E � pz), where the sum does not in
lude the energy deposit inthe RCAL 1st inner ring.The DIS events whi
h are ex
lusively reje
ted by this should have positrons inthe RCAL 1st inner ring. 61



5.2.2 Low-Q2 trigger logi
FLTThe FLT requirement is again to �re one of the 11 slots as in the HER logi
, but someof them have looser 
riteria to take events with positrons on the RCAL 1st inner ringalso. The main slot to take su
h events requires both Risoe and good tra
k.SLTThe SLT logi
 is the same as in the HER.TLTThe requirement is only P(E � pz) to take events in
lusively as possible.� 30GeV <P(E � pz) < 100 GeV5.3 O�ine event sele
tionAt the o�ine analysis, further pre
ise event sele
tions are applied for the events whi
hpass the online sele
tions. The o�ine sele
tions ensure the good re
onstru
tion ofevents and in
rease the purity of the sample.The positron requirement is a key issue of event sele
tion. In the previous ~� mea-surement [51℄, the lowest E 0e was 8 GeV with tight PSira requirement (PSira > 0:96at E 0e = 8 GeV [52℄). However, this measurement aims to take positrons with lowerE 0e with a reasonable eÆ
ien
y. The development of the road utility (Se
. 4.3.4) hasenabled a better reje
tion power for the photoprodu
tion ba
kgrounds. It allows touse positrons with lower PSira so that the positron eÆ
ien
y was in
reased. Furtherdetails are des
ribed in the following se
tions.5.3.1 Positron requirementThe most important sele
tion for DIS events is requirement of the s
attered positron.For the pre
ise identi�
ation of the positron, the following 
onditions are applied on thepositron 
andidate with the highest PSira, the probability from the SINISTRA. Eventswith the 
andidate ful�lling the following 
onditions are sele
ted.� Probability 
utA positron 
andidate should have enough high PSira asPSira > 0:95� 1:5 � exp��Ee2:5�, with the lowest boundary 0.8.In order to keep a good eÆ
ien
y for low energy positrons, the threshold has anenergy dependen
e. The PSira distributions before the PSira and E 0e are shown forDIS MC and 
p MC with the threshold lines in Fig. 5.1 (a) and (b).62
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(a) DIS MC (b) 
p MC (
) PSiraFigure 5.1: Distributions of PSira. The left two plots show the 
orrelation with E 0e. Thedotted lines are threshold lines in the event sele
tions. The sample is HER sample.� Energy 
utThe lowest energy of the positron is required to be found with good identi�
ationpower of the �nder, Ee > 4 GeV� Requirement of hit(s) in the tra
king dete
torsThe existen
e of hits in the tra
king dete
tors should 
on�rm the 
andidate is a
harged parti
le. Using the road utility des
ribed in Se
. 4.3.4, the Hit Fra
tion,FHit, is required to beCTD FHit � 0:6 ANDMVD FHit � 0:45 if the 
andidate traverses the MVD.Sin
e the CTD tends to have larger value of FHit 
ompared to the MVD, thedi�erent thresholds are applied.� Requirement of a HES hitThe positron 
andidate should be asso
iated with a HES 
luster. It is requiredto use the position re
onstru
ted by the HES in the analysis. The requirementfor a 
andidate is to havea HES hit with a signal above 5 MIP and within 10 
m fromthe 
andidate position re
onstru
ted by the CAL.� Radius 
ut RCTD > 20 
m,where RCTD is the radius of the positron position on the CTD exit window(z = �100 
m). The 
ut ensures the positron to traverse at least three layers ofthe CTD, whi
h is preferable to the hit requirement using the road utility. Inaddition, RCTD = 20 
m 
orresponds to RCAL � 30 
m so that the 
ut generallyoverride the box 
ut at the one of the TLT �lter (SPP16).63



� Geometry 
utTo ensure the good re
onstru
tion of the positrons, the following geometry 
utson the positron position are applied.{ module edge 
utThe energy measurement of a positron hitting a module is degraded due tothe existen
e of the wave length shifter. Moreover, the HES does not 
overthe module edge so that the re
onstru
ted position near the module edgehas larger un
ertainty. The positrons are required not to be at the moduleedge asthe distan
e to the module edge � > 1:5 
m in the BCAL> 2:0 
m in the RCAL.These distan
es roughly 
orresponds to the Moliere radius (2 
m) of the
alorimeter.{ super 
ra
k 
utThe spa
e between the RCAL and the BCAL is 
alled the super 
ra
k. Inthe r� view, the BCAL pla
ed in front of the outer part or the RCAL.If the s
attered positron 
omes to this region, the energy deposit may beshared with both the BCAL and the RCAL. The positron re
onstru
tionin this 
ase is 
ompli
ated and easily 
auses misre
onstru
tion of events.Therefore, the super 
ra
k region is 
ut out by requiringIfapositronisinBCAL : z � �93:5
mIfapositronisinRCAL : r < 135
m:{ 
himney 
utThe RCAL has a region where EMC 
ells does not exist. It is to makea spa
e for the 
ryogeni
 pipe to the solenoid 
oil. Without the EMC,positrons 
annot be measured well.Reje
t positrons in (y > 90 
m AND �14
m < x < 12
m) on the RCAL{ 
alorimeter gap 
utThe left and right halves of the RCAL are separated to make it possible toopen the ZEUS dete
tor, They 
an be slid in x dire
tion. The upper partof the middle module is atta
hed to the negative side of the RCAL and thelower part is atta
hed to the positive side. There is a gap between the leftand the right halves. The positrons around the gap are reje
ted.Reje
t positrons in � y > 0 6:5
m < x < 12
my < 0 �14
m < x < �8:5
m � on the RCAL5.3.2 Vertex requirementAn event should be measured well within the a

eptan
e of the ZEUS dete
tor. Theproper angle measurement 
an be done only with the re
onstru
ted vertex. As seen inSe
. 4.5.1, the eÆ
ien
y to have the re
onstru
ted vertex is high. The requirement forthe event vertex is 64



Re
onstru
ted event vertex with jZvtxj < 30 
m,whi
h is within the length of the BMVD. The requirement also reje
ts ba
kgroundevents 
aused by beam-related or 
osmi
 events, in whi
h parti
les 
ome not from the
entral part but from the out of the dete
tor.5.3.3 Ba
kground reje
tionFurther sele
tions are applied to reje
t ba
kground events and to in
rease the purityof the sample. As already mentioned in Se
. 5.2,P(E� pz) of DIS events without theinitial state radiation should be around 55 GeV, twi
e of the positron beam energy. Ifthe radiation o

urs, the radiated photon bring out some of E � pz so that the valueof P(E � pz) gets lower. From the point of un
ertainty on radiative 
orre
tion, it isbetter not to apply a tight 
ut on the value of P(E � pz). On the other hand, thephotoprodu
tion events have also low value of P(E � pz) sin
e the positron es
apethrough the beam pipe. For their reje
tion, imposing a lower boundary is useful. Atthe upper side of the peak of 55 GeV, the beam gas ba
kgrounds may 
ause the highvalue of P(E � pz). Therefore, the value is required to be in the range of42 < Æ < 65 GeV,where Æ � E 0e(1� 
os �e) + Æh. In the rest, Æ is also referred as E � pz.In the DIS, the transverse momentum of the hadron system (pT;h) and the s
atteredpositron (pT;e) should balan
e so that the requirement ofpT;h=pT;e > 0:3is applied. In addition to the suppression of non-DIS events, it eliminates poorlyre
onstru
ted DIS events.Another ba
kground sour
e is large angle QED Compton events, whi
h have apositron and a photon in the main dete
tor. By 
onsidering all the a
tivity ex
ludingthe s
attered positron as a hadroni
 system, the events 
an 
ontaminate to the highQ2 events. Elasti
 QED Compton events are reje
ted using the event topology.Elasti
 QED Compton reje
tion;An event has multiple positron 
andidates with two of them ful�lling- balan
ing in pT- ba
k-to-ba
k in r� plane- the rest energy in the event < 3 GeVis reje
ted.5.3.4 Kinemati
 
utsFurthermore, kinemati
 
uts are applied on the sele
ted sample. Sin
e the importantregion for this measurement is high y, the event sele
tions are optimized to the high yevents. The low y region is ex
luded from the analysis by the requirement ofyJB > 0:05.65



The positron energy requirement of Ee > 4 GeV 
orresponds to y . 0:85 for Q2 .100 GeV2. The events with very high re
onstru
ted yel should have positrons in theforward dire
tion, where there are huge fake positrons originated from the hadroni
system in the photoprodu
tion. They are ex
luded by requiringyel < 0:95.5.3.5 Summary of the o�ine event sele
tionIn summary, the applied sele
tions are as following.� Positron requirement. A positron 
andidate with the highest PSira is 
onsidered.{ PSira > 0:95� 1:5 � exp��Ee2:5�{ Ee > 4 GeV{ CTD FHit � 0:6{ MVD FHit � 0:45 if the 
andidate traverses the MVD.{ A HES hit with a signal above 5 MIP and within 10 
m from the 
andidateposition re
onstru
ted by the CAL.{ RCTD > 20 
m{ Geometry 
ut� Requirement of re
onstru
ted event vertex with jZvtxj < 30 
m� 42 <P(E � pz) < 65 GeV� pT;h=pT;e > 0:3� Elasti
 QED Compton reje
tion� yJB > 0:05� yel < 0:95.The number of events after all the sele
tions is 654780, 226331 and 127124 events forthe HER, LER and MER data respe
tively.5.4 Photoprodu
tion ba
kgroundsIn the sele
ted events, a small but non-negligible number of photoprodu
tion ba
k-ground events are still 
ontaminated. Their amount needs to be estimated by thephotoprodu
tion MC. However, the 
ross se
tions of photoprodu
tion used in the MCis based on a model and should not be blindly trusted. They should be 
he
ked bya 
omparison with the data. Two samples are used for this 
omparison, namely 6mtagged sample and photoprodu
tion enri
hed sample.66
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(a) HER (b) MER (
) LERFigure 5.2: E 0e distribution for 6m tagged sample. The points are data and the redhistogram is the 
p MC.5.4.1 6m tagged sampleThe dire
t dete
tion of photoprodu
tion events 
an be done by the 6m tagger, whi
hdete
ts the positrons es
aping from the main dete
tor. The distribution of photopro-du
tion events is 
he
ked using the 6m-tagged sample.Among the DIS sample, events whi
h has a positron in the 6m tagger with theenergy of 3 < E < 10:5 GeV are sele
ted1. The positron energy, E 0e, re
onstru
tedin the main dete
tor is shown in Fig. 5.2, where dots are data and red histogram isthe photoprodu
tion MC. In addition to the s
attered positrons from photoprodu
tionevents, the 6m tagger also dete
ts positrons from the Bethe Heitler pro
ess. The pro-
ess has a high 
ross se
tion so that the 6m tagged data also 
ontains genuine DISevents with the a

idental overlap with the Bethe Heitler pro
ess. These overlappedevents need to be statisti
ally subtra
ted. In order to estimated the fra
tion of a

i-dentally overlapping of the Bethe Heitler events, the ratio of the tagged data to the allsele
ted DIS data is extra
ted as plotted in Fig. 5.3. At E 0e & 15 GeV, where the fakepositrons are expe
ted not to be 
ontaminated, the ratio is almost 
onstant. The valuesindi
ated by the dotted lines in the plots are used as the overlapping fra
tions. TheDIS data distributions after multiplying the fa
tor is subtra
ted from the 6m taggeddistributions as the DIS 
ontribution.The distribution of tagged events after the subtra
tion of overlapped DIS events isshown in Fig. 5.4 for ea
h HER, LER and MER sample. Though the agreement is notperfe
t, E 0e and P(E � pz) distributions are reasonably des
ribed by the MC both inthe shape and the absolute value.5.4.2 Photoprodu
tion enri
hed sampleThe other sample to see distributions of photoprodu
tion events is so-
alled photopro-du
tion enri
hed sample. The sample is sele
ted similar to the DIS sele
tions but withdi�erent thresholds on E 0e, P(E � pz) and PSira to take the photoprodu
tion eventsdominantly;1The detailed sele
tion for the 6m tagger is des
ribed in Se
. C.367
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Figure 5.5: Distributions of photoprodu
tion enri
hed sample for HER. The pointsare data and the yellow and the red histograms are the DIS+
p and the 
p MCs,respe
tively.� 2 < E 0e < 15 GeV� 35 <P(E � pz) < 50 GeV� 0:6 < PSira < 0:9.The distributions of the sample are shown in the upper part of Fig. 5.5, Fig. 5.6 andFig 5.7 for HER, LER and MER respe
tively. The red and yellow histograms are thephotoprodu
tion MC and the sum of the photoprodu
tion and DIS MC, respe
tively.They indi
ate that most of the events in this sample are photoprodu
tion events. Thedistributions of E 0e, P(E � pz) and PSira are reasonably des
ribed by the MC for allHER, LER and MER. In the lower part of the �gures, plotted are the ratio ofNdata �NDIS MCN
p MC ; (5.1)whi
h 
orresponds to the expe
ted normalization of the 
pMC. The ratios are generallyaround 1 and almost 
at. In the plots, the blue dotted lines are �15 % lines from 1and the ratios are well distributed within the lines, espe
ially at E 0e > 4 GeV.5.4.3 Con
lusionFrom the both samples des
ribed above, it is seen that MC reasonably des
ribes thephotoprodu
tion data. The photoprodu
tion MC is used as it is, i.e. the normalizations
ale is set to 1. The un
ertainty of normalization is assigned as �15%. This value isused for testing systemati
 un
ertainty in Se
. 6.3.1.69
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Figure 5.6: Distributions of photoprodu
tion enri
hed sample for LER. The pointsare data and the yellow and the red histograms are the DIS+
p and the 
p MCs,respe
tively.
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Figure 5.7: Distributions of photoprodu
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Figure 5.8: HER event distribution.5.5 Event distributionThe distributions of various measured variables are shown in Fig. 5.8, Fig. 5.9 andFig. 5.10 for ea
h HER, LER and MER sample respe
tively. The shown variables areE 0e, E�pz, �e, 
h and Zvtx. In the plot, all the DIS sele
tions ex
ept for the one relatedto the variable are applied. The dotted lines in the plots are the threshold lines usedin the event sele
tions.The 
ontamination of the photoprodu
tion events is seen at low E 0e and low E�pz.In the E � pz, the DIS peak at 55 GeV has a tail at low value due to radiative events.In the ZEUS 
oordination, higher value of �e or 
h 
orresponds to the rear dire
tion.The �e distribution has a steep rise as expe
ted from 1Q4 dependen
e of the DIS 
rossse
tion. The dip at �e � 2:2 rad is 
aused by the B/RCAL super 
ra
k 
ut in theevent sele
tion. The Zvtx distribution is well des
ribed by the MC in
luding satellitedistributions for all the HER, LER and MER samples.71
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Figure 5.9: LER event distribution.

72



Ee (GeV)
0 10 20 30

E
ve

nt
s

0
500

1000
1500
2000
2500
3000
3500
4000
4500

Ee (GeV)
0 10 20 30

E
ve

nt
s

0
500

1000
1500
2000
2500
3000
3500
4000
4500

E-pz (GeV)
30 40 50 60 70 80

E
ve

nt
s

0

2000

4000

6000

8000

10000

12000

14000

E-pz (GeV)
30 40 50 60 70 80

E
ve

nt
s

0

2000

4000

6000

8000

10000

12000

14000

eθ
0 0.5 1 1.5 2 2.5 3 3.5

E
ve

nt
s

1

10

210

310

410

eθ
0 0.5 1 1.5 2 2.5 3 3.5

E
ve

nt
s

1

10

210

310

410

h
γ

0 0.5 1 1.5 2 2.5 3 3.5

E
ve

nt
s

0
1000
2000
3000
4000
5000
6000
7000
8000

h
γ

0 0.5 1 1.5 2 2.5 3 3.5

E
ve

nt
s

0
1000
2000
3000
4000
5000
6000
7000
8000

Zvtx (cm)
-100 -50 0 50 100

E
ve

nt
s

-110

1

10

210

310

410

Zvtx (cm)
-100 -50 0 50 100

E
ve

nt
s

-110

1

10

210

310

410

MER

)-1=252 GeV (7.1pbs

pγ=0) + 
L

MC DIS (F

pγMC 

Figure 5.10: MER event distribution.
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Figure 5.11: MER event distribution with the FL weighted MC.At low E 0e, the data has less events than the MC in all three sample. This isexplained by the fa
t that the MC is generated with FL = 0 and does not have FL
ontribution. With non-zero FL the DIS 
ross se
tion is predi
ted to de
rease at highy. In Fig. 5.11, the MER event distribution, the MC distributions are weighted withthe FL 
ontribution predi
ted from a pQCD 
al
ulation. The low E 0e region is then welldes
ribed by the MC. The same e�e
t is also seen in the HER and LER distributions.In summary, the MC des
ribes the data distributions well. The des
ription ofvariables related to the both ele
tron and hadron sides of the DIS agrees with thedata.
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Chapter 6Cross se
tion measurementIn this 
hapter, the DIS redu
ed 
ross se
tions, ~� (Eq. 4.1), are extra
ted from ea
hHER, LER and MER data. The 
overed kinemati
 regions are 20 < Q2 < 130 GeV2and 0:09 < y < 0:78. This study extends the measurements towards the high y region(� 0:75) 
omparing to the previous analysis [51℄. The high y measurements are the�rst step to extra
t FL.Due to the ele
troweak radiation, the kinemati
s of the s
attering are 
hanged andthe apparent 
ross se
tion di�ers from the Born level 
ross se
tion. The radiative e�e
t
an be 
orre
ted as d2�dxdQ2 ����app: = d2�BorndxdQ2 (1 + Ær(x;Q2)); (6.1)where Ær represents for ele
troweak radiative 
orre
tions. The DIS Born level pro
ess
an be written with a simplest diagram with a boson ex
hange. Higher order diagramsbring some 
orre
tions on the 
ross se
tion and the kinemati
 re
onstru
tion. O(�)-
orre
tions in
lude initial state radiation (ISR) and �nal state radiation (FSR) andinterferen
e terms from vertex 
orre
tion and from propagator 
orre
tion. The 
rossse
tions are presented at the Born level, i.e. without ele
troweak radiation, to alloweasy 
omparison with the QCD 
al
ulations.6.1 Bin de�nitionGenerally, the bins are de�ned with the kinemati
 variables. The number of bins isdetermined by the a

eptan
e, the resolution and the statisti
s of the measurement.The experimental 
onditions su
h as dete
tor a

eptan
e limit the measurable regionon the kinemati
 plane. The �nite resolution of the dete
tor 
auses smearing of there
onstru
ted kinemati
 variables so that events migrate among the bins.In this measurement, the bins for the 
ross se
tion measurement are de�ned inthe (y, Q2) plane to have a good 
overage in the high y region. Sin
e the protonbeam energy is not expli
itly used in the determination of y and Q2 with the Ele
tronmethod, it is natural to use the same bin de�nition for all HER, LER and MERmeasurement. The lowest Q2 value is limited by the radius 
ut of RCTD and thehighest y value is limited by the measurable lowest energy of the positron. Though75



events with Ee > 4 GeV are sele
ted in Chapter 5, the measurement is restri
ted inthe region with Ee > 6 GeV to have less in
uen
e from any imperfe
t understandingof photoprodu
tion ba
kgrounds as des
ribed in Se
. 6.3.2. The widths of bins aredetermined with the resolutions of Q2 and y re
onstru
tion, whi
h are shown in Fig. 4.3and Fig. 4.4. As dis
ussed in Se
. 4.2, the Ele
tron method gives good resolution ofboth Q2 and y at high y but the y resolution gets worse at low y so that wider binsare de�ned at the low y region.The bins are de�ned over 20 < Q2 < 130 GeV2 and 0:09 < y < 0:78. The qualityof ea
h bin 
an be estimated from the MC using the values of EÆ
ien
y, Purity andA

eptan
e whi
h have following de�nitions;EÆ
ien
y = the number of measured and generated events in the binthe number of generated events in the bin ; (6.2)Purity = the number of measured and generated events in the binthe number of measured events in the bin (6.3)A

eptan
e = the number of measured events in the binthe number of generated events in the bin (6.4)where the measured events are the events whi
h pass the event sele
tions and arere
onstru
ted in the bin. EÆ
ien
y shows how many events remain in the originalbin after the analysis. The value re
e
ts the net result of both sele
tion eÆ
ien
yand migration e�e
t, whi
h 
omes from �nite resolution. Purity estimates migratione�e
t. Its value is given by looking how many events among the measured events areoriginally generated in the bin, i.e. the number of events not migrating to other bins.A

eptan
e shows the a

eptan
e e�e
t from the event sele
tions. The e�e
t needs tobe 
onsidered at the extra
tion of 
ross se
tion as des
ribed in the Se
. 6.2. The valueof A

eptan
e may be over 100 % due to the migration and its de�nition. These threevariables have a relation of EÆ
ien
y = A

eptan
e � Purity .They are shown for ea
h bin in Fig. 6.1, Fig. 6.2 and Fig. 6.3. The a

eptan
e isgenerally good for most of the bins and is a

eptable (> 20 %) ex
ept for a low y bin.All the bins have moderate purity around 50 % .6.2 UnfoldingThe pro
edure to extra
t the 
ross se
tion from the number of events in a bin is 
alledunfolding. The number of DIS events in a bin is related to the 
ross se
tion asNmeas: = L Z�y;�Q2 a � d2�BORNdxdQ2 (1 + Ær)dxdQ2; (6.5)where L, a and Ær represent for integrated luminosity, a

eptan
e of the measurementand ele
troweak radiative 
orre
tion. In this analysis, the di�erential 
ross se
tions atthe Born level are extra
ted by the bin-by-bin pro
edure based on the one-step un-folding. The pro
edure takes a

ount of ba
kground subtra
tion, radiative 
orre
tion,a

eptan
e 
orre
tion and bin-
entering 
orre
tion in a single step as des
ribed below.76
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The photoprodu
tion ba
kground events are statisti
ally subtra
ted as,Nmeas: = Ndata �N
p; (6.6)where Ndata is the number of data in a bin. N
p is the number of photoprodu
tion MCevents in a bin, estimated as dis
ussed in Se
. 5.4. The estimated 
ontamination ofthe photoprodu
tion events, N
pNdata is shown in Fig. 6.4. The amounts of 
ontaminationare quite similar between the three samples and are reasonably suppressed to 17 % atmaximum, whi
h is seen in the bin with the lowest Q2 and the highest y.The imperfe
tion of the dete
tor results into limited a

eptan
e and event migra-tion. The e�e
t is 
orre
ted relying on the Monte Carlo simulation as1A = N rad:gen:NMC ; (6.7)where N rad:gen: is the number of generated events in the bin with radiative e�e
t and NMCis the number of measured DIS MC events in the bin.At this point, the integrated radiative 
ross se
tion 
an be obtained as�rad:j�y�Q2 = Nmeas:LA : (6.8)Sin
e the event generators take a

ount of radiative e�e
t, the simulation is also usedfor the radiative 
orre
tion to extra
t the Born 
ross se
tions. The 
orre
tions isapplied by the fa
tor of 1Crad: = NBORNtrueN rad:gen: (6.9)where NBORNtrue is the number of DIS events in a bin with the true kinemati
s when theradiative e�e
t is swit
hed o�.To extra
t 
ross se
tion at 
ertain kinemati
 point, the integrated 
ross se
tionshould be 
orre
ted by the bin-
entering 
orre
tion, C
enter. The amount of 
orre
tionis estimated by the theoreti
al 
ross se
tions asd2�BORN;theodxdQ2 ����bin 
enter = C
enter 1�y�Q2 Z�y;�Q2 d2�BORN;theodxdQ2 dxdQ2: (6.10)With all these 
orre
tions, the 
ross se
tion 
an be extra
ted asd2�BORNdxdQ2 = C
enter�y�Q2 � 1Crad: � �rad:j�y�Q2 (6.11)= Nmeas:L�y�Q2 � 1ACrad: � C
enter: (6.12)Therefore, by substituting the 
orre
tion fa
tors for Eq. 6.12,d2�BORNdxdQ2 = Nmeas:L�y�Q2 � NBORNtrueNMC � d2�BORN;theodxdQ2 ���bin 
enter1�y�Q2 R�y;�Q2 d2�BORN;theodxdQ2 dxdQ2 : (6.13)80
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Using the relation of NBORNtrue = L Z�y;�Q2 d2�BORN;theodxdQ2 dxdQ2; (6.14)the Eq. 6.13 
an be written asd2�BORNdxdQ2 = Ndata �N
pNMC � d2�BORN;theodxdQ2 ����bin 
enter : (6.15)The bin-by-bin 
orre
tion method is valid only if the models in the theory des
ribesthe reality in the data. Therefore, the pro
edure needs to be iterated by modifying theMC 
ross se
tions a

ording to the obtained result until the result gets stable.For the �rst extra
tion, the theoreti
al 
ross se
tion, d2�BORN;theodxdQ2 , is 
al
ulated byHECTOR [53℄. At LO of QCD, the 
ross se
tion 
al
ulated by HECTOR agrees withthat used in the MC generated by HERACLES so that Eq. 6.14 is satis�ed.As shown at the end of this 
hapter, the �rst extra
ted 
ross se
tions well agreewith the predi
tions using the ZEUS-JETS PDFs~�meas: ' ~�ZJ; (6.16)where ~�meas: and ~�ZJ are the measured and the ZEUS-JETS 
ross se
tions. Therefore,the stability of the result is 
he
ked as following using the MER sample. The 
rossse
tion in the DIS MC is reweighted a

ording to the ZEUS-JETS predi
tion and theanalysis is redone as ~�0meas: = Ndata �N
pNZJ rew:MC � ~�ZJ; (6.17)where NZJ rew:MC represents for the reweighted MC. The di�eren
es between ~�meas: andthe se
ondary extra
ted ~�0meas: are found as less than 0.7 %. The result is stable at the�rst extra
tion and the iterative pro
edure is not ne
essary.6.3 Systemati
 
he
ks6.3.1 Sour
es of 
orrelated systemati
 un
ertaintiesFollowing issues are 
onsidered in evaluation of systemati
 un
ertainties.� Positron �ndingThe un
ertainty from the positron �nding is evaluated by 
omparing two di�erentset of PSira 
riteria. The 
hange a�e
ts both eÆ
ien
y and purity of the positrons.The 
riteria areExponential 
riterion : PSira > 0:9� 1:5 � exp��Ee2:5�,with the lowest boundary of 0.6Linear 
riterion : PSira > 0:9.82



Positron �nding di�erent probability 
utPositron energy s
ale �1% at E 0e � 15 GeV,in
reasing to �2% at E 0e = 5 GeVx position of positron �4 mmy position of positron �4 mmCTD Hit Fra
tion threshold �0:1MVD Hit Fra
tion threshold �0:1Zvtx threshold jZvtxj < 50 
mE � pz threshold �2 GeVNormalization of photoprodu
tion MC �15%Table 6.1: The sour
es of the systemati
 un
ertainties and their evaluation.� Positron energy s
ale (Se
. 4.3.2)� Position re
onstru
tion of positrons (Se
. 4.3.3)� Road utilityThe un
ertainty of the utility and imperfe
tion of its des
ription by MC results inun
ertainty of the FHit. It is evaluated by loosening and tightening the thresholdof ea
h CTD and MVD FHit by �0:1. By tightening the threshold by 0.1, eventswith FHit = 23 in the CTD or FHit = 12 for the MVD will be reje
ted.� Vertex des
riptionThe imperfe
tion of the Zvtx des
ription by the MC 
auses the di�erent dete
tora

eptan
e and hen
e the di�erent luminosity between the data and MC. Thesystemati
 e�e
t is estimated by loosen the Zvtx requirement asRe
onstru
ted event vertex with jZvtxj < 50 
m.� E � pz thresholdThe E � pz threshold determines ea
h amount of photoprodu
tion ba
kgroundand DIS events with ISR in the sele
ted sample. Its un
ertainty is evaluatedby 
hanging the value of threshold by �2 GeV. The value 
omes from hadroni
energy resolution.� Normalization of photoprodu
tion MC (Se
. 5.4)All the sour
es 
onsidered in the total systemati
 un
ertainty of the measurementare listed in Table 6.1. For ea
h systemati
 sour
e, the 
ross se
tions are extra
tedby 
hanging the analysis 
ondition as listed in the table and the deviations from thestandard analysis are 
onsidered as un
ertainty from the sour
e. The extra
ted un
er-tainties are symmetrized by taking the larger absolute value for ea
h sour
e and addedin quadrature to give the total systemati
 un
ertainty.The un
ertainty from the luminosity measurement is 2.6 %. It should be added inthe 
ross se
tion measurement. 83
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Figure 6.5: Systemati
 
he
ks as a fun
tion of E 0e.6.3.2 Low E 0e behaviourDuring the evaluation of systemati
 un
ertainties, it is seen that the low E 0e region issensitive to some of the systemati
 sour
es. This is why the (y, Q2) bins are de�nedat E 0e > 6 GeV in Se
. 6.1.In Figure 6.5, the stability of the measurement is shown as a fun
tion of E 0e. Itshows the deviation of the ratio of the data to the MC from the standard DIS sele
tiondue to the 
hange of the E � pz or PSira 
riteria as done in evaluation of systemati
e�e
t. The sample used in the �gure is the DIS sample without the E 0e sele
tion.While the deviations are well within 1 % for E 0e & 6 GeV, they get larger for lowerE 0e and expand just under the E 0e threshold of 4 GeV in this measurement. Sin
e bothPSira and E � pz sele
tions relate to photoprodu
tion events, the low E 0e behaviour ofthe deviations may 
ome from imperfe
tion in the understanding of photoprodu
tionba
kgrounds. Therefore, the measurement is restri
ted to E 0e > 6 GeV as alreadywritten in Se
. 6.1.6.3.3 Trigger eÆ
ien
yTrigger eÆ
ien
y is automati
ally taken into a

ount by the a

eptan
e 
al
ulation.Even the medium-Q2 trigger logi
 is loose enough so that its eÆ
ien
y is quite highand more than 99 %. The validity of the trigger simulation is tested by 
ross 
he
kingthe events passing the sub-logi
s su
h as Risoe and good tra
k at the FLT and ele
tron�nding and Pex:1ir(E � pz) at the TLT. The 
he
k of the SLT and the TLT is alsodone by using the sample for another measurement [54℄. All the FLT, SLT and TLTare well des
ribed by the simulation. The un
ertainty asso
iated to the trigger is not
onsidered. 84
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Figure 6.6: HER redu
ed 
ross se
tions.6.4 ResultsThe values of measured redu
ed 
ross se
tions and their un
ertainties are summarizedin Tables A.1, A.2 and A.3 and shown in Fig. 6.6, Fig. 6.7 and Fig. 6.8 for the HER,LER and MER sample, respe
tively. They are shown for ea
h Q2 bin as a fun
tion ofy. The measurement is extended to higher y, where the fa
tor on the FL 
ontributionto the redu
ed 
ross se
tion, y2Y+ , is larger, 
omparing to the previous analysis [51℄.The total 
orrelated systemati
 un
ertainties in
lude the sour
es listed in Se
. 6.3.1.Un
ertainty from ea
h sour
e is shown in Appendix B. The largest un
ertainty origi-nates in the energy s
ale un
ertainty. At high y with low Q2, the un
ertainty from thenormalization of the photoprodu
tion MC is also signi�
ant. The un
ertainty of 2.6 %from the luminosity measurement is not shown in the tables and the �gures and to bein
luded in the total un
ertainties.The measured 
ross se
tions are 
ompared with the pQCD predi
tions using theZEUS-JETS PDFs [12℄. They well agree with the predi
tions. In the �gure, dottedlines are F2, i.e. the predi
tion with FL = 0. The deviation from the line 
orrespondsto the FL 
ontribution to the redu
ed 
ross se
tion. It is seen that there should benon-zero FL to des
ribe the DIS 
ross se
tions by the pQCD.85
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Chapter 7Extra
tion of FLIn the previous 
hapter, it is seen that the DIS redu
ed 
ross se
tion at high y tendsto be 
atter whi
h indi
ates FL is non zero. In this 
hapter, the dire
t measurementof FL is performed. FL is extra
ted from the 
omparison of the redu
ed 
ross se
tionsat the same (x, Q2) with di�erent y, hen
e the 
omparison between the HER, MERand LER 
ross se
tions at the same (x, Q2).7.1 Redu
ed 
ross se
tion measurement with 
om-mon (x, Q2) binsThe bins are rede�ned to be optimized for the dire
t FL measurement, su
h that theyallow better 
omparison of the 
ross se
tions and have a

eptable statisti
al un
ertain-ties. The bins are de�ned on the (y, Q2) plane. For ea
h HER, LER and MER sample,the bin boundary is set to have the same kinemati
 range in the (x, Q2) spa
e, with
onsideration of the both resolution and statisti
s.EÆ
ien
y, Purity and A

eptan
e for ea
h bin are shown in Fig. 7.1, Fig. 7.2 andFig. 7.3, respe
tively. Ea
h bin has a

eptable a

eptan
e and purity above 20 % and30 %, respe
tively.The redu
e 
ross se
tion is extra
ted for ea
h bin using the same bin-by-bin 
or-re
tion des
ribed in Se
. 6.2. The 
ross se
tions are shown in Table A.4.7.2 Normalization of data setsSin
e the di�eren
es between the 
ross se
tions measured from the HER, LER andMER samples give FL, the dire
t FL measurement is quite sensitive to the relative un-
ertainty of normalization between the samples. The possible 
auses of the un
ertaintyare relative di�eren
es of the luminosity measurement and also imperfe
t estimation ofthe amount of events from the satellite bun
hes, sin
e the ma
hine setting and hen
ebeam 
ondition was di�erent between the samples. To 
ompensate the relative di�er-en
es of the normalization, the 
ross se
tions of ea
h sample are s
aled based on thestudy with the low y events, where the FL 
ontribution to the 
ross se
tion is negligibleand hen
e the 
ross se
tions with the same (x, Q2) should be the same.89
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The study is done with the samples sele
ted by the DIS sele
tions des
ribed inChapter 5 but with a looser kinemati
 
ut of yJB > 0:03 instead of yJB > 0:05.Kinemati
 re
onstru
tion is done by the Double Angle method, whi
h gives the betterresolution at the low y region. A bin is de�ned for ea
h di�erent energy sample asHER: 20 < Q2DA < 130 GeV2 0:060 < yDA < 0:120MER: 20 < Q2DA < 130 GeV2 0:096 < yDA < 0:192LER: 20 < Q2DA < 130 GeV2 0:120 < yDA < 0:240.They 
over the same kinemati
 range on the (x, Q2) plane. The integrated 
rossse
tions in the bins should be the same for all the samples if FL = 0. Non zero andpositive FL de
reases the 
ross se
tion. Based on the predi
ted 
ross se
tion using theZEUS-JETS PDFs, whi
h have good agreement with the measured 
ross se
tion asshown in Se
. 6.4, de
rease of the integrated 
ross se
tion is estimated as �0:08 %,�0:20 % and �0:31 % for ea
h HER, MER and LER bin respe
tively. It is foundthat whether their e�e
t is 
onsidered or not in the following pro
edure makes littledi�eren
e on the �nal extra
ted FL. The di�eren
e is about 10 % of FL statisti
alun
ertainty at most. Therefore, the e�e
t from non zero FL is not taken into a

ountin this normalization study.The normalization fa
tor wnorm is determined as1wnorm = NdataNMC +N
p ; (7.1)where the MC 
ross se
tion is taken as a standard value of normalization. The followingnormalization fa
tors are extra
ted from this study;HER 1wnorm = 0:967� 0:004LER 1wnorm = 1:006� 0:006MER 1wnorm = 0:989� 0:008.The values of wnorm are applied to the redu
ed 
ross se
tions whi
h are summarized inTable A.4.7.3 Extra
tion of FL and resultsAfter applying the normalization fa
tors wnorm des
ribed in the previous se
tion, theHER, LER and MER redu
ed 
ross se
tions are linearly �tted in ea
h bin by~� = p1 � p2 y2Y+ ; (7.2)where p1 and p2 
orrespond to F2 and FL respe
tively. The �t results are shown inFig. 7.4. While the �t is mainly 
onstrained by the HER and LER 
ross se
tions dueto their better statisti
s, the MER 
ross se
tions show the 
onsisten
y with the linear�t. The extra
ted FL is summarized in Table A.5. As in the 
ross se
tion measurement,the sour
es listed in Se
. 6.3.1 are 
onsidered as sour
es of 
orrelated systemati
un
ertainties. E�e
ts from ea
h systemati
 sour
e is shown in Appendix B. The largestun
ertainty 
omes from un
ertainty of the energy s
ale of positrons.93
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Figure 7.5: FL 
ompared with the predi
tion from ZEUS-JETS PDFs.7.4 Dis
ussionThe measured FL is shown in Fig. 7.5. This is the one of the �rst dire
t FL measure-ments at low x1. The FL is separated from the redu
ed 
ross se
tion for the �rst timewithout model dependen
e. The measurement demonstrates that the FL is non zeroin this kinemati
 region and is well smaller than F2 whi
h is shown by the predi
tionusing ZEUS-JETS PDFs. This agrees with the 
ondition of Eq. 2.19, whi
h is givenonly by FL de�nition.In the �gure, the measurement is 
ompared with pQCD predi
tions using ZEUS-JETS PDFs. As des
ribed in Se
. 2.5.2, the s
aling violation, i.e. Q2 dependen
e, of F2
an be indire
tly related to the gluon density in the pQCD view. In the ZEUS-JETSPDF, the gluon density mainly determined by the Q2 dependen
e of ~� measured by theZEUS experiment at lower y. In pQCD, FL 
an also be written using gluon density asEq. 2.35 and hen
e 
an be 
al
ulated using the known gluon density. The solid lines inthe plot are the FL 
al
ulated in su
h a way using the gluon density of the ZEUS-JETSPDF. The measured FL are 
onsistent with the lines. Sin
e FL has a dire
t sensitivityto the gluon density a

ording to the QCD and the sensitivity is di�erent from the thatof s
aling violation, the observed 
onsisten
y demonstrates the validity of the pQCD1Resent result from the H1 
ollaboration is in [55℄.95
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Figure 7.6: FL 
ompared with various predi
tions.framework of the des
ription of proton stru
ture. This also gives a new support forappli
ability of 
urrently used gluon density to the pQCD 
al
ulation of other QCDpro
esses.The 
omparison with di�erent FL predi
tions is also shown in Fig. 7.6. Thepredi
tions are FL 
al
ulated by HECTOR using CTEQ6.6 PDF [56℄, LO, NLO andNNLO predi
tions from MSTW [57℄ and predi
tion from NLL BFKL resummation�t [58℄. Although the measured FL does not yet have a sensitivity to the detaileddi�eren
es between the predi
tions, the measurement agrees with the stability betweenthe various predi
tions and shows that 
urrent approa
hes 
an be a

epted for furtherunderstanding of low x physi
s.The observed 
onsisten
y with pQCD gives one note on the measured 
ross se
tionsin the previous 
hapter. In this FL extra
tion, the y range of the used HER 
rossse
tions is 0:18 < y < 0:39 while the HER 
ross se
tion measurement itself is doneover 0:09 < y < 0:78 as des
ribed in the previous 
hapter. The HER 
ross se
tions for0:39 < y < 0:78 are not used in the FL extra
tion but they have sensitivity to FL atlower x than the measured FL. Sin
e the 
onsisten
y between the measured FL andthe pQCD predi
tion is seen, those 
ross se
tions 
an be analyzed within the pQCDframework. It would be a indire
t analysis but, together with results from other DISmeasurements, the 
ross se
tions measured at high y in the previous 
hapter 
an beused for further studies on FL and gluon distribution.96



Chapter 8Con
lusionThe longitudinal stru
ture fun
tion FL has been dire
tly measured for the 24 � Q2 �110 GeV2 and 6:7 � 10�4 � x � 4:9 � 10�3. This is one of the �rst measurements of FLat su
h low x region.The measurement is based on the e+p s
attering data with three di�erent beamenergies 
olle
ted in 2006 and 2007 with the ZEUS dete
tor at HERA. A key issue inthis measurement is a

urate re
onstru
tion of the s
attered positron with low energyand low angle. A hit �nder is newly developed to improve the positron identi�
ation.Ba
kground events due to positron misidenti�
ation are understood with data.The measured FL is found to be non zero. The non zero FL derives from thegluon dynami
s in the proton a

ording to the QCD. The agreement between themeasured FL and the pQCD predi
tion is seen. This demonstrates the validity ofpQCD des
ription of the proton stru
ture. It also supports the appli
ability of thegluon density in the pQCD, whi
h is indire
tly determined from the s
aling violation,to another pQCD 
al
ulation.The positron-proton in
lusive DIS redu
ed 
ross se
tions are also measured at threedi�erent 
enter-of-mass energies, namely ps = 318, 252 and 225 GeV, for the sameQ2 range as the FL measurement and 0:13 � y � 0:75 extending to higher y than theprevious in
lusive DIS measurement. Sin
e the pQCD des
ription is 
onsistent withthe measured FL, observed 
attening of redu
ed 
ross se
tions at high y is interpretedas FL 
ontribution. Though high y 
ross se
tions at HER is not used for the dire
t FLmeasurement, they have sensitivity to FL at lower x than the dire
t measurement. Themeasured 
ross se
tions in this thesis allow further studies on FL through the QCDglobal analysis.
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Appendix ATablesIn this 
hapter, measured redu
ed 
ross se
tions and FL are listed in tables. In thetables, statisti
al un
ertainties are given in absolute value and systemati
 un
ertaintiesare give in %. Ea
h systemati
 sour
e 
orresponds to;Æ1 Energy s
aleÆ2 Normalization of photoprodu
tion MCÆ3 Ele
tron �ndingÆ4 x positionÆ5 y positionÆ6 ZvtxÆ7 Threshold of P(E � pz)Æ8 MVD hit fra
tionÆ9 CTD hit fra
tion
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A.1 HER redu
ed 
ross se
tionsQ2 y x ~� Æstat Æsyst: Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8 Æ9(GeV2) (abs.) (%) + � + � + � + � + � + � + � + �24 0.13 1.82e-03 1.034 0.015 5.93 2.82 -1.27 0.00 0.00 0.06 0.06 -0.26 3.50 2.84 -1.29 -0.31 0.00 0.00 -0.58 -0.28 2.54 -0.4824 0.22 1.08e-03 1.221 0.015 5.19 2.97 -3.66 -0.01 0.01 0.03 0.03 -0.99 2.14 1.59 -0.51 -0.34 -0.04 0.00 -1.16 -0.00 2.24 -0.4524 0.31 7.63e-04 1.322 0.015 3.15 1.95 -1.75 -0.04 0.04 -0.04 -0.05 -1.80 1.55 0.72 -0.70 -0.19 -0.06 0.34 -0.72 0.01 1.31 -0.2224 0.40 5.92e-04 1.383 0.016 2.89 1.26 -1.69 -0.19 0.19 0.26 0.26 -0.44 1.04 0.33 -0.59 0.02 -0.83 0.20 -0.81 -0.06 1.61 -0.2924 0.48 4.93e-04 1.431 0.018 2.27 -0.03 -1.08 -0.34 0.34 -0.05 -0.09 -0.11 0.67 0.23 -0.10 -0.22 -0.30 -0.59 -0.45 0.03 1.66 -0.1524 0.56 4.23e-04 1.442 0.021 2.02 0.66 1.02 -0.90 0.90 0.38 0.42 0.08 0.57 -0.14 -0.17 -0.25 0.19 -0.17 -0.06 0.10 1.26 -0.0124 0.63 3.76e-04 1.435 0.026 2.55 -0.19 -1.21 -1.12 1.12 -0.16 -0.75 0.17 1.16 0.22 0.53 -0.03 -0.35 -0.92 -0.45 -0.29 0.74 -0.3324 0.69 3.43e-04 1.443 0.032 3.98 1.81 1.15 -1.92 1.92 -0.01 -1.08 -1.14 1.77 -0.10 0.94 0.16 0.55 -1.23 0.30 -0.38 1.41 -0.5724 0.75 3.16e-04 1.473 0.041 4.62 1.09 -0.79 -3.11 3.11 0.43 -0.87 -1.28 0.65 0.41 0.09 -0.43 0.78 -2.26 -1.52 0.51 0.56 0.1332 0.13 2.43e-03 1.024 0.009 3.33 2.58 -1.93 0.00 0.00 0.05 0.05 -1.15 1.29 0.73 -0.40 -0.26 0.00 0.00 -0.98 -0.05 1.09 -0.1632 0.22 1.43e-03 1.208 0.011 3.62 2.65 -3.07 -0.02 0.02 0.01 0.01 -0.61 1.17 0.12 -0.48 -0.20 -0.04 0.00 -0.69 -0.05 1.25 0.0232 0.31 1.02e-03 1.320 0.013 3.37 2.76 -1.88 -0.05 0.05 -0.04 -0.05 0.09 1.04 0.23 -0.21 -0.14 0.03 0.15 -0.89 -0.05 1.32 -0.2732 0.40 7.89e-04 1.371 0.016 2.30 1.35 -1.63 -0.13 0.13 0.22 0.20 0.41 0.65 0.34 -0.02 -0.25 -0.04 -0.06 -0.17 -0.08 1.39 -0.3332 0.48 6.57e-04 1.412 0.019 2.28 0.47 0.21 -0.31 0.31 -0.87 -0.83 0.40 0.71 0.01 -0.28 0.04 -0.56 -0.05 -1.16 0.06 1.37 -0.2832 0.56 5.63e-04 1.470 0.023 1.80 -0.92 0.41 -0.66 0.66 0.14 0.09 -0.39 0.48 0.21 -0.10 -0.04 0.07 -0.16 -0.62 0.07 1.12 -0.0632 0.63 5.01e-04 1.443 0.032 2.33 0.05 -0.22 -1.16 1.16 -0.16 0.07 -0.51 -1.06 -0.57 -0.69 -0.48 0.53 0.52 0.99 -0.38 0.97 0.0832 0.69 4.57e-04 1.508 0.035 3.31 -1.13 -1.61 -1.12 1.12 0.33 0.71 -1.36 -0.76 -0.70 -0.36 -0.54 0.72 -0.30 -1.59 0.32 0.97 -0.1032 0.75 4.21e-04 1.464 0.044 4.53 1.53 -1.13 -2.40 2.40 -0.63 -2.58 -1.02 -0.91 -0.85 0.20 0.20 -0.88 -0.35 -1.65 0.50 -0.70 -0.1345 0.13 3.41e-03 0.981 0.008 2.94 2.36 -1.94 0.00 0.00 0.04 0.04 -0.02 0.76 0.03 -0.40 -0.25 0.00 0.00 -0.57 -0.03 1.39 -0.1945 0.22 2.02e-03 1.145 0.011 3.77 3.11 -3.23 0.00 0.00 0.03 0.03 0.38 0.79 0.39 -0.34 -0.22 0.02 0.00 -1.01 -0.17 1.41 -0.2145 0.31 1.43e-03 1.247 0.013 2.77 2.22 -1.58 -0.03 0.03 0.10 0.09 -0.17 0.95 0.09 -0.13 -0.32 0.15 -0.29 -0.42 0.06 1.21 0.0145 0.40 1.11e-03 1.378 0.018 2.11 1.08 -1.29 -0.16 0.16 -0.09 -0.23 -0.30 0.99 0.14 -0.05 -0.15 0.37 -0.32 -0.53 0.01 1.13 -0.1745 0.48 9.24e-04 1.393 0.021 1.36 -0.06 -0.03 -0.22 0.23 -0.19 -0.12 -0.91 0.49 0.01 -0.29 -0.17 -0.32 -0.16 -0.42 0.09 0.73 -0.3645 0.56 7.92e-04 1.488 0.026 2.20 -1.06 -0.16 -0.44 0.44 -0.62 -0.85 -1.05 -0.52 -0.24 -0.09 -0.45 -0.52 0.18 -0.91 0.27 0.57 -0.0445 0.63 7.04e-04 1.460 0.034 2.39 0.49 0.45 -0.72 0.72 -1.44 -0.90 -1.44 0.79 -0.15 0.11 -0.24 -0.07 0.28 0.01 0.15 -0.25 -0.7945 0.69 6.43e-04 1.515 0.041 3.54 -1.37 -0.77 -1.22 1.22 0.16 1.08 0.65 1.06 0.01 -0.02 0.18 -0.34 -0.31 -2.56 0.68 -0.49 0.2145 0.75 5.92e-04 1.490 0.048 3.77 1.81 0.90 -2.08 2.08 0.13 0.56 0.26 -0.01 -0.32 -0.13 -0.69 1.68 0.06 -0.80 -0.56 -1.47 -0.9260 0.13 4.55e-03 0.930 0.009 2.76 2.19 -1.36 0.00 0.00 0.03 0.03 -0.32 0.98 0.29 0.11 -0.34 0.00 0.00 -0.80 0.05 1.01 -0.0860 0.22 2.69e-03 1.121 0.012 3.17 2.64 -2.90 0.00 0.00 0.05 0.05 -0.86 0.46 -0.14 -0.28 -0.27 -0.04 0.00 -0.37 0.03 0.78 -0.1560 0.31 1.91e-03 1.224 0.016 2.52 2.20 -2.08 -0.01 0.01 0.14 0.14 -0.78 0.16 0.13 0.00 -0.38 0.15 -0.14 -0.51 0.23 0.65 -0.1360 0.40 1.48e-03 1.334 0.020 2.18 1.31 -1.73 -0.07 0.07 0.02 0.06 -0.52 -0.88 -0.49 0.06 -0.26 -0.09 -0.06 -0.63 0.02 0.50 0.0760 0.48 1.23e-03 1.370 0.024 1.36 -0.35 -0.48 -0.17 0.17 -0.26 -0.24 -0.25 0.16 -0.15 -0.06 -0.27 0.19 0.05 -1.14 0.02 -0.20 -0.1860 0.56 1.06e-03 1.485 0.030 1.51 0.14 -0.54 -0.30 0.30 0.16 0.27 0.14 0.69 0.19 -0.33 -0.26 -0.59 -0.22 -0.74 -0.19 0.54 0.1560 0.63 9.39e-04 1.544 0.040 1.78 0.04 0.67 -0.53 0.53 0.87 0.39 0.34 0.31 0.21 -0.06 -0.03 -0.02 -0.64 0.15 -0.52 -0.92 -0.1660 0.69 8.57e-04 1.471 0.048 3.81 -2.04 0.78 -1.33 1.33 -0.26 -0.30 -1.91 0.12 -0.05 -0.06 -0.42 1.59 -0.15 1.29 -0.33 0.58 -0.6860 0.75 7.89e-04 1.504 0.051 3.35 0.82 -0.55 -1.38 1.38 -1.02 -0.83 -0.91 0.48 0.45 -0.12 0.14 -1.58 1.48 0.91 0.22 -1.79 1.2880 0.13 6.07e-03 0.885 0.010 3.04 2.67 -2.38 0.00 0.00 0.03 0.03 -0.38 -0.02 -0.31 -0.31 -0.43 0.00 0.00 -0.94 0.18 0.87 -0.0380 0.22 3.59e-03 1.078 0.013 2.71 2.64 -2.21 0.00 0.00 0.00 0.00 -0.24 0.23 -0.12 0.33 0.06 -0.04 0.00 -0.38 0.05 0.20 0.0580 0.31 2.54e-03 1.207 0.018 2.16 1.54 -1.88 0.00 0.00 -0.10 -0.10 -0.04 0.37 -0.04 -0.07 -0.66 0.44 -0.14 -0.45 -0.10 0.37 -0.0180 0.40 1.97e-03 1.256 0.022 1.72 1.41 -0.90 -0.11 0.11 -0.24 -0.25 -0.35 0.80 0.16 -0.41 -0.11 0.11 -0.13 -0.17 -0.07 0.17 -0.12Table A.1: HER redu
ed 
ross se
tions.



Q2 y x ~� Æstat Æsyst: Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8 Æ9(GeV2) (abs.) (%) + � + � + � + � + � + � + � + �80 0.48 1.64e-03 1.369 0.028 1.57 0.69 -1.00 -0.22 0.22 -0.07 0.01 0.58 0.28 -0.03 0.31 -0.40 -0.21 -0.17 -0.14 0.13 0.87 0.3880 0.56 1.41e-03 1.448 0.034 1.66 0.78 1.18 -0.33 0.33 0.21 0.23 0.23 0.52 0.44 0.47 -0.67 0.34 0.06 -0.33 -0.21 0.18 -0.0780 0.63 1.25e-03 1.483 0.043 1.57 0.91 -0.13 -0.23 0.23 -0.55 -0.85 -0.12 -0.11 -0.14 -0.21 -0.28 -0.55 0.08 -0.51 -0.10 -0.43 -0.0380 0.69 1.14e-03 1.354 0.052 3.89 -1.75 -1.43 -1.31 1.31 -0.10 0.65 1.29 0.62 -0.25 -0.09 -0.54 2.63 -0.12 -0.44 -0.15 0.90 0.1580 0.75 1.05e-03 1.406 0.065 4.70 2.93 2.56 -1.94 1.93 -0.75 0.60 -0.07 -0.60 0.12 -0.00 -0.03 -0.04 -0.57 -2.33 -0.17 -0.20 1.75110 0.13 8.34e-03 0.842 0.011 1.59 1.55 -1.42 0.00 0.00 0.01 0.01 -0.10 0.10 0.13 -0.10 -0.13 0.00 0.00 -0.04 -0.03 0.28 0.04110 0.22 4.93e-03 1.015 0.015 3.17 2.71 -3.15 0.00 0.00 -0.03 -0.01 0.17 0.23 -0.14 0.02 0.03 -0.01 0.00 -0.01 0.09 0.07 0.17110 0.31 3.50e-03 1.130 0.019 1.81 1.70 -1.72 0.00 0.00 0.03 0.03 0.26 0.14 0.12 -0.01 -0.32 0.23 -0.25 -0.15 0.10 -0.16 0.02110 0.40 2.71e-03 1.258 0.026 1.83 1.62 -1.09 -0.10 0.10 -0.04 -0.01 -0.11 0.17 -0.02 -0.07 -0.04 -0.72 -0.14 -0.24 0.04 0.27 -0.02110 0.48 2.26e-03 1.283 0.031 1.26 0.15 -0.93 -0.21 0.21 -0.06 0.04 0.04 -0.29 -0.03 -0.00 0.06 0.51 -0.65 -0.32 0.17 0.26 -0.01110 0.56 1.94e-03 1.428 0.038 1.65 0.20 0.64 -0.26 0.26 0.09 0.21 -0.07 -0.23 0.06 -0.24 -0.38 -1.10 0.45 -0.36 0.05 -0.79 0.40110 0.63 1.72e-03 1.399 0.053 3.98 -3.35 1.04 -0.71 0.71 0.42 0.85 -0.25 -1.03 -0.35 -0.50 -0.25 -0.37 -0.84 0.65 -0.32 -0.95 0.46110 0.69 1.57e-03 1.371 0.059 3.44 -1.42 1.09 -0.97 0.97 0.05 0.55 -1.26 0.83 -0.59 0.18 -0.22 -2.15 0.64 -0.33 0.77 1.18 -0.75110 0.75 1.45e-03 1.442 0.092 7.78 -1.74 -2.33 -1.04 1.04 0.11 -1.24 1.36 2.22 2.42 -0.10 -0.02 -0.26 -6.17 -0.63 -0.90 -1.65 -1.17Table A.1: HER redu
ed 
ross se
tions.

A.2 LER redu
ed 
ross se
tionsQ2 y x ~� Æstat Æsyst: Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8 Æ9(GeV2) (abs.) (%) + � + � + � + � + � + � + � + �24 0.13 3.64e-03 0.869 0.017 4.54 2.54 -2.06 0.00 0.00 0.09 0.09 -1.71 2.58 2.05 -1.89 -0.26 0.00 0.00 -0.48 -0.02 1.74 -0.7624 0.22 2.15e-03 1.025 0.018 5.16 2.98 -3.30 0.00 0.00 -0.12 -0.12 -1.72 1.91 1.91 -1.32 -0.23 0.06 0.00 -0.10 -0.14 2.89 -0.6624 0.31 1.53e-03 1.122 0.019 3.52 2.32 -1.90 -0.07 0.07 0.06 0.13 -1.19 1.82 1.33 -0.73 0.31 0.20 -0.18 -0.49 0.07 1.25 -0.2324 0.40 1.18e-03 1.182 0.020 2.75 1.86 -1.22 -0.12 0.12 0.19 0.23 -0.40 0.46 0.84 -0.60 0.45 0.02 0.19 -0.69 -0.12 1.56 -0.2624 0.48 9.86e-04 1.201 0.022 2.13 -0.40 -0.18 -0.31 0.31 -0.28 -0.40 0.01 0.74 0.61 -0.55 -0.01 -0.48 0.55 -0.68 -0.02 1.57 -0.3124 0.56 8.45e-04 1.249 0.024 2.39 0.45 -0.63 -0.51 0.51 0.67 0.45 -0.16 1.39 0.07 -0.32 -0.34 -0.27 -0.56 -0.55 -0.19 1.35 -0.1024 0.63 7.51e-04 1.252 0.032 2.13 0.35 0.82 -1.15 1.14 -0.16 -0.83 0.27 0.66 0.01 -0.14 -0.57 0.66 -0.52 -0.39 0.04 0.69 -0.2724 0.69 6.86e-04 1.272 0.037 3.41 -1.00 -1.33 -1.69 1.69 -0.46 -0.06 -1.34 -0.52 0.01 -0.65 -0.13 -0.21 0.45 0.82 -0.01 1.91 -0.5424 0.75 6.31e-04 1.239 0.044 5.57 0.92 -0.04 -2.70 2.70 0.84 0.91 -0.41 -0.64 0.29 -0.46 -0.43 4.44 1.20 1.06 1.13 0.52 -0.3032 0.13 4.85e-03 0.845 0.011 3.36 2.65 -1.93 0.00 0.00 0.01 0.01 -0.48 1.02 0.90 -0.55 0.01 0.00 0.00 -0.20 -0.11 1.54 -0.2932 0.22 2.87e-03 0.991 0.014 4.20 3.05 -3.05 -0.00 0.00 -0.02 -0.02 -0.48 1.00 0.61 -0.59 -0.27 0.02 0.00 -1.10 -0.08 2.38 -0.3532 0.31 2.04e-03 1.094 0.017 2.80 1.89 -2.07 -0.02 0.02 0.02 0.02 -0.42 0.69 0.33 -0.77 -0.04 0.33 -0.25 -0.06 -0.07 1.54 -0.1132 0.40 1.58e-03 1.168 0.020 2.20 1.34 -1.60 -0.11 0.11 -0.09 -0.09 -0.01 0.86 0.44 -0.42 0.09 -0.48 -0.01 -0.24 -0.02 1.02 -0.1232 0.48 1.31e-03 1.223 0.024 1.96 -0.40 -0.05 -0.23 0.23 0.08 0.09 -0.27 0.90 0.05 -0.15 0.25 0.16 0.60 1.04 -0.22 1.14 -0.1732 0.56 1.13e-03 1.266 0.028 1.90 0.73 0.31 -0.46 0.46 -0.59 -0.39 -0.17 -0.03 0.08 0.22 -0.04 -0.93 0.27 -0.10 -0.26 1.22 -0.0432 0.63 1.00e-03 1.270 0.038 2.81 0.41 -1.12 -0.90 0.90 -0.88 -1.22 -0.58 -0.34 0.11 0.10 0.83 -0.23 0.09 -1.43 0.70 1.09 0.66Table A.2: LER redu
ed 
ross se
tions.



Q2 y x ~� Æstat Æsyst: Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8 Æ9(GeV2) (abs.) (%) + � + � + � + � + � + � + � + �32 0.69 9.14e-04 1.368 0.045 2.97 -0.70 0.83 -1.24 1.24 -0.39 -1.52 -0.14 -0.38 -0.33 0.83 0.26 -0.30 -0.63 -1.68 0.89 -0.36 0.2532 0.75 8.41e-04 1.277 0.052 4.91 0.48 -1.09 -2.38 2.38 -0.32 0.96 -0.38 0.64 0.33 0.10 0.02 3.85 -0.41 -0.36 -0.10 0.30 0.9145 0.13 6.83e-03 0.805 0.010 3.09 2.35 -1.82 -0.00 0.00 0.06 0.06 0.10 1.14 0.60 -0.36 0.43 0.00 0.00 -0.15 -0.04 1.46 -0.0545 0.22 4.03e-03 0.952 0.013 3.69 2.97 -2.72 -0.00 0.00 0.06 0.06 0.02 1.05 0.23 -0.22 -0.22 0.07 0.00 0.18 -0.20 1.88 -0.2545 0.31 2.86e-03 1.083 0.017 2.35 1.47 -1.88 -0.01 0.01 0.04 0.04 0.18 0.57 0.08 0.09 0.16 0.46 -0.21 -0.42 -0.16 1.10 -0.1745 0.40 2.22e-03 1.126 0.021 2.28 1.43 -1.79 -0.11 0.11 0.04 -0.02 -0.86 0.61 -0.43 -0.10 -0.03 0.49 -0.16 -0.32 0.09 0.84 0.0245 0.48 1.85e-03 1.134 0.026 2.01 0.06 -0.92 -0.33 0.33 0.20 0.23 -1.33 -0.31 -0.48 0.01 -0.13 -0.10 -0.38 -0.60 0.32 0.71 -0.0745 0.56 1.59e-03 1.274 0.031 1.38 0.28 0.67 -0.31 0.31 0.43 0.72 -0.46 -0.52 -0.37 0.31 0.10 0.25 -0.13 -0.47 -0.07 0.24 -0.3545 0.63 1.41e-03 1.291 0.041 2.61 -0.25 -0.07 -0.53 0.53 -1.07 -0.91 0.14 0.11 -0.36 -0.03 -0.56 -1.05 -0.74 -1.93 -0.25 0.04 0.1945 0.69 1.29e-03 1.217 0.046 2.72 1.16 0.26 -1.22 1.22 -0.05 0.06 0.23 0.42 -0.44 0.39 0.90 -1.11 1.39 -0.53 -0.62 1.05 0.4245 0.75 1.18e-03 1.212 0.054 5.40 -1.52 3.52 -2.12 2.12 -0.61 -0.29 -0.97 -0.83 -0.62 0.44 1.54 -0.67 2.71 -0.82 0.48 0.09 0.5060 0.13 9.10e-03 0.760 0.011 2.92 2.38 -1.82 0.00 0.00 0.12 0.12 -0.83 0.63 -0.21 -0.16 -0.16 0.00 0.00 -0.98 0.13 1.05 -0.1660 0.22 5.38e-03 0.889 0.015 3.39 2.76 -2.96 -0.02 0.02 -0.03 -0.03 -0.56 0.87 -0.06 0.19 -0.24 -0.05 0.00 -0.13 0.09 1.37 -0.2060 0.31 3.82e-03 1.022 0.020 2.48 2.13 -1.81 0.00 0.00 0.09 0.09 -0.77 0.05 0.21 -0.07 -0.04 -0.15 0.27 -0.55 0.14 0.77 0.0460 0.40 2.96e-03 1.083 0.025 1.67 1.22 -0.69 -0.05 0.05 -0.08 -0.08 -0.10 0.11 0.25 0.13 0.62 -0.42 -0.51 -0.51 0.16 0.55 0.2560 0.48 2.47e-03 1.129 0.030 1.33 0.71 -0.41 -0.29 0.29 0.21 0.27 -0.40 0.31 0.39 -0.65 0.03 0.33 -0.37 -0.45 -0.41 0.12 0.4260 0.56 2.11e-03 1.143 0.035 1.84 -0.85 -0.06 -0.46 0.46 0.28 0.59 -0.17 -0.06 0.14 -0.86 -0.19 0.68 -0.77 -0.60 -0.48 0.61 0.2660 0.63 1.88e-03 1.229 0.047 2.77 -1.75 1.23 -0.52 0.52 0.17 -0.72 -0.65 0.67 0.04 0.30 1.32 -0.59 0.77 -0.75 0.22 0.60 0.1860 0.69 1.71e-03 1.300 0.055 2.65 0.04 -0.77 -0.91 0.91 -0.42 -0.51 0.04 1.25 0.71 -0.41 -1.51 -0.30 -0.66 0.58 0.01 -0.51 0.4060 0.75 1.58e-03 1.218 0.059 3.61 1.70 -0.12 -1.21 1.21 0.36 2.08 -0.51 -1.07 0.51 -0.22 0.70 0.37 -0.39 0.33 0.58 -1.41 -0.6780 0.13 1.21e-02 0.716 0.012 2.20 2.01 -1.62 -0.01 0.01 0.03 0.03 -0.38 -0.49 -0.02 -0.11 0.21 0.00 0.00 -0.40 -0.00 0.62 -0.0680 0.22 7.17e-03 0.902 0.017 3.00 2.13 -2.87 0.00 0.00 0.07 0.07 -0.66 -0.72 -0.13 -0.05 -0.13 0.06 0.00 -0.39 0.17 0.18 0.0980 0.31 5.09e-03 0.971 0.021 1.98 1.71 -1.71 0.00 0.00 0.09 0.09 -0.07 0.54 -0.20 -0.09 -0.04 0.14 0.24 -0.68 0.08 0.40 0.1080 0.40 3.94e-03 1.049 0.028 2.20 1.55 -1.75 -0.05 0.05 0.10 0.10 0.15 -0.09 0.11 -0.13 -0.98 0.20 -0.48 -0.56 0.06 -0.43 -0.0280 0.48 3.29e-03 1.076 0.034 1.52 0.28 -0.67 -0.25 0.25 0.07 0.09 0.01 0.03 -0.37 0.00 0.94 -0.52 0.26 -0.66 -0.01 0.25 -0.1880 0.56 2.82e-03 1.099 0.039 2.61 -0.32 1.61 -0.47 0.47 1.09 1.19 0.29 0.75 -0.14 0.08 0.09 0.34 0.66 0.99 0.12 0.77 0.1080 0.63 2.50e-03 1.097 0.050 3.75 -0.85 1.95 -0.46 0.46 0.62 0.57 -0.01 1.77 -0.29 0.06 0.16 1.57 0.51 0.98 -0.04 -1.72 0.3380 0.69 2.29e-03 1.063 0.063 4.22 0.18 0.95 -1.95 1.95 0.50 0.55 0.54 2.48 -0.35 -0.11 0.54 2.34 0.93 -0.55 -0.55 0.67 0.0180 0.75 2.10e-03 1.196 0.069 5.27 2.14 -0.04 -1.20 1.20 1.48 -1.86 -0.44 0.06 -0.17 -0.07 0.78 -3.71 1.15 0.71 0.12 -1.81 0.43110 0.13 1.67e-02 0.671 0.013 2.74 2.56 -1.10 0.00 0.00 0.06 0.06 0.14 0.31 -0.02 0.01 0.90 0.00 0.00 0.17 -0.03 0.15 0.10110 0.22 9.86e-03 0.834 0.019 3.09 1.86 -2.87 0.00 0.00 -0.17 -0.17 -0.00 0.58 0.02 -0.14 -0.43 0.10 0.00 -0.82 -0.11 0.12 -0.20110 0.31 7.00e-03 0.885 0.024 2.74 2.66 -1.83 -0.03 0.03 -0.12 -0.12 0.13 0.03 -0.02 0.12 0.01 -0.01 -0.16 0.56 0.22 0.22 0.24110 0.40 5.42e-03 0.994 0.031 1.44 -0.06 -1.14 -0.02 0.02 0.18 0.18 0.04 0.18 -0.32 -0.24 0.27 0.48 0.06 0.44 -0.01 -0.22 -0.35110 0.48 4.52e-03 1.076 0.038 1.86 0.53 -0.87 -0.18 0.18 0.35 0.24 0.28 0.46 -0.45 0.47 -0.50 0.93 -0.41 -0.87 0.03 -0.23 0.52110 0.56 3.87e-03 1.052 0.043 3.03 -0.76 -0.35 -0.21 0.21 -1.62 -1.85 0.15 0.23 -0.03 0.49 -0.64 -1.45 0.87 -0.99 0.50 -1.18 -0.20110 0.63 3.44e-03 1.090 0.061 2.93 -1.79 -0.41 -0.86 0.86 -0.25 -0.13 0.23 0.54 0.56 -0.32 0.20 -1.12 1.00 0.24 -0.07 -1.62 -0.59110 0.69 3.14e-03 1.150 0.072 2.79 0.96 1.51 -0.99 0.99 -0.34 -1.06 0.15 0.69 0.07 -0.06 -0.38 -0.38 -0.61 0.55 -0.18 0.38 -1.45110 0.75 2.89e-03 0.905 0.098 6.29 -1.68 2.06 -1.43 1.43 2.35 0.48 -1.00 0.40 -0.04 0.54 1.98 -2.41 -0.42 -0.50 -0.30 -4.06 -0.74Table A.2: LER redu
ed 
ross se
tions.



A.3 MER redu
ed 
ross se
tionsQ2 y x ~� Æstat Æsyst: Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8 Æ9(GeV2) (abs.) (%) + � + � + � + � + � + � + � + �24 0.13 2.91e-03 0.891 0.024 6.54 3.22 -2.21 0.00 0.00 -0.01 -0.01 -1.65 2.91 2.47 -1.01 0.68 0.00 0.00 -2.63 -0.46 3.23 -1.0024 0.22 1.72e-03 1.096 0.026 4.86 3.37 -3.78 -0.01 0.00 0.18 0.18 -1.49 1.68 0.93 -0.87 -0.95 0.05 0.00 -0.91 -0.26 1.96 -0.6124 0.31 1.22e-03 1.115 0.025 3.73 2.26 -1.31 -0.04 0.04 -0.30 -0.30 -0.74 2.14 1.35 -0.26 -0.22 -0.33 -0.54 0.14 -0.14 1.40 -0.6724 0.40 9.47e-04 1.249 0.029 2.59 1.65 -1.46 -0.21 0.21 0.43 0.42 -0.40 0.35 0.39 -0.57 -0.19 -0.21 -0.30 -0.05 -0.16 1.78 -0.5724 0.48 7.89e-04 1.289 0.031 3.29 -0.31 0.70 -0.44 0.44 -0.11 -0.11 0.45 0.51 -0.05 -0.29 -0.05 -0.93 -0.82 -1.50 -0.16 2.59 -0.1724 0.56 6.76e-04 1.309 0.035 3.02 0.59 -0.28 -0.72 0.72 -0.76 -0.50 -0.49 0.35 -0.47 -0.00 -0.30 0.09 -0.02 0.17 -0.40 2.64 -0.2524 0.63 6.01e-04 1.306 0.044 3.28 -1.01 -0.20 -0.97 0.97 -0.88 -1.25 -1.03 1.83 0.02 -0.04 -0.02 0.50 0.87 0.44 0.18 1.72 0.0724 0.69 5.49e-04 1.391 0.052 3.36 0.98 0.79 -1.44 1.44 -0.54 -0.51 0.23 0.05 0.12 -0.55 -1.10 0.40 -1.45 -1.61 -0.09 1.30 0.3024 0.75 5.05e-04 1.333 0.062 4.26 -0.40 1.27 -2.88 2.88 -0.53 -0.23 -1.12 -1.28 0.64 -0.10 -0.85 0.48 -0.37 -0.73 -0.24 2.10 0.1232 0.13 3.88e-03 0.907 0.017 2.68 1.85 -1.70 0.00 0.00 0.07 0.07 -0.33 1.13 0.66 -0.64 0.05 0.00 0.00 -0.89 0.23 1.12 -0.7032 0.22 2.30e-03 1.060 0.020 3.83 2.94 -2.99 -0.01 0.01 0.06 0.09 -0.20 1.23 0.54 -0.70 -0.18 0.00 0.00 -1.01 0.21 1.63 -0.3032 0.31 1.63e-03 1.156 0.024 3.49 1.68 -2.36 -0.05 0.05 -0.08 -0.08 -0.12 1.26 -0.03 -0.56 -0.12 0.49 -0.16 -1.09 -0.06 1.80 -0.4032 0.40 1.26e-03 1.209 0.028 3.39 1.43 -1.31 -0.12 0.12 0.56 0.48 -0.41 1.41 0.15 -0.71 0.01 0.25 -0.36 -1.08 0.08 2.31 -0.2232 0.48 1.05e-03 1.323 0.034 2.77 0.63 -0.15 -0.23 0.23 -0.15 -0.18 -0.74 0.95 0.58 0.43 -0.11 -0.97 0.20 0.42 -0.41 2.20 -0.0532 0.56 9.01e-04 1.269 0.039 2.16 0.05 -0.58 -0.65 0.65 -0.81 -0.69 -1.04 0.54 -0.03 -0.26 -0.28 -0.63 0.35 0.06 -0.02 1.26 -0.3132 0.63 8.01e-04 1.346 0.053 1.98 0.56 0.35 -0.86 0.86 -0.77 0.59 -0.94 0.21 0.22 0.09 -0.37 -0.23 -0.20 0.45 -0.29 0.97 -0.3932 0.69 7.32e-04 1.307 0.059 3.94 -0.31 0.74 -1.27 1.27 0.15 1.12 -1.32 -0.42 -0.14 -0.24 0.65 -0.88 2.74 -0.83 -0.58 1.31 -0.5332 0.75 6.73e-04 1.351 0.070 5.04 0.33 -3.73 -2.07 2.07 -0.05 -1.20 -1.11 1.56 -0.22 -0.63 -0.44 -0.43 0.41 -1.49 -0.77 -0.04 0.5945 0.13 5.46e-03 0.891 0.015 3.84 2.59 -2.09 0.00 0.00 -0.01 -0.01 0.76 1.29 0.39 -0.10 -0.27 0.00 0.00 -0.64 -0.09 2.40 -0.5245 0.22 3.23e-03 1.028 0.019 3.74 2.96 -2.49 -0.01 0.01 -0.00 -0.00 0.11 1.06 -0.13 0.13 -0.22 0.11 0.00 0.16 0.03 2.00 -0.2745 0.31 2.29e-03 1.120 0.024 2.98 2.14 -1.93 -0.04 0.04 -0.14 -0.14 -0.13 0.94 0.09 -0.28 -0.15 -0.21 0.04 0.46 -0.14 1.75 -0.1445 0.40 1.78e-03 1.168 0.030 3.85 2.68 -1.66 -0.16 0.16 0.32 0.32 -0.06 1.13 -0.13 0.76 -0.04 -0.72 0.09 -1.56 -0.22 1.65 -0.3345 0.48 1.48e-03 1.255 0.038 1.85 -0.62 0.47 -0.28 0.28 0.21 0.33 -0.75 0.31 0.11 -0.59 0.05 -0.15 0.56 0.17 0.00 1.26 -0.0645 0.56 1.27e-03 1.287 0.043 1.76 -0.86 0.63 -0.37 0.37 -0.12 -0.15 -0.13 0.53 0.09 -0.02 -0.33 0.05 0.58 0.34 -0.07 1.17 -0.3345 0.63 1.13e-03 1.362 0.060 3.37 2.33 1.13 -0.93 0.93 1.21 1.54 0.49 -0.17 0.27 -0.29 -0.67 -0.11 -0.58 -0.77 -0.36 -0.51 -1.0045 0.69 1.03e-03 1.415 0.069 2.78 -1.24 -2.09 -1.19 1.19 -0.02 0.24 0.33 -0.45 -0.14 -0.21 0.01 0.69 -0.82 -0.15 0.58 0.80 0.3345 0.75 9.47e-04 1.362 0.074 4.12 0.83 -2.10 -1.53 1.53 1.04 -1.90 0.74 -0.85 -0.32 0.24 0.26 1.64 2.14 1.01 -0.48 0.36 -0.3360 0.13 7.28e-03 0.811 0.016 2.87 2.14 -2.14 0.00 0.00 -0.03 -0.03 -0.66 0.80 -0.45 -0.13 -0.53 0.00 0.00 -0.18 -0.15 1.57 0.0160 0.22 4.30e-03 0.970 0.022 3.34 3.01 -2.48 0.00 0.00 -0.03 -0.03 -0.18 0.51 0.12 0.09 -0.21 0.01 0.00 0.14 0.29 1.31 -0.1760 0.31 3.05e-03 1.112 0.029 2.65 1.80 -1.69 -0.03 0.03 -0.15 -0.15 -0.80 0.17 -0.32 0.32 -0.55 0.61 0.16 -0.89 0.44 1.24 0.3060 0.40 2.37e-03 1.165 0.035 1.59 0.81 -1.11 -0.05 0.05 -0.05 -0.05 -0.73 0.50 0.69 -0.54 -0.18 0.04 -0.35 -0.01 0.02 0.40 0.0360 0.48 1.97e-03 1.144 0.042 1.52 0.59 -0.54 -0.19 0.19 0.33 0.33 0.23 -0.55 0.09 0.10 -0.72 0.46 0.06 -0.35 0.07 -0.79 0.1960 0.56 1.69e-03 1.268 0.051 2.04 -0.58 0.86 -0.44 0.44 0.17 0.20 0.35 0.76 -0.10 0.55 -0.03 -0.66 0.53 -1.31 0.23 -0.39 0.3860 0.63 1.50e-03 1.402 0.071 3.42 0.30 -1.10 -0.59 0.59 -0.17 -0.43 -0.65 -1.63 -0.34 -0.36 0.07 -1.27 -2.27 -1.33 0.31 0.48 0.1660 0.69 1.37e-03 1.297 0.079 3.61 -0.36 0.70 -1.36 1.36 0.78 1.22 0.34 0.67 0.53 0.30 0.03 2.81 -2.09 0.33 0.10 -0.36 0.6960 0.75 1.26e-03 1.360 0.089 6.62 0.49 3.30 -1.43 1.43 -0.38 -0.44 1.23 1.33 -0.21 1.12 2.62 -3.65 2.34 0.07 0.43 -2.69 0.0880 0.13 9.71e-03 0.752 0.017 3.10 2.89 -2.14 0.00 0.00 0.04 0.04 -0.10 -0.24 0.12 0.08 0.46 0.00 0.00 0.01 -0.14 0.96 0.0380 0.22 5.74e-03 0.943 0.024 3.03 2.86 -2.60 0.00 0.00 0.05 0.05 -0.47 -0.10 0.32 0.01 0.06 0.00 0.00 -0.48 -0.12 0.66 0.0480 0.31 4.07e-03 1.065 0.032 2.30 1.15 -2.02 0.00 0.00 -0.05 0.03 -0.54 0.39 -0.13 -0.48 -0.28 0.64 -0.25 -0.05 -0.05 0.45 0.0380 0.40 3.15e-03 1.109 0.040 1.93 -0.13 -1.18 -0.07 0.07 0.19 0.27 0.27 0.78 -0.82 -0.00 0.30 0.26 0.30 -0.77 -0.02 0.46 -0.14Table A.3: MER redu
ed 
ross se
tions.



Q2 y x ~� Æstat Æsyst: Æ1 Æ2 Æ3 Æ4 Æ5 Æ6 Æ7 Æ8 Æ9(GeV2) (abs.) (%) + � + � + � + � + � + � + � + �80 0.48 2.63e-03 1.156 0.048 1.69 -0.42 -0.96 -0.21 0.21 -0.72 -0.72 0.44 0.53 -0.48 0.04 -0.66 0.34 0.28 0.20 0.45 -0.30 0.3380 0.56 2.25e-03 1.201 0.058 3.24 2.22 0.38 -0.56 0.56 0.77 0.64 0.33 1.43 -0.04 0.40 -1.38 -0.42 -0.17 0.10 0.33 0.53 -0.2980 0.63 2.00e-03 1.245 0.077 4.49 -2.90 -1.85 -0.75 0.75 -0.60 0.87 -0.58 0.42 0.18 -1.04 -0.22 1.28 -2.44 1.59 0.01 0.64 0.4780 0.69 1.83e-03 1.221 0.088 4.12 -0.77 2.13 -1.33 1.33 0.38 1.12 -0.11 1.16 -0.29 0.28 1.40 0.38 -0.12 0.16 -0.74 2.32 0.4780 0.75 1.68e-03 1.439 0.107 4.18 0.59 -0.73 -1.36 1.36 -0.87 -1.54 -0.75 -0.08 0.01 -0.14 -0.57 2.03 -1.49 1.71 -0.23 -2.17 -0.45110 0.13 1.34e-02 0.725 0.019 2.43 1.06 -2.00 0.00 0.00 0.12 0.12 -0.75 0.66 -0.14 -0.68 -0.48 0.00 0.00 0.69 0.18 0.45 -0.22110 0.22 7.89e-03 0.837 0.026 2.94 2.58 -2.78 0.00 0.00 -0.01 -0.01 -0.11 0.46 -0.24 -0.51 0.50 -0.19 0.00 0.03 0.12 0.27 0.38110 0.31 5.60e-03 0.978 0.035 2.98 2.64 -1.05 -0.01 0.01 -0.00 -0.00 0.78 0.28 0.19 0.56 0.07 0.84 -0.64 -0.36 -0.37 -0.39 0.35110 0.40 4.34e-03 1.050 0.044 2.44 1.20 -1.42 -0.03 0.03 0.68 0.68 0.03 0.75 0.18 0.38 -1.01 -0.19 -0.19 1.31 0.08 0.01 0.12110 0.48 3.62e-03 1.090 0.055 2.86 1.13 -0.23 -0.34 0.34 -0.32 -0.35 -0.59 0.28 -0.03 -0.08 -0.14 -0.26 0.96 1.85 -0.19 0.77 1.39110 0.56 3.10e-03 1.194 0.067 4.55 -2.96 0.64 -0.46 0.46 -1.65 -1.65 -0.53 0.02 -0.46 -0.46 -1.37 -1.58 -0.11 -1.36 0.15 1.53 1.40110 0.63 2.76e-03 1.131 0.083 5.34 1.43 -0.27 -0.49 0.49 0.64 0.92 1.09 1.09 0.33 0.41 1.50 3.55 0.16 2.61 1.02 1.53 0.66110 0.69 2.51e-03 1.221 0.103 6.50 -2.49 0.37 -0.80 0.80 -0.36 0.34 -0.44 0.90 -0.12 -0.88 -0.80 0.93 1.09 -2.87 0.05 4.86 0.44110 0.75 2.31e-03 1.360 0.183 7.44 4.17 -0.82 -1.33 1.33 0.21 0.46 1.63 1.05 0.56 1.44 -1.28 -5.06 0.28 -1.46 0.00 -0.98 -1.40Table A.3: MER redu
ed 
ross se
tions.



A.4 Redu
ed 
ross se
tion for FL extra
tionQ2 x HER LER MER(GeV2) yHER ~� Æstat: yLER ~� Æstat: yMER ~� Æstat:24 1.08e-03 0.220 1.220 �0:016 0.440 1.193 �0:015 0.352 1.188 �0:02224 8.16e-04 0.290 1.299 �0:018 0.580 1.252 �0:020 0.464 1.287 �0:02824 6.67e-04 0.355 1.362 �0:018 0.710 1.257 �0:026 0.568 1.321 �0:03032 1.43e-03 0.220 1.211 �0:012 0.440 1.201 �0:016 0.352 1.188 �0:02132 1.09e-03 0.290 1.307 �0:016 0.580 1.264 �0:024 0.464 1.296 �0:03032 8.89e-04 0.355 1.351 �0:016 0.710 1.331 �0:031 0.568 1.257 �0:03345 2.02e-03 0.220 1.145 �0:011 0.440 1.133 �0:017 0.352 1.168 �0:02345 1.53e-03 0.290 1.232 �0:016 0.580 1.263 �0:026 0.464 1.231 �0:03345 1.25e-03 0.355 1.296 �0:017 0.710 1.248 �0:032 0.568 1.288 �0:03760 2.69e-03 0.220 1.125 �0:013 0.440 1.106 �0:019 0.352 1.156 �0:02660 2.04e-03 0.290 1.195 �0:018 0.580 1.178 �0:030 0.464 1.159 �0:03760 1.67e-03 0.355 1.289 �0:020 0.710 1.254 �0:037 0.568 1.277 �0:04480 3.59e-03 0.220 1.076 �0:014 0.440 1.070 �0:022 0.352 1.088 �0:02980 2.72e-03 0.290 1.185 �0:020 0.580 1.089 �0:033 0.464 1.147 �0:04380 2.22e-03 0.355 1.219 �0:022 0.710 1.138 �0:042 0.568 1.219 �0:049110 4.93e-03 0.220 1.019 �0:016 0.440 1.039 �0:025 0.352 1.023 �0:033110 3.74e-03 0.290 1.100 �0:022 0.580 1.073 �0:038 0.464 1.050 �0:048110 3.05e-03 0.355 1.214 �0:026 0.710 1.074 �0:051 0.568 1.208 �0:057Table A.4: Redu
ed 
ross se
tions for FL extra
tion.
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Appendix BSystemati
 un
ertaintiesUn
ertainty from ea
h systemati
 sour
e is shown for ea
h measured bin. The 
oloredarea region 
orresponds to the amount of total systemati
 un
ertainty.B.1 Redu
ed 
ross se
tion measurementB.1.1 HER redu
ed 
ross se
tion
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B.1.2 LER redu
ed 
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B.1.3 MER redu
ed 
ross se
tion
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B.2 FL measurement
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Appendix CDe�nition of samplesThe event sele
tion of the samples used for various 
he
ks are des
ribed.C.1 Sample for HES eÆ
ien
yThe HES eÆ
ien
y is 
he
ked using the sample sele
ted as the standard DIS eventsele
tions with following modi�
ations.� No requirement of a HES hit for the s
attered positron. If its position 
annot bere
onstru
ted from the HES, position from the CAL is used.� RCAL < 115 
m. This requirement to eliminate the bias from the outer regionwhere the HES is not equipped.C.2 Sample for vertex re
onstru
tion eÆ
ien
yThe sample is sele
ted in the similar way as the standard DIS event sele
tions but withthe following variations.� No vertex requirement.� No ba
kward tra
king requirement. The ba
kward tra
king de�nitely needs re-
onstru
ted vertex.� P(E � pz) > 50 GeV. This requirement is to redu
e the amount of Photopro-du
tion events in
reased by the absen
e of the ba
kward tra
king requirement.� RHES > 30 
m. The radius 
ut is applied by the position re
onstru
ted by theHES to avoid any inter- or extra- polation of the position using the vertex.� P pT < 20 GeV. This requirement is to suppress the beam originated or 
osmi
ba
kground events whi
h are reje
ted by vertex requirement.123



C.3 6m tagged sampleThe sele
tion for the 6m tagger is as following.� Data taken with good 
ondition of the 6m tagger.� The position of the 
ell with highest energy should be1 � ix � 12 AND 1 � iy <� 2;where ix and iy are 
ell index in x and y, respe
tively.� Energy re
onstru
ted by 3� 3 
ells should be3:0 � E3�3 � 10:5GeV:� The ratio of energy re
onstru
ted from 3� 3 
ells to that from 5� 5 should beE3�3=E5�5 > 0:65:� Cut on noisy part of the 6m tagger.
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Appendix DFLT logi

D.1 Medium-Q2 trigger Logi
The FLT requirement is to �re one of the following 11 slots.The �rst 2 slots are the main slots for the HER data analysis. They in
lusivelytake events with low energy positrons at the outside the RCAL 1st inner ring.� slot 30: (EREMC;>1ir > 2:0 GeV OR EREMC;1ir > 15:0 GeV) AND Risoe� slot 37: EREMC;>1ir > 1 GeV AND good tra
kEREMC;>1ir is the total REMC energy ex
luding the RCAL 1st inner ring, whileEREMC;1iris the EMC energy of the RCAL 1st inner ring. Risoe is the isolated EMC energy de-posit with the EMC energy above 2 GeV. While the other entire DIS slots for theRCAL positrons require Risoe, slot 37 is independent from the Risoe and requires goodtra
k instead, whi
h 
an be expe
ted from hadroni
 a
tivity with large angle in thehigh y events.The next 3 slots are general DIS slots to tag the positron in the RCAL, thoughthey have no ex
lusive events with the positron outside the 1st inner ring, whi
h wouldbe always also tagged by slot 30.� slot 36: (EREMC;>1ir > 3:4 GeV OR EREMC;1ir > 5:0 GeV) AND FCAL energyaround the beam pipe > 5:0 GeV AND Risoe� slot 46: (EREMC;>1ir > 2:0 GeV OR EREMC;1ir > 3:8 GeV) AND good tra
k ANDRisoe AND 3 quadrants� slot 47: (EREMC;>1ir > 2:0 GeV OR EREMC;1ir > 3:8 GeV) AND Risoe ANDECAL > 4 GeV AND 3 quadrantsThe RCAL region around the beam pipe is separated into 4 quadrants. 3 quadrantsmeans Risoe exists in one of the 3 quadrants ex
epting the one hit by the o�-momentumpositrons. ECAL is the total CAL energy ex
luding 3 inner rings in the FCAL and theRCAL 1st inner ring.The rest of the slots are mainly for high Q2 events whi
h have high energy positronsin the BCAL. 125



� slot 28: Isoe in the FCAL or BCAL AND good tra
k AND ET;all > 18 GeV� slot 40: EEMC > 20 GeV� slot 41: ET > 30 GeV� slot 43: ET > 15 GeV AND good tra
k� slot 44: (EBEMC > 4:7 GeV OR EREMC;>1ir > 3:4 GeV) AND good tra
k� slot 62: multiple IsoeWhile ET is the total ET of the CAL ex
luding the inner rings, ET;all in
ludes theFCAL towers around the beam pipe.D.2 Low-Q2 trigger logi
The FLT requirement is again to �re one of the 11 slots as in the HER logi
, but someof them have looser 
riteria.The �rst 2 slots are the same as in the HER trigger logi
.The next 3 slots are loosened espe
ially to take events with positrons at the RCAL1st inner ring.� slot 36: (EREMC;>1ir > 2:0 GeV OR EREMC;1ir > 2:5 GeV) AND FCAL energyaround the beam pipe > 5:0 GeV AND Risoe� slot 46: (EREMC;>1ir > 2:0 GeV OR EREMC;1ir > 2:5 GeV) AND good tra
k ANDRisoe AND 3 quadrants� slot 47: (EREMC;>1ir > 2:0 GeV OR EREMC;1ir > 2:5 GeV) AND good tra
k ANDRisoe AND ECAL > 4 GeVWhile slot 36 takes non-di�ra
tive events, the slot 47 takes events mainly. The slot 46is a ba
kup slot for the slot 47.The last 6 slots for high Q2 events are un
hanged from the HER.
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