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Chapterr  5 

Inclusivee DIS on nuclei 

SeSe la prudenza dunque e' tanto necessaria in questioni 
scientifiche,scientifiche, dove spesso il  riprware ci permette di cor-
reggerereggere gli sbagli del provare, indirizzandoci ad una 
giustagiusta conclusione, ben maggiore circospezione occorre 
nelnel trarre le conseguenze, allorquando il  raziocinio si 
protraeprotrae sulla base difatti poco accertabili, di opinioni, 
didi congetture, di analogie e sotto I 'influenza di senti-
mentimenti assai variabili. 

AchilleAchille Sclavo 

5.11 Introductio n 

Thee multi-GeV energy length scale at which deep-inelastic scattering (DIS) is typically em-
ployedd to study the partonic structure of nucleons greatly differs from the multi-MeV length 
scalee relevant to the atomic nucleus. Hence, the ^4-dependence observed in the structure 
functionn F2{x) [9] was unexpected and thus stimulated the search for similar behavior in its 
longitudinall  and transverse components, FL(x) and Fi(x). As expressed by Eq. (2.15), these 
structuree functions are related to the ratio R of longitudinal to transverse photo-absorption 
crosss sections. Previous measurements at HERMES seemed to indicate a nuclear dependence 
off  R in deep inelastic positron scattering on 14N and 3He [74]. In order to further study a 
possiblee A-dependence of R, data on heavier nuclei are required. During a dedicated run 
inn October 1999 data were collected at HERMES on an unpolarized natural Kr target. This 
chapterr reports the analysis of these data and the reanalysis of the previously taken 14N data. 
Thesee analyses led to the conclusion that the previously observed .4-dependence of R was 
causedd by an instrumental effect. In fact, by combining the newly analyzed HERMES data 
onn inclusive DIS off nuclei with existing NMC data on neighboring nuclei [75, 76, 77] it is 
foundd that RA « RD down to Q2 = 0.5 GeV2. 
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Inn section 5.2 the data quality and kinematic restrictions used in this analysis are presented. 
Thee most important corrections that were applied to the data are explained in subsection 5.2.1 
(photonn shower correction) and subsection 5.2.2 (radiative corrections), respectively. A sum-
maryy of the systematic studies performed on the data sets can be found in subsection 5.2.3. 
Thee systematic uncertainties on the inclusive cross section ratios are listed in section 5.3 and 
thee actual results of the analysis are presented in section 5.4. Data are shown for the cross 
sectionn ratios aKr/aD, <7N/<7D

 an<*  ^He/^D- Values for the ratio R are extracted using the 
methodd described in [78], i.e. by using a two parameter fit of the c dependence of CTA/<TD

 at 

constantt values of z. 

5.22 Cross section rati o OA/CD 

Thee ratio of inclusive DIS cross sections on a nucleus A and deuterium D (=2H) follows from 
Eq.. (2.16) and is given by: 

<7AA Ff(l+eRA){l  + RD) 
aDD F2

D (1 + RA){1 + eRD) (5.1) ) 

withh RA and Rn the ratio of longitudinal to transverse photon absorption cross sections for 
nucleuss A and for deuterium. Inclusive DIS events on 84Kr, 14N, 3He and D are used to 
extractt the cross section ratios CKF/ÖD, 0N/ÖD and OH^/C-Q. It is noted that 84Kr and 3He are 
non-isoscalarr nuclei, i.e. nuclei with a number of neutrons different from the number of 
protons.. All the cross sections are defined as cross sections per nucleon, and are therefore 
correctedd for the difference in the number of the two nucleon types in the nucleus: 

_.. —nucleus 

£**  = £A ( (5 2) 
CTCTDD Zov +(A- Z)an' 

wheree ap and an are the DIS cross sections for proton and neutron. In practice the measured 
crosss section ratio is multiplied by the following factor to correct for non isoscalarity: 

0DD Vcr D/mea5 Z&P + {A- Z)an' 

wheree Z = 36 for ^Kr and Z = 2 for 3He, and on/ap is obtained from the known cross 
sectionn ratio U-QJGV [79]. 
Inn this section all aspects of the data analysis are discussed, including event selection, radia-
tivetive corrections, normalization, and systematic studies. 

Eventt  selection 

Dataa collected on 14N, 3He and D in the year 1997 and on 84Kr and D in the year 1999 are 
usedd in this analysis. Starting from a few million DIS events for each target type, the final 
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numberr of analyzable events is obtained by filtering out the ones that are corrupted due to 
malfunctioningg spectrometer components, voltage interrupts or other causes leading to miss-
ingg or incorrect information for the event reconstruction. 
Thee analysis is based on two data sets: the cross section ratio CTN/ D̂ is evaluated using 
eventss selected from the /zDSTs1 of the 97b4 production for both gases, 14N and D, while 
eventss were selected from the /JDSTS of the 99b2 production for both ^Kr and D to obtain 
<TW<7D.. Since the 14N data were collected in three different periods during the year 1997 
att different target densities, a more detailed study on the consistency of these three periods 
iss presented in one of the following subsections. Data onM K r were collected in a dedi-
catedd high density run of three days during which the detector performance was carefully 
monitored.. Therefore, almost no data had to be rejected due to some detector component 
failure.. It would have been natural to use the already analyzed deuterium data set also to 
measuree the cross section ratio CTKT/CTD- However, inconsistencies in the data sets, which 
aree discussed in a dedicated subsection, indicated that data from different years could not be 
used.. Therefore, the deuterium data from the standard polarized data taking before and after 
thee dedicated ^Kr run were used. The data quality criteria for this analysis are presented in 
thee next paragraph followed by a description of the kinematic requirements imposed on the 
data. . 

Data-quality y 

Thee target was required to be either polarized or unpolarized deuterium, unpolarized nitrogen 
orr unpolarized krypton (as determined from the target type information in the field labeled 
g lUnpo l.. iGasType of the /iDSTs). In order to define a good event the DIS trigger 
(triggerr 21, as defined in subsection 3.3.1) must have fired and the event was contained in a 
burstt that passed the following burst-level data quality requirements: 

 the burst was part of a run which was marked as analyzable in the logrun.new file (i.e. 
thethe data-quality was marked to be good in the log-book); 

 the burst was not affected by HV trips in the tracking chambers; 

 the GMS2 indicated that the calorimeter, the luminosity monitor, and the pre-shower 
detectorss were fully operational during the burst; 

 the TRD was fully operational during the burst; 

 the burst length was between 0 and 11 seconds; 

 the DAQ live-time for trigger 21 was greater than 0.5. 

'/jDSTT refers to micro Data Summary Tape which are tables in ADAMO format containing information 
off  the triggered events synchronized with the detector status after a preliminary off-line analysis has been 
performed. . 

2GMSS is the Gain Monitor System which measures the stability of the response of the various particle 
detectors. . 
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Constraintss on the positron kinematics 

Eachh event contained at least one e+, as identified by a cut on the value of the PID variable 
(seee section 3.2.2). The exact value of the cut depends on the kinematics. While PID > 1 
iss appropriate for ^Kr, PID > 2 has to be used for the other two datasets. The following 
constraintss on the scattering angle and the vertex position are imposed: 

 The origin of the reconstructed track has to be within the target cell: 
|2i(e+)|| < 18 cm and |^T(e+)| < 0.75 cm, with zL the longitudinal and zT the trans-
versee vertex coordinate with respect to the interaction point. 

 Fiducial cuts are chosen such as to require that the e+ track is inside the HERMES box 
acceptance. . 

Kinematicc requirements are imposed on Q2, on W2 to exclude the resonance region, and on 
yy to limit the size of the radiative corrections: 

 Q2 > 0.3 GeV2 

 W2 > 4 GeV2 

 y < 0.85 
 The energy of the cluster of hits (i.e. non-zero ADC values) in the calorimeter must 
correspondd to £,

ca(0(e
+) > 3.5 GeV to enforce a common trigger threshold between 

thee unpolarized and polarized data. 

Thee result of this event selection procedure is presented in table 5.1, where the remaining 
numberr of DIS events (in units of 106) for each target gas is presented. 

1997 7 

1999 9 

1 4N N 

3.1 1 

84Kr r 

1.5 5 

D D 

3.6 6 
1.1 1 

Tablee 5.1: Number of DIS events in units oflO6 that remain for each gas type after application 
ofof the data quality and kinematic requirements. 

5.2.11 Photon shower  corrections 

Inn order to extract deep inelastic lepton scattering cross sections radiative processes and lo-
call  inefficiencies that may contribute to the total measured DIS cross section need to be 
discussed.. Radiative background and their correction is the subject of the next subsection, 
whilee the present subsection deals with a detector inefficiency caused by the radiated pho-
tons.. In inelastic processes such photons are mostly emitted in the direction of either the 
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Figuree 5.1: The Bethe-Heitler cross section for UN in two different coplanar kinematic con-
ditionsditions labeled by the values of x, Q2 and y. The continuous curves include the 
effectseffects of the nuclear form factor. 

beamm lepton (initial state radiation, ISR) or the scattered lepton (final state radiation, FSR). 
Onn the other hand hard photons associated with nuclear elastic scattering, i.e. Compton 
scattering,, are emitted typically at very small angles. The Bethe-Heitler cross section for 
radiativee elastic processes predicts that in kinematic conditions corresponding to quite small 
valuess of x, the Compton peak becomes much more prominent compared to ISR and FSR, 
simplyy because smaller values of Q2 become kinematically available, and the cross section is 
proportionall  to a factor 1/Q4. This is illustrated in Fig. 5.1, which shows the Bethe-Heitler 
crosss section in two different kinematic situations, assuming that the emitted photon lies in 
thee lepton scattering plane. When multiplying the Bethe-Heitler cross section by the nuclear 
formm factor only the Compton peak is left. At low x and Q2 the Compton photons are emitted 
att very small angles as can be seen from Fig. 5.1. These energetic photons from nuclear tar-
getss have a high probability of hitting the detector frames surrounding the beam line in front 
off  the spectrometer magnet, and may produce extensive electromagnetic showers. In such a 
casee the high multiplicity seen by the tracking detectors makes it impossible to perform track 
reconstruction.. This will result in a large inefficiency in particular in the kinematic region 
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wheree these photons are emitted, i.e. corresponding to small values of a; and Q2. 
Correctionss for these process-specific inefficiencies must be applied, since they increase in 
severityy as the Z of nuclear targets increases. A Monte Carlo simulation is needed to estimate 
thee inefficiency due to event losses. A GEANT-based Monte Carlo was set up that includes 
aa detailed geometry description of the detector frames and the beam pipe. The probability 
off  photon emission is modeled following the description of Mo and Tsai [80], and has been 
carefullyy compared to other calculations of radiative processes. The resulting reconstruction 
efficienciess £A for target nucleus A compared to that for deuterium are shown in Fig. 5.2 as 
aa function of x for the different target materials used in this analysis. The reconstruction 

i , «« o % 5 B 

++ * D 

OO 1H 

..  3He 

aa 14N 

Figuree 5.2: Ratio of track reconstruction efficiencies in XH, 3He, 14/V and 8iKr with respect to 
thatthat in deuterium as a function ofx. 

lossess are strongly dependent on target material and on y, and consequently on x and Q2. 
Notee that these reconstruction efficiencies, which have been determined from a Monte Carlo 
simulation,, include not only the tracking efficiency but also geometric acceptance effects. 
Thee Monte Carlo was tuned to reproduce the efficiency observed in a sub-sample of the data 
whichh was reconstructed by comparing the yield in the detector halves above and below the 
beamm pipe using them as independent detectors. For about 50% of the events with a hard 
radiatedd photon the resulting electromagnetic shower is contained in one detector half while 
thee scattered electron is found in the other. Such events are normally rejected at HERMES as 
itt is required that the maximum number of tracks (MAXMU L cut) is below 22. This event 
topologyy can be extracted from the data by applying requirements on the number of tracks 
inn the top or in the bottom detector separately. This method has been applied both to the 
dataa and the Monte Carlo, and thus provides a good measure of the quality of the simulation. 

Q Q 

0.8 8 

0.6 6 
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Figuree 5.3: Comparison between data (points) and MC simulation (histogram) for the frac-
tionaltional change in the yield ratios due to the photon shower effect when treating 
thethe upper and lower HERMES detector halves independently. The hatched area 
representsrepresents the statistical error in the MC simulation. 

Reasonablee agreement between the data and the simulation is found for all target materials 
iff  the yields from the two detector halves is averaged, as shown in Fig. 5.3 for 14N and 84Kr. 
Iff  instead of the average the absolute yield ratios for upper and lower detector are compared 
too the Monte Carlo results, a difference is observed between the yields in the two detector 
halvess which is attributed to a relative misalignment between the two detectors. The effect 
off  this misalignment is discussed in section 5.2.3. 

5.2.22 Radiative corrections 

Thee radiative correction needs to account for three different processes in which a photon is ra-
diated.. The elastic scattering of the positron on the nucleus as a whole, the quasi elastic inter-
actionn of the positron with one of the nucleons inside the nucleus, and the inelastic scattering 
off  the positron on a single quark. These contributions are calculated using the TERAD code, 
aa code based on the method outlined in Ref. [81, 82, 83]. The elastic form factors, which 
aree different for different nuclei, were taken from the literature [84, 85, 86, 87]. For the 
quasi-elasticc tails, the nucleon form factor parameterization of Gari and Kriimpelmann [88] 
wass used. The reduction of the bound nucleon cross section with respect to the free nucleon 
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Figuree 5.4: Radiative background cross sections (elastic: full circles, quasi-elastic: open 
squares,squares, inelastic: full triangles) compared to the Born DIS cross section (stars) 
forfor D (left) and MKr (right), evaluated for E = 27.5 GeVat a fix value ofy. 

onee (quasi-elastic suppression) was evaluated using the results of a calculation by Bernabeu 
[89]]  for deuterium, and a non-relativistic Fermi gas model for 3He, 14N and 84Kr [90]. 
Thee evaluation of the inelastic QED processes comprising the full radiative correction re-
quiress the knowledge of both F2 and R over a wide range of x and Q2. The structure func-
tionn F°(x, Q2) was described by a Regge motivated parameterization of the proton structure 
functionn F%(x, Q2) [91] multiplied by the NMC measurement of F2

D / F| [79]. For the struc-
turee function Ru(x, Q2) the Whitlow parameterization [92] was used. The nuclear structure 
functionss F^(x, Q2) were taken from phenomenological fits to the NMC [75, 76, 77] and 
SLACC [93, 94] data, while RA{x, Q2) was assumed to be equal to Rn{x, Q2). To get an im-
pressionn of the relative importance of the various contributions to the radiative background 
crosss sections, the elastic, quasi-elastic and inelastic cross sections are presented as a func-
tionn of x for a fixed y value and compared to the respective Born DIS cross section for two 
differentt nuclei (D and 84Kr) in Fig. 5.4. As can be seen from Fig. 5.4 radiative corrections 
doo not cancel in the ratio aA/aD because the yield of radiative events associated with elastic 
scatteringg scales nonlinearly with Z2. At small values of x and Q2, corresponding to large 
valuess of y, the contribution from radiative elastic scattering becomes large. In this kine-
maticc region, some of the associated energetic photons are radiated at small scattering angles 
whichh can produce electromagnetic showers responsible for the large detector inefficiencies 
treatedd in the previous subsection. 

Sincee elastic and quasi-elastic tails are an additive background to the Born DIS cross sec-
tions,, they need to be subtracted from the measured cross section. The treatment of the 
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inelasticc tail is more complicated. An unfolding procedure would be needed to properly cor-
rectt each a;-bin for both the loss of inelastic events due to migration to lower a;-bins and for 
thee gain of events due to the migration of events from higher x-bins into the bin of interest. 
Inn order to further understand this point, it is useful to identify the three main components 
makingg up the difference between the Born and the measured DIS cross section on a proton, 
whichh are illustrated in Fig. 5.5: 

a)) Schwinger correction [80], 
b)) loss of cross section due to radiation of photons after the positron interaction, 
c)) increase of cross section due to radiation before the positron interaction, 

(a)) Schwinger correction (b) final-state radiation (c) initial-state radiation 

Figuree 5.5: Most important DIS processes contributing to the radiative corrections. 

Thee contributions a) and b) are directly proportional to the Born cross section, while c) 
correspondss to x, Q2 values different from, but close to the x, Q2 values measured for a given 
dataa point. The latter contribution is proportional to the Born cross section at somewhat 
lowerr x, Q2 values, which on average leads to an increase of the cross section. This is 
thee part which should be treated with an unfolding approach. This procedure requires a 
quitee complicated mathematical exercise, which was considered to be unnecessary since the 
effectt on the results would not be larger than the quoted systematic uncertainties. Instead 
aa simplified method was adopted where all the radiative backgrounds actually "seen" in the 
experimentt are subtracted from the measured yield. Two equations can be written to link the 
measuredd yields to the Born cross sections for each target gas: 

**  = (sBorn̂ Born + fbg^g) 

YYBB = (^orn<<rn+£b
D

g<), (5-4) 

wheree the yield Y = N/L is given by the number of DIS events divided by the (dead time 
correctedd ) integrated luminosity, and ÊBornf&al  a re m e reconstruction efficiencies for Born 
andd background events of target material A and D, respectively, as described in the previous 
subsection.. The terms £bg

( ' oü ' in the Eq. (5.4) have to be replaced by £el' Vel' ' + 
G °° V + £inei  CTinei ' if  e a cn contributing term is made explicit. The remaining small 
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radiativee contributions (vacuum polarization, electroweak interference term and hadronic 
vertexx contributions) are treated in the same way as the inelastic radiative contribution. For 
simplicityy these contributions are simply included in a^m \ 
Defining g 

pp _ X— — ^BorngBorn + £bg°"bg {t- <--. 
«meass ~ v n ~ cD „D  . cD „T>  ' ^'0> 

11 SBorn°Born "•" ^bg^bg 

thee ratio of Born cross sections can be derived with simple algebra, 

«"Bornn _ flmeas ƒ f D , £bg°"bg 1 ^bg^bg ^ , - f i . 
„T>„T>  - cK KBorn + _D p ^ D i • v J ° J 
°Bornn SBorn \ CTBorn ^meas «Born / 

Thiss expression has been used in the actual evaluation of the cross section ratio. More details 
cann be found in Appendix A. 
Forr high-Z targets such as krypton, the probability for the exchange of more than one-photon 
becomess non-negligible. The corresponding amplitudes lead to a destructive interference 
withh die leading one photon exchange amplitudes. For the dominant contribution to the 
radiativee correction - the elastic radiative tail - this effect has been estimated using the dis
tortedd wave function metiiod [95], resulting into a 5-10% reduction of the radiative elastic 
tail.. Other contributions, which are proportional to Z  a, might not be negligible but could 
nott be estimated. 

5.2.33 Systematic studies 
Ass part of the analysis, several systematic studies were performed on the data to verify that 
thee observed cross section ratio is not biased by other detector effects. The results of these 
studiess are reported in the following paragraphs. 

Comparisonn of top and bottom detectors 

AA misalignment in the relative position of the two halves of the detector with respect to the 
beambeam pipe was already known to exist from previous HERMES analyses [96]. This effect has 
alsoo been investigated for the present data. The separate extraction of the yield ratio VA/VD 

forr top and bottom detectors shows a large difference in the low x region. This is illustrated 
inn Fig. 5.6 were the ratio of yield ratios YKT/YD for bottom to top detector half is displayed 
ass a function of x. It is seen that the effect of the misalignment increases as x decreases. 
Thiss can be explained from the configuration of the HERMES spectrometer as being due to 
aa different lower 9 limit in the two data samples, since low x is strongly correlated to low 
0.0. A misalignment of 1 mm in the vertical direction of one half of the detector could lead 
too an effect on the yield ratio of the size displayed in Fig. 5.6 [97]. Because a correction 
off the misalignment would lead to very large systematic uncertainties in the low x domain 
(thuss hiding any possible physics information), it was decided to restrict die analysis to x 
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Figuree 5.6: Ratio of yield ratios ofMKr to Dfor top and bottom detector halves versus x. 

valuess greater than 0.01. Above this limit the difference between top and bottom yield ratios 
iss much smaller and the effect can be included in the calculation of the uncertainties. To 
accountt for the error introduced by the misalignment the statistical uncertainty of the data 
iss scaled with the square root of the x2 value calculated assuming that the top and bottom 
detectorr measurements of me cross section ratios should be consistent (see Appendix A). 

Variatio nn of the zi cut 

Sincee the collimators in front of the target cell generate events which contribute to the back
groundd of the DIS sample, it was verified that the resulting cross section ratios were indepen
dentt of the cut on the longitudinal vertex coordinate (zL). This study was a leading-lepton 
analysiss performed with a PID cut of 2.0. The negative zL cut (from the side of the collima
tor)) was changed in steps from -5 to -18 cm. The result of this study shows that to a level of 
lesss than 0.9% there is no contamination from the collimators in the chosen sample. 

Variatio nn of the PID cut 

Sincee the hadron contamination can be large in the low-a; bins of interest, the cross section 
ratioss were evaluated for various values of the PID cut. In this leading-lepton analysis the 
standardd cuts were used. The PID cut was raised from 1 to 4. The results show that there is 
aa difference of about 0.1% if the value of the PID cut is varied in this range. 
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Chargee symmetric background contribution 

Inn the standard analysis only leading leptons which pass the DIS cuts are counted. In this 
wayy no correction is made for positrons originating from the 7 —\ e+e~ processes. This 
backgroundd contribution can be corrected for by counting all electrons and then subtracting 
themm from the total number of positrons. The numbers obtained with and without the charge 
conjugatee background subtracted were compared. The result of this comparison indicates 
thatt the two extracted ratios are consistent with each other at the 0.1% level. 

Variatio nn of calorimeter  threshold 

Sincee the calorimeter threshold used in collecting the polarized D and unpolarized MKr data 
differed,, the knee of the threshold efficiency curve for the two datasets differed as well. This 
differencee may alter the ratio of DIS events in the (x, <32)-bins which contain a significant 
amountt of low momentum events. To check that this difference is not affecting the cross 
sectionn ratio, the analysis was repeated with a higher threshold settings by imposing a lower 
yy cut of 0.83 instead of 0.85. This cut corresponds to a calorimeter energy cut of 4.68 GeV. 
Previouss studies have shown that the trigger is nearly 100% efficient for particles with mo
mentaa of more than 1.0 GeV above the threshold setting. The reduced efficiency below this 
valuee does not affect the deduced cross section ratios to more than a 0.2%, as emerged from 
thee analysis with the two different y cuts. 

5.2.44 Normalization issues 

Nitrogenn to deuterium rati o 

Thee analysis of the nitrogen data was previously presented in Ref. [78]. There an overall nor
malizationn correction of 1.014 was quoted to account for the disagreement at mid-x between 
thee cross section ratio CTN/^D measured at HERMES and previous measurements. During 
thee review of the 14N/D analysis, special attention was given to the understanding of this 
disagreement.. The dependence of the yield on the rates in the luminosity monitor shows a 
decreasee of about 2% of the yield going from low rate corresponding to low target densities 
(10+133 nucl/cm2) to high rates obtained with a target density of about 7 • 10+14 nucl/cm2. In 
additionn to this linear drop of the yield, two periods were identified with a significant nor
malizationn deviation as compared to the bulk of the data. In Fig. 5.7 the rate dependence of 
thee yield is shown for the deuterium data, and for three different periods in which nitrogen 
dataa were collected at different target densities. The three periods are separated in time by 
aa few months during the year 1997. Period 2 shows two different normalization levels, and 
wass therefore divided into two separate periods: 2a and 2b. For period 2a a normalization 
factorr of 1.054 is needed to be in agreement with the rest of the data, while for period 2b 
thee deviation is much larger, i.e. a factor of 1.14 is necessary. One possibility to explain 
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Figuree 5.7: Deep inelastic scattering yield of nitrogen and deuterium versus the rate observed 
inin the luminosity monitor. In the top panel the uncorrected data are presented 
(since(since the symbols are indistinguishable the different periods as indicated by the 
arrowsarrows have different shades of gray), while a normalization factor of1.054 (1.14) 
forfor period 2a (2b) is applied to obtain the data shown in the bottom panel. 

suchh a deviation is a hydrogen gas contamination of the nitrogen gas. This would result in 
aa different kinematic dependence of sample 2 with respect to the other  samples. Such a de-
pendencee is observed only for  period 2b as reported in Fig. 5.8, where the uncorrected cross 
sectionn ratio is presented for  the three different periods as a function of x. The entire period 
22 was removed from the nitrogen sample because of the supposed gas contamination, which 
couldd not be verified by independent checks, such as an analysis of the content of the gas 
bottlee used. A total of 125 runs were rejected leaving a total of 2.4 millio n DIS events to be 
analyzed. . 
Afterr  rejection of the contaminated period the nitrogen and helium data both exhibit a some-
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whatt lower normalization with respect to existing data. Most likely the remaining effect has 
too be attributed to the calibration of the luminosity monitor. As discussed in more detail in 
thee next section, for the year 1997 a MC study would be needed to properly recalibrate the 
responsee of this device. Instead, in the present work a normalization factor of 1.009 was used 
forr both the 14N and 3He cross section ratios, which is obtained from the comparison to the 
NMCdataa in the region 0.1 < x < 0.3. 
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Figur ee 5.8: Nitrogen to deuterium cross section ratio (without radiative corrections) for data 

collectedcollected in 3 different periods. Period 2a is multiplied by a normalization factor 

ofof 1.054, period 2b by a factor of 1.14. 

Krypto nn to deuterium ratio 

Thee 1997 unpolarized deuterium dataset was the one first used to evaluate the cross section 
ratioo CTKr/öD, because it was also used when evaluating the cross section ratio <7N/CTD. The 
resultss obtained for the uncorrected yield ratio of 84Kr to D versus x are shown in the left 
panell of Fig. 5.9, where the 1997 dataset for deuterium was used (production 97b4)3. A 
non-isoscalarityy correction is applied to the 84Kr data in Fig. 5.9 (and in the following fig
ures)) according to Eq. (5.2) to account for the difference in proton-neutron content of the 
84Krr nuclei. This correction increases the data by up to 5% in the high x region. The HER
MESS data are compared to published data on 56Fe, 108Ag and 119Sn from other experiments. 
AA 5-7% difference in the overall normalization with respect to the existing data is observed 
inn the mid-x range. For comparison the uncorrected 14N to D yield ratio, normalized by a 
factorr of 1.009, is shown in the right-hand panel of Figure 5.9. While the nitrogen data are 

3Inn this plot as in the two to follow, data are presented for completeness also in the region x < 0.01. Even 
thoughh in the section presenting the results of the analysis (section 5.4) these points are rejected as explained 
inn section 5.2.3 
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Figuree 5.9: Left: krypton to deuterium (1997) yield ratio (full circles) compared to the exist-
inging data on similar targets. Right: nitrogen to deuterium (1997) yield ratio (full 
circles)circles) compared to existing data on 12C. The CTN/CD data are normalized by a 
factorfactor of1.009. No efficiency nor radiative correction is applied to the data. 

inn agreement with existing high-z data, this is not the case for the krypton data. The cause of 
thee difference in the normalization of data collected in different years was attributed to the 
behaviorr of the luminosity monitor. A detailed series of systematic studies of the behavior of 
thee luminosity detector was performed, including an estimate of a possibly required accep
tancee correction. It was concluded that there are two possible effects which may give rise to 
differentt acceptance corrections for the luminosity detector in different years: 
1)) The luminosity rate may depend on the x and y position of the beam which on average 
weree different in the two years; 
2)) The luminosity monitor may have had a different position with respect to the beam due to 
aa misalignment of the detector (year to year correction). 
Separatee correction factors need to be evaluated for these effects. Correction 1) was obtained 
fromm explicit measurements of the x and y dependence of the rates in the luminosity detec
tor.. The effect of changes in beam slope is corrected for by using two separate functions for 
variationss of the x- and y-beam slope. While the variation of the z-slope during standard 
highh density data taking is normally about 100 /irad, it was 300 /jrad for the krypton data. 
Thiss accounts for a total shift of the yield of about 1%. The y-slope correction was found 
too be less significant, since the variation during data taking was <50 //rad. In the case of 
thee 1999 (polarized) deuterium data, the beam position was kept at a stable position. The 
correctionn on the yield is thus negligible. When applying these corrections and evaluating 
thee UKF/CD ratio by taking data consistently from the same year (1999), the raw cross section 
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Figuree 5.10: Comparison of the krypton to deuterium (1999) yield ratio (full circles) to pub-
lishedlished data on: Sn (NMC, open squares), Ag (SLAC, open circles) andFe (EMC, 
openopen stars). No efficiency nor radiative correction is applied to the data. 

ratioss are found to agree with existing data for x > 0.03 (see Fig. 5.10). Below this z-value 
thee photon shower correction is very important and thus needs to be applied before the data 
cann be compared. 
Forr the calculation of the second correction (2) a Monte Carlo simulation is needed which is 
underr development at the moment. Since the position of the luminosity monitor changed be
tweenn 1997 and 1998, it is presently impossible to get the correct relative normalization for 
thee data taken in these two periods. The same problem is not encountered when comparing 
thee D and 84Kr data both collected in 1999. For this reason the 1997 dataset was not used to 
obtainn the ratio aKr/aD. 

5.2.55 PID flux factors 

Usingg two different target gases (84Kr and D) a flux factor correction to the PID value is 
necessary.. As discussed in section 3.2.2 the likelihood for properly identifying a particle in 
thee different detectors has to be corrected by a factor which accounts for the actual particle 
fluxess (see Eq. (3.4)). The flux factors <j>  are calculated from the data as: 

log! ! loSioo ii  =  lQgio zr nnh h 
(5.7) ) 
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withh ne the number of leptons and nh the number of hadrons. From the obtained flux factor 
valuess the PID for each particle was recalculated as: 

PIDD = PID2 + PID5 + log10 <f>.  (5.8) 

Fromm the new PID distributions the efficiencies and contaminations for ^Kr and D were 
calculatedd for different PID cuts using Eq. (3.6) and Eq. (3.7). The table below shows the 
resultt for the efficiencies and contaminations for two values of this cut. The chosen PID cut 
usedd for both polarized deuterium and krypton is PID > 1. 

Pffi»2 2 

p n » i i 

tKr tKr 

0.95 5 

0.98 8 

ÊD 2 2 

0.92 2 
0.98 8 

hKr hKr 

0.001 1 
0.004 4 

hoho2 2 

0.009 9 
0.01 1 

Tablee 5.2: Calculated lepton efficiency (e) and hadron contamination (h)for 84 A> and D using 
twotwo different PID cuts. 

Afterr applying the flux factor corrections in the PID scheme the cross section ratios change 
lesss than 2% in the low x region and considerably less for higher value of x. 

5.33 Uncertainty in the cross section ratio 

Thee main source of systematic uncertainty is the correction for radiative effects, which is 
addressedd in the second part of this section. The other main uncertainty stems from the 
photonn shower correction, which is related to the detector misalignment as the MC statistics 
iss not a limiting factor. The detector misalignment contribution was already described in 
sectionn 5.2.3. The corresponding uncertainty is included in the statistical error. An additional 
sourcee of systematic error in the data is the rate dependence of the yield of the luminosity 
monitor.. After correcting for the luminosity acceptance the 84Kr dataset still contains a 
smalll rate dependence: at higher luminosity rates the MKr yield is lower with respect to that 
att lower rates. The overall variation amounts to 2%, which gives a systematic uncertainty 
contributionn 5L = % for the ^Kr data. Similar variations are seen also in the 14N data 
samplee while for 3He the quoted normalization uncertainty is about 0.5%. The polarized 
deuteriumm data were all collected at standard ABS density, corresponding to low rates in the 
luminosityy detector, which leads to no relevant variation in the yield. 

Systematicc uncertainties on radiative corrections 

Thee systematic uncertainty due to radiative corrections is estimated using the upper and 
lowerr limit of the used parameterizations and also alternative parameterizations [92,98,99] 
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forr all the input parameters to the TERAD code, such as the parameterizations for RD and 
F2

A/F2
D.. No uncertainty could be assigned to the missing radiative correction contributions 

fromm multi-photon exchange (Coulomb distortion). 
Thee resulting uncertainty on the cross section ratio crKT/aD is about 6% at small x, quickly 
fallingg to values smaller than 1% for x > 0.06. Since the radiative corrections are smaller 
forr 14N and 3He, the uncertainties due to radiative corrections for ON/ÖD and crHe/aD are 
alsoo smaller, i.e. about 3% at the lowest x value. Table 5.3 summarizes the sources of sys
tematicc uncertainties and their average effect on the ratio R, separately for ^Kr, 14N and 
3He.. A complete list of the total systematic uncertainty in each x bin can be found in 
Appendixx B, in tables B.l - B.3 (more complete tables for (x,Q2) bins can be found in 
http://www.nikhef.nl/~erikag/Analysis/inclusive.html). . 
Itt is concluded that the average systematic uncertainty on R amounts to 2.5% for crKr/£>D, 
1.6%% for aN/<7D and 0.9% for crHe/crD. 

Source e 

Radiativee correction 

Photonn shower corr. 

Top/Bottomm alignment 

Luminosityy monitor 

PIDcut t 

Chargee symmetric bg. 

Calorimeterr threshold 

Total l 

Errorr in % 

^Kr/<7D D 

1.4 4 

0.4 4 

1.4 4 

1.0 0 

<0.3 3 

0.1 1 

<0.2 2 

2.5 5 

aaNN/a/aD D 

0.6 6 

0.4 4 

0.4 4 

1.0 0 

<0.3 3 

<0.1 1 

1.6 6 

<7He/<?D D 

<0.1 1 

<0.1 1 

<0.3 3 

0.5 5 

<0.1 1 

<0.1 1 

0.9 9 

Tablee 5.3: Sources of systematic uncertainties for o"He/fD> CTN/CD andaKr/vD- The numbers 
givengiven are the average over the x and Q2 range covered by the present analysis. 

5.44 Results 

Forr completeness the studies presented in the previous sections (with the exception of section 
5.3)) were based on the entire x range covered by the HERMES experiment, 0.003 < x < 0.7. 
Thee results discussed in this section only cover the x-region above 0.01 to avoid the region 
wheree the detector misalignment effect (see section 5.2.3) is not under control. The results 
forr the cross section ratios crKr/0D» CTN/̂ D and OHe/̂ D are presented in Fig. 5.11 as a func
tionn of x. The expressions used to extract these data and those presented in the remainder 

http://www.nikhef.nl/~erikag/Analysis/inclusive.html
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off this section, and evaluate the corresponding error bars are described in full detail in Ap
pendixx A. These formulae include all effects discussed in the previous sections. Also shown 
aree the results of the NMC [75,76,77], and SLAC [93,94] measurements for crHe/<7D, <TC/<TD 

andd <7Sn/<TD, where the NMC values for aSn/^D have been obtained from the measurements 
off osnfoc and OC/OD> The crN/aD and aHe/^D results have been renormalized by 0.9% to 
matchh the NMC and SLAC data at mid-a: (i.e x = 0.1) as described in subsection 5.2.4. For x 
valuess below x = 0.1 the present data on 14N/D and ^Kr/D are slightly below the NMC data, 
butt consistent within the present statistical and systematic uncertainties. 

QQ22 and e dependence of crKr/0D and <7N/CD 

Too understand better die small discrepancy between the HERMES and NMC data at low val
uess of x the Q2 dependence of the cross section ratios is displayed in Fig. 5.12 for o-afoD, 
andd in Fig. 5.13 for aKt/^D for fixed small ranges in x. Also shown are the data from 
NMCC on 12C and 119Sn. It is noted mat the HERMES data for x < 0.08 show an edge effect 
att the highest Q2 values in each bin. This effect is believed to be due to an imperfect cor
rectionn for the photon shower inefficiencies. In the case of ^Kr/D the difference from the 
NMCC measurements is accentuated by the positive small Q2 dependence of the 119Sn/D data. 
Whilee no significant Q2 dependence is observed in the cross section ratio of 14N/D, the large 
uncertaintyy on the uKi/D data does not allow to discriminate between a flat Q2 dependence 
andd an extrapolation of me positive Q2 dependence as indicated by the NMC osnfoD mea
surements. . 
Inn order to extract the longitudinal to transverse cross section ratio R{x, Q2), the e depen
dencee of the cross section ratio has been evaluated as well. 
Fig.. 5.14 shows the c dependence of the cross section ratio for 14N/D, while the e dependence 
off me ̂ Kr/D data is shown in Fig. 5.15. Note that the e dependence is not independent from 
thee Q2 dependence, i.e. small e values correspond to large Q2 values and vice versa. 
Thee solid curves in Fig. 5.14 and Fig. 5.15 represent a two-parameter fit of the e dependence 
basedd on Eq. (5.1), where the free parameters correspond to FA/FD and RA/RD- The pa
rameterizationn for Rn from Ref. [92] has been used. In general, the cross section ratios are 
welll described by the fits. 
Fig.. 5.16 shows the extracted F2 ratio for 14N/D (top panel) and MKi/D (bottom panel) in 
comparisonn with the parameterization of the NMC data for 12C/D and 119Sn/D. The parame-
terizationss are in good agreement with the F2 ratios extracted from die HERMES data. 
Thee super ratio RA/RD extracted from the same fit is presented in Fig. 5.17, where the HER
MESS results are compared to other published results. Existing data are usually represented in 
termss of AR = RA - Rn- The published values of AR [93, 101, 100] have been converted 
too RA/RD using a parameterization for RD [92]. The systematic uncertainty on the extracted 
ratioss F2

A/F2
D and RA/RD is determined by the variation of the fit results when performing 

mee fit on OA/OD plus and minus the systematic uncertainty described in section 5.3. The re-



78 8 5.4.. Results 

Figuree 5.11: Ratio of inclusive cross sections per nucleonfor deep-inelastic lepton scattering 
fromfrom nucleus A and D versus x. The data have been corrected for radiative ef-
fects,fects, photon shower inefficiencies and other detector effects described in section 
5.2.5.2. The error bars represent the statistical uncertainties. The systematic un-
certaintiescertainties are given by the error bands (ordered according to the legend). The 
curvescurves represent a parameterization of the NMCdata. Also shown are the results 
ofof the NMC[75, 76, 77], and SLAC [93, 94] measurements. 
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Figuree 5.12: Q2 dependence of the cross section ratio CTN/CD for small ranges in x. The 
correctionscorrections applied to the data are listed in the caption of Fig. 5.11. The average 
xx value for each x bin is listed in each panel. The HERMES i4N data have been 
normalizednormalized by a factor 1.009. The NMC 12C data are taken from Ref [76]. 
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Figuree 5.13: Q2 dependence of the cross section ratio CTKI/O'T) for small ranges in x. The 
correctionscorrections applied to the data are listed in the caption of Fig. 5.11. The average 
xx value for each x bin is listed in each panel. The NMC 119Sn data are taken 
fromfrom Ref. [77]. 
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Figuree 5.14: c dependence of the cross section ratio a^/oj) for small ranges in x. The average 
xx value is listed in each panel. The HERMES 14N data have been normalized 
byby a factor 1.009. The curves represent two-parameter fits based on Eq. (5.1) 
whilewhile the dashed curves represent one-parameter fits based on the same equation 
wherewhere the parameter F^/F  ̂ is fixed to the NMC value for 12C (shown as an 
openopen square at e=l). 
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Figuree 5.15: e dependence of the cross section ratio <7Kr/o"D for small ranges in x. The av-
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basedbased on Eq. (5.1) while the dashed curves represent one-parameter fits based 
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Figuree 5.16: Top panel: the ratio -F2
A/.F2

D extracted from a fit to the HERMES UN/D data 
comparedcompared to NMC parameterization of the uC/Ddata (solid line). Bottom panel: 
thethe ratio F2

A/F2
D for the HERMES 8iKr/D data compared to NMC parameter-

izationization of the n9Sn/D data (solid line). The error bars represent the statistical 
(including(including the correlated error in RA/RD) and systematic uncertainty added in 
quadrature. quadrature. 

suitingg uncertainties have been included in the error bars shown in Fig. 5.16 and 5.17. Their 
numericall values are listed together with the values of F^/F® and RA/RD in table B.4 in 
Appendixx B. All data for RA/RD are found to be consistent with unity within errors. 
Thee uncertainty in the extraction of the super ratio RA/RD can be reduced by fixing the 
valuee of the ratio F A /F 2

D in the fitting function given by Eq. (5.1) to the corresponding 
NMCC value for each bin in x. From the evidence shown in Fig. 5.16, the ratio F^/F® is seen 
too be consistent with the parameterization of existing data. Since the F2 ratio is considered 
too be Q2 independent, the F2

A/F2
D NMC data (open squares) plotted in Fig. 5.14 and 5.15 
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Figuree 5.17: The super ratio RA/Rofor siKr, uNand 3He, as extracted from a two parameter 

fitfit  of the HERMES <7A/CD data. The open triangles (12C) and crosses (^He) 
havehave been derived from the NMC data using Eq. (5.1). The SLAC [93] and 
otherother NMC data [100] displayed have been derived from published values of 
ARAR = RA — RD and a parameterization [101] for RD. The inner error bars 
representrepresent the statistical uncertainty and include the correlated error in F^/F®. 
TheThe outer error bars represent the quadratic sum of the statistical and systematic 
uncertainties. uncertainties. 

havee been evaluated at the average Q2 value of HERMES. This allows to perform a fit with 
onlyy one free parameter, thus increasing the precision on the extracted ratio RA/RB. The 
resultss of the new fit to the HERMES data with the value at e = 1 fixed to the NMC value 
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Figuree 5.18: The super ratio RA/RD far UN and 3He (top panel), and siKr (bottom panel) 
asas extracted from a one-parameter fit of the HERMES OA/O~D data. Existing 
datadata from other experiments are presented as well; the description is found in the 
captioncaption of Fig. 5.17. The inner error bars represent the statistical uncertainty. 
TheThe outer error bars represent the quadratic sum of the statistical and systematic 
uncertainties. uncertainties. 

aree displayed in Fig. 5.14 and 5.15 as dashed lines. The resulting values for RA/RD are 
shownn as a function of Q2 in Fig. 5.18. In the 1-parameter fit effectively information on 
CTA/CTDCTA/CTD obtained by NMC at high e is combined with information obtained at lower e values 
inn the present experiment. Also in this case the value of RA/RD is found to be consistent 
withh unity, but the uncertainties involved in the data on heavy nuclei are still very large. 
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Figuree 5.19: Comparison between different extraction methods for the super ratio RA/RB 
onon UN. Top: results obtained using either the one (solid circles) or two (open 
circles)circles) parameter fit shown in Fig. 5.14. Bottom: the solid squares represent the 
resultresult of the Rosenbluth-type of analysis. 

Ann alternative method to combine HERMES and NMC data is a Rosenbluth separation: only 
usingg NMC aA/aD data obtained in (x, Q2) bins also covered by the HERMES measurements. 
Ass the HERMES measurements at a given average value of x cover a range in Q2, the Q2 

valuess of the NMC data must be restricted to the same Q2 range (for each x bin). In Fig. 5.12 
thee NMC and HERMES data with overlapping (x, Q2)-values can be identified. On average 
thee NMC data cover higher e values of course. In order to carry out this alternative (Rosen
bluthh like) analysis the NMC and HERMES data covering the same (x, Q2) range are plotted 
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Figuree 5.20: The super ratio RA/RD far 14N and 3He as extracted from a Rosenbluth sep-

arationaration of the HERMES and NMC combined CTA/OD data. Existing data from 
otherother experiments are presented as well; the description is found in the caption 
ofof Fig. 5.17. 
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versuss e and fitted using Eq. (5.1). The fit performed to the combined set of data yields 
valuess for RN/RD which are compared in Fig. 5.19 to the other two results for RN/RD, i.e. 
thee ones from the fit to the HERMES data only, and the ones from the fit to HERMES data 
withh the value of the cross section ratio at fixed e =1 to the NMC value for F£/F®. In both 
casess the additional information of NMC reduces the error bars. It should be noted that the 
largee lever arm in e created by using both NMC and HERMES data is particularly effective 
inn reducing the uncertainties. The combined fits constrain the results to an average value of 
RA/RDRA/RD = 1.17  0.11, which is very close to the value obtained using the HERMES data 
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alonee which is 1.18 . As expected the fit performed in which the cross section ratio 
iss fixed at e =1 has the smallest uncertainty. But in this case it is implicitly assumed that 
F2

A/F2
DD is Q2 independent. This assumption does not enter in the Rosenbluth-type analysis. 

Thee resulting average RA/RD with this method is 1.14  0.10. The Rosenbluth separation 
cannott be applied to the combined ^Kr and 119Sn data, since there is insufficient overlap 
inn (x, Q2) between the HERMES and NMC data, in particular at low x (see Fig. 5.13). The 
resultss on the Rosenbluth separation performed on the helium and nitrogen (carbon) HER
MESS and NMC data are presented in Fig. 5.20 as a function of Q2 together with all other 
measurementss of RA/RD on light and medium heavy nuclei. For Q2 values between 0.5 
andd 20 GeV2 and nuclei from 3He to 40Ca, RA is found to be consistent with the Whitlow 
parameterizationn [92], which is dominated by data on the proton and the deuteron. A more 
recentt parameterization of R from Abe et al. [93] exists, which is significantly influenced 
byy the nuclear data. The influence of the choice in the R parameterization is however very 
small.. The average value of RA/RD for light targets (Fig. 5.20) is 0.96  0.03, which does 
nott change if the heavier targets are included in the average. 

5.55 Concluding remarks 

Thee cross section ratios for deep-inelastic scattering from a nucleus A as compared to deu
teriumm are evaluated from data collected at HERMES on natural Kr, 14N and 3He targets. In 
aa previous analysis of the HERMES data on 14N a nuclear dependence of R was reported. 
Inn this chapter the reanalysis of those data has been presented and newly analyzed data on 
84Krr have been included with the aim to confirm or refute this effect. Furthermore, a pre
cisee measurement of the inclusive cross section ratios was needed for the normalization of 
thee semi-inclusive data on nuclei which are presented in chapter 6. It has been shown that 
thee extracted cross section ratios, properly corrected for radiative processes and a previously 
unnoticedd detector inefficiency, have the well known behavior of shadowing, anti-shadowing 
andd EMC effect [9, 102] in the various x regions. In addition, the data are found to be con
sistentt with previously published measurements by NMC and SLAC over the entire x range 
coveredd by the present analysis. Hence, these results supersede the previous ones on 14N, in 
whichh the effect of the photon shower was not corrected. 
Thee Q2 dependence of the cross section ratios is studied for separate x bins and found to be 
negligiblee for light targets (14N and 3He), while the 84Kr data possibly show a weak Q2 de
pendencee in the lowest x bins. The ongoing analysis of 84Kr data collected at HERMES with 
aa beam energy of 12 GeV will enable us to verify this observation by extending the measure
mentt of the inclusive cross section ratios to lower Q2 values. 
Fromm the c dependence of the cross section ratios the value of RA/RD, with R =aL/aT, 
iss extracted using three different methods. With a two parameter fit to the HERMES cross 
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sectionn ratio, the values of RA/RD and F£/F<i are determined simultaneously. From this fit 
thee super ratio RA/RD is found to be compatible with unity, and F^/F® is shown to be in 
goodd agreement with the NMC parameterization of existing data. In a second approach the 
NMCC data are used to fix F^/F® at e =1, and the e dependence is fitted with only one free 
parameter,, yielding a better precision for RA/RD- This method can only be applied if the 
ratioo F£/F£ is assumed to be Q2 independent, which is supported by the 14N data shown 
inn Fig. 5.12. With this assumption a good fit of the 14N data is obtained as illustrated in 
Fig.. 5.14 (dashed lines). For the MKr cross section ratio the weak Q2 dependence mentioned 
abovee makes it impossible to perform a 1-parameter fit. This Q2 dependence might be the 
causee of the deviation from unity of the values of RA/RD extracted for the lower x bins (see 
bottomm panel of Fig. 5.18). 
Becausee of their large kinematic coverage the NMC 12C (4He) data overlap the 14N (3He) HER
MESS ones in certain (x,Q2) regions. These data are used for a Rosenbluth separation 
too extract RA/RD- This (third) procedure avoids the assumption of F2

A/F° being Q2-
independent,, while still allowing to reduce the uncertainty by exploiting the large lever arm 
betweenn the HERMES and the NMC data in e. The resulting RA/RD ratio is close to unity 
andd is in good agreement with the result obtained by fixing the value of the cross section 
ratioo at e =1, although the errors are larger. The average value for the ratio RA/RD for 14N is 
inn agreement with unity within 20% in the Q2 range between 0.5 and 10 GeV2, independent 
fromm the extraction method applied, as it can be seen from Fig. 5.19. Within the quoted 
uncertaintyy the HERMES data are consistent with the most recent calculation of possible 
mediumm effects on R from Ref. [103]. 
Thiss analysis has extended the range in which JRA is found to be consistent with RD down to 
QQ22 = 0.5 GeV2 (for x = 0.01). Furthermore, it has added significance to the NMC observation 
off a possible Q2 dependence of the inclusive cross section ratio for heavy targets. 




