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Chapterr 4 

Selectionn of CC DIS events 

AA characteristic experimental property of charged current DIS events is missing transverse 
momentumm Pr in the calorimeter which is defined as 

P*P* = Pi + Py = [J2Ei sin 6i cos ̂  ) + ( ̂ 2 Ei sin 9i sin & ) t4'1) 

wheree the sum runs over all calorimeter energy deposits E  ̂ and 0*  and fa are their polar 
andd azimuthal angle as seen from the interaction vertex. Therefore, the online trigger chain 
iss designed as to detect events with this characteristic. However, a considerable amount of 
backgroundd is also selected by the rather loose criteria used in the trigger such that more 
refinedd cuts are necessary further down the selection chain. First of all halo muons and cosmic 
rayss form a substantial background. Also genuine ep processes such as neutral current DIS and 
photoproductionn can have a missing transverse momentum due to an incomplete measurement 
off  the scattered positron or the hadronic final state. Finally, special cuts are necessary to get 
ridd of events caused by malfunctioning of the detector. In this chapter all the selection criteria 
thatt are necessary to obtain a pure charged current DIS sample are described. 

4.11 Trigger and pre-selection 

Eventss are filtered online by a three level triggering system which has been described in sec-
tionn 2.10. In the charged current trigger selection chain the main components are the calorime-
terr and the CTD. During the years 1994 to 1997 the trigger chain was modified several times. 
Thesee modifications mainly concerned the requirement on the minimum transverse momentum 
recordedd in the calorimeter which was gradually lowered in the course of the years. Also new 
cutss were introduced, however, and other cuts discarded. This results in a rather complicated 
historyy of the trigger and many pages would be necessary to give a detailed account of all 
differentt trigger configurations. Here only a global overview of the essential steps in the trigger 
chainn will be given. 

Att the first trigger level events are selected as an OR of various trigger conditions that 
requiree a sizeable amount of energy in the calorimeter, optionally accompanied by a track in 
thee CTD. Other conditions require a minimum total transverse energy ET (larger than 30 GeV 
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inn 1996 and 1997) or a minimum missing transverse momentum, above 5 GeV. Usually when 
aa track is found in the event the requirements on energy and momentum related quantities are 
lesss stringent. 

Att the second trigger level the calorimeter information is available with higher accuracy. 
Therefore,, the requirements on the missing transverse momentum can be raised to about 7 GeV 
(99 GeV in 1994). Again, if a good track is found these threshold values are lower. Background 
originatingg from cosmic rays and beam-gas events upstream of the detector are removed by 
requiringg a timing measurement for the event compatible with an ep collision in the interaction 
region. . 

Att the third trigger level the full event information is available with full resolution. The 
missingg transverse momentum can now be calculated with the highest accuracy. Basically the 
samee threshold values are used as at the second trigger level. The background due to beam-gas 
eventss is further reduced by using tracking information. 

Eventss that pass all three trigger levels are written to Data Summary Tape (DST). A 
"fourth""  level trigger selection is done by combining the results of those branches at the third 
triggerr level that accept events with missing transverse momentum. The minimum cut on PT 
att this level equals 9 GeV in 1994 and was lowered to 8 GeV in 1995 and to 7 GeV in 1996 and 
1997.. Furthermore, triggers due to a sparking photomultiplier are removed. A total number of 
aboutt 1.5 million events are accepted by this DST filter in the 1994 1997 running period. 

4.22 Vertex determination 

Thee CTD is used to reconstruct the longitudinal coordinate of the primary vertex of the event, 
Zvertex-Zvertex- Since the other tracking detectors VXD, FDET and RTD are not available for all 
thee years of data taking they are left out from the vertex and track reconstruction (see also 
sectionn 2.5). The transverse coordinates of the vertex are set to zero as the beam width is about 
100 times smaller than the transverse resolution of the CTD. In principle the transverse vertex 
forr events in a specific run could be set at the mean transverse vertex position averaged over a 
wholee run. This mean position, however, is at most of the order of a millimeter and introduces 
onlyy a negligible effect in the reconstruction of the kinematics of charged current events. 

Thee efficiency with which vertices are found by the CTD depends on the hadronic angle of 
thee event. This is shown in figure 4.1a where this efficiency is plotted versus 70, the hadronic 
anglee as defined in section 6.1 with the vertex fixed at the nominal interaction point (0,0,0). 
Beloww 70 ~ 0.4 (~ 23°) the efficiency drops and becomes essentially zero at very forward angles. 
Thiss is the region where the hadronic particles cross only one or two superlayers. The quality 
off  the reconstructed tracks is then rather poor and the measured vertex becomes unreliable. 
Sometimess there will not even be a vertex as there are no reconstructed tracks at all. So it is 
clearr that in this region another way of vertex reconstruction is needed. The method that is 
adoptedd here is to employ the timing information of the forward calorimeter to measure the 
vertexx [56]. 

Sincee the proton bunches have a length of about 20 cm while the size of the positron bunches 
iss negligible in comparison the ep interaction can happen at any point inside the proton bunch. 
Thiss results in a spread of the interaction vertex around the nominal vertex position Zint, which 
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F iguree 4 .1: (a) efficiency evertex of measuring a vertex with the CTD as a function of the 
hadronichadronic angle 70, (b) idem when both the CTD vertex (70 > 0.4) and the FCAL timing vertex 
(700 < 0.4) are used. 

iss the point where the positrons cross the middle of the proton bunch. Note that this position 
iss in general different from the nominal interaction point that defines the centre of the ZEUS 
detector.. If the position of the interaction, i.e. zvertex, is known then the time tvertex at which 
thee interaction happens is given by 

^vertex^vertex \^int 
C C 

ZvertexZvertex j ' H', (4.2) ) 

wheree c is the speed of light and tint is the time at which the positrons cross the middle of 
thee proton bunch. Both zint and tint are determined from the information provided by the C5 
detector. . 

Noww it is assumed that particles coming from the interaction vertex zvertex travel at the 
speedd of light towards the forward calorimeter. The time tc at which a particle arrives at an 
FCALL cell at position (xc,yc,zc) is then 

ttcc = tVertex + ~ d{(0, 0, zvertex), (xc, yc, zc)) - - d((0, 0, 0), (xc, ye, zc)) 
cc c 

(4.3) ) 

wheree d(A,B) is the distance between the two points A and B. The last part of this equation 
takess into account the online correction for the time-of-flight from the nominal interaction point 
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too the FCAL cell. From this equation it is clear that there is a direct relation between the time 
recordedd in an FCAL cell and the vertex of the interaction. The latter is then determined as 

ZvertexZvertex = ~ ^ "j (4 -4) 

Heree the sum runs over all FCAL cells with energy exceeding 0.5 GeV for EMC cells or 1 GeV 
forr HAC cells, so-called "good" cells. For each individual cell the event vertex zvertex̂  can be 
computed,, using relation 4.3, from the timing information given by the two photomultipliers. 
Thee weight o{ is the timing resolution for the cell calculated with formula 2.3. 

Thee vertex zvertexj is corrected for several effects. One of these effects is a run to run shift 
betweenn the time of a cell expected from the position of the CTD vertex with respect to the 
actuall  measured time. Other effects include dependences on the energy recorded in a cell and 
onn how much energy the cell has in comparison with its neighbouring cells. The corrections 
havee been obtained from a neutral current sample consisting of data collected during the years 
19944 to 1997 in which the timing vertex has been optimised to match the CTD vertex of the 
event. . 

Forr real data this vertex reconstruction method works quite well. In Monte Carlo data, 
however,, the timing is not very well simulated so the timing vertex cannot be used in the same 
wayy as described before. This problem is solved as follows. In the data the vertex resolution is 
measuredd as a function of the number of good FCAL cells. This resolution is around 20 cm if 
theree are less than 10 good cells and improves to 8 cm for more than 20 good cells. The true 
vertexx in the Monte Carlo simulation is then smeared according to a Gaussian distribution that 
hass a width equal to this resolution. 

Inn figure 4.2 the bias of the timing vertex ztimmg with respect to the CTD vertex ZCTD is 
shownn for CCfied neutral current data and Monte Carlo and for the final charged current data 
sample.. This bias is obtained via a Gaussian fit to the distribution of ztiming — ZCTD in several 
binss in ZCTD- The upper plot shows the bias in the high y0 region above 0.4 as a function of 
thee CTD vertex of the CCfied or the genuine charged current event. A bias of at most 2 cm 
iss observed and this is only at the most forward and backward vertices where statistics are 
limited.. The error bars indicate the resolution of the timing vertex, which is around 8 cm. In 
thee lower plot the bias for events having 70 < 0.4 is plotted as a function of the CTD vertex 
off  the entire neutral current event, i.e. including the track pointing to the DIS positron. Of 
course,, for charged current events no such CTD vertex exists. Also in this region no substantial 
biass is observed. Thus using the timing vertex at low 70 is legitimate if it is assumed that 
CCfiedd neutral current data and real charged current data have a very similar hadronic final 
state. . 

Inn the remainder of the selection procedure and in the kinematic reconstruction the timing 
vertexx will be used in the region 70 < 0.4 whereas above 0.4 the CTD vertex is taken. The 
efficiencyy with which this vertex can be measured is plotted in figure 4.1b as a function of 
7o-- In figure 4.3 the measured vertex distribution is compared to the ARIADNE Monte Carlo 
prediction.. In this plot all selection cuts that are described in this chapter are applied except 
forr the vertex cuts. The measured distribution is well reproduced by Monte Carlo although 
theree is some overshoot in the data for zveTtex > 75 cm which is possibly due to very forward 
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F igu ree 4.2: bias of the timing vertex zllming with respect to the CTD vertex ZCTD for CCfied 
neutralneutral current data (circles) and Monte Carlo (dots) and charged current data (triangles). The 
upperupper plot shows the bias for 70 > 0.4 as a function of the CTD vertex position of the CCfied 
oror genuine charged current event while the lower plot shows the bias for j 0 < 0.4 as a function 
ofof the vertex position of the entire neutral current DIS event. 

beam-gass interactions, outside the acceptance region of the CTD. These events do not have a 
properr tracking vertex but they do have a timing vertex since the number of good FCAL cells 
iss large for this type of events. 

Thee events in the final charged current sample are required to have a vertex between —50 cm 
andd 50 cm. This corresponds to the region between the two vertical lines in figure 4.3. The 
vertexx cut throws away a large fraction of the cosmic and halo muon background, typically 
eventss where a muon only hits the calorimeter without entering the inner detector. The satellite 
peakss originating from collisions with protons in neighbouring RF buckets are also rejected by 
thiss cut. Although events in this peak can be good physics events they have a trigger efficiency 
thatt is different from the efficiency for events coming from the main peak region. 

4.33 Tracking 

Inn many cosmic and halo muon events the muon traverses the ZEUS detector without entering 
thee CTD. Nevertheless, the track reconstruction package might still find one or more low 
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Figur ee 4.3: the zvertex distribution for events that pass all selection cuts. The Monte Carlo 
predictionprediction is given by the shaded histogram while the data are represented by the dots. The 
regionregion in between the two vertical lines is accepted by the vertex cuts. 

momentumm tracks that are due to particles originating from a bremsstrahlung shower caused 
byy the muon. Sometimes noise in the CTD wil l also lead to a reconstructed track. As a track 
closee to the beamline (the line (x.y) = (0,0)) always yields a reconstructed vertex the vertex 
cutss are not very effective in this case. By requiring at least one "good" track in the event the 
haloo and cosmic muon background can be further reduced. A good track is defined as a track 
fulfillin gg the following criteria 

•• the distance to the beamline is less than 1.5 cm. 

•• the transverse momentum of the track is larger than 0.2 GeV. 

•• the track has a polar angle between 15° and 165°. This range corresponds to the region 
off the CTD where at least two superlayers are hit. 

•• the track reconstruction package can fit the track to the vertex. This implies that tracks 
farr away from the vertex are not classified as good tracks. 
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Figur ee 4.4: several tracking distributions for events that pass all selection criteria, (a) number 
ofof good tracks, (b) number of good tracks for events with 70 < 0.4, (c) number of tracks, (A) 
numbernumber of vertex fitted tracks. The dots represent the final sample of charged current data, 
whilewhile the shaded histogram denotes the ARIADNE prediction and the dotted line the prediction 
ofof MEPS. 

Thiss definition is only used in the region where 70 exceeds 0.4. Below 0.4 the quality of the 
trackss is in general worse but still the Monte Carlo simulation is able to describe these tracks1. 
Therefore,, in this region the requirement on the minimum polar angle is lowered from 15° to 
10°° and the transverse momentum of the track has to be larger than 0.1 GeV. The requirement 
thatt the track is fitted to the vertex is replaced by \zheamllne - ztlmtng\ < 50 cm where ztiming is 
thee timing vertex and zbeamUne is the z-position of the track in the point of closest approach to 
thee beamline. If no good track is found in an event with 70 < 0.4 but the transverse momentum 
off  the event exceeds 50 GeV the event is also accepted. 

Inn figure 4.4a the number of good tracks, Ngood, is displayed for the final charged current 
sample.. The shaded histogram is the ARIADNE Monte Carlo expectation, the dotted histogram 
iss the prediction of MEPS and the dots represent the data. Figure 4.4b shows the number of 
goodd tracks for events in the region with low hadronic angle 70 < 0.4. The total number 

'AA good track in the region 70 < 0.4 does not necessarily mean that the CTD vertex can be measured 
accurately.. As the track and the beamline are almost parallel a small change in the polar angle of the track 
yieldss a large variation in the CTD vertex position. Thus it is still better to use the timing vertex. 
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Figur ee 4.5: the number of good tracks versus the total number of tracks for (a) charged current 
MonteMonte Carlo and (b) a sample of high missing transverse momentum data that passes the trigger 
andand preselection cuts. The area of the boxes is proportional to the number of events. All 
eventsevents below the solid line are rejected by the cut Ngood > \{NtTack - 20). (c) Distribution of 
(AW **  - 20)/JVpood for data (dots) and ARIADNE Monte Carlo (filled histogram) after all cuts 
havehave been applied except for the cut on Ngood versus Ntrack. All events to the right of the vertical 
lineline are rejected by the cut. 

off  tracks, Ntrack, is given in figure 4.4c where a slight discrepancy is observed between data 
andd Monte Carlo as the track multiplicity in data is higher than expected. The number of 
trackss in data that can be fitted to the vertex, Nvertex, by the track reconstruction package (not 
necessarilyy good tracks) does nevertheless agree with the expectations as is shown in figure 4.4d. 
Thee two different Monte Carlo sets give very similar results in all distributions. 

Forr beam-gas and beam-wall interactions the number of reconstructed tracks is in general 
veryy large compared to genuine charged current events. On the other hand, the fraction of good 
trackss is small since the number of tracks associated with the primary vertex is usually small. 
Inn figures 4.5a and 4.5b the number of good tracks in an event is shown versus the total number 
off  tracks for Monte Carlo data and for a data sample that passes the trigger and pre-selection 
cuts,, respectively. In real data a large number of events is observed that have many tracks but 
onlyy a few good tracks whereas in Monte Carlo data no or very few such events are seen. Based 
onn these plots a cut is applied, only in the region y0 > 0.4, that removes a large fraction of 
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thesee data events: 
NNgoodgood >-{N track - 20) (4.5) 

Inn the plots the equality is shown as a solid line. Events that are below this line are rejected. 
Figuree 4.5c shows the distribution of {Ntrack - 20)/Ngood in the charged current sample (dots) 
andd the expectation of the ARIADNE Monte Carlo simulation (filled histogram). All selection 
cutss have been applied in this plot except for cut 4.5. Events to the right of the vertical line 
aree rejected by this cut. 

4.44 Calorimeter cuts 

AA malfunctioning of the calorimeter can easily lead to an effective missing transverse momentum 
thatt will fire the charged current trigger. On one hand this can be caused by energy loss, e.g. 
duee to a broken module, such that the final state of ep events is only partially measured. This 
typee of events is removed by deselecting the (few) runs that have a broken calorimeter. On the 
otherr hand, a spark in a single cell or a faulty read-out card might add some extra energy to 
ann event. Often cells that record such fake energy will also have a large imbalance. Therefore, 
thesee events can easily be removed by requiring that not all missing transverse momentum PT 

originatess from cells with a high imbalance. Events are accepted if they satisfy 

0.55 < ^— < 2 (4.6) 
"T "T 

wheree p^m6<0-8 denotes the missing transverse momentum of the event that is calculated by 
onlyy using cells with imbalance \imb/EceU\ < 0.8 (see also section 2.4.1). 

Anotherr type of background is formed by events where a single cell is responsible for the 
bulkk of the missing transverse momentum. This can be a non-isolated spark (isolated sparks 
aree removed in the trigger chain), a spark in a cell where one of the PMTs is broken or a cosmic 
muonn that deposits a considerable amount of energy in only one cell. Events are rejected if 
theyy fulfi l at least one of the following criteria 

•• imbmax — 0 and Pr(—cell)/PT < 0.15 

•• imbmax = 0 and PT{-cell)/PT < 0.25 and PT,max/Emax > 0.5. 

•• \imbmax/Emax\ > 0.6 and PT{-cell)/PT < 0.25. 

Heree imbmax, Emax and PT, max are the imbalance, the energy and the transverse momentum of 
thee cell that has maximum transverse momentum. PT(-cell) is the transverse momentum that 
remainss in the event if this cell is removed. The first two cuts are meant to remove events where 
aa spark occurred in a cell with one broken photomultiplier leading to an imbalance exactly equal 
too zero. If this spark is roughly in the barrel or rear calorimeter then the cut on PT(—cell)/Pr 
iss increased to 0.25. The last cut rejects events with sparks occurring in a good but non-isolated 
cell. . 
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4.55 Neutral current background 

Loww Q2 neutral current events can have a large missing transverse momentum if the final state 
positronn is not fully contained in the calorimeter or if the proton remnant and current jet 
aree both very forward and a large fraction of the jet is lost in the forward beampipe or in 
inactivee material. Hence such events might contaminate the charged current event sample. 
Thiss background can be removed very efficiently by finding the DIS positron and identifying 
thee event as a neutral current DIS event. Four different branches labelled as A, B, C and D 
aree used for this purpose. If one of these branches classifies the event as a neutral current DIS 
eventt then it is rejected from the final charged current event sample. 

Too identify the final state positron a neural network algorithm called SINISTRA [57] is used. 
Thiss algorithm has been tuned on Monte Carlo events and assigns a probability VSmis to each 
energyy cluster in the calorimeter. A large value of Vs%nis means that the respective cluster has 
aa large probability to be a positron. The final state DIS positron is defined as the cluster that 
hass highest probability above some minimum probability cut Vcut which is set to 0.9. To ensure 
aa sufficient purity a minimum positron energy of 4 GeV is required. In addition the positron 
hass to be isolated, i.e. there is not more than 5 GeV of energy not assigned to the positron in 
aa cone of radius 0.8 in {77, <fi)  around the positron. 

Inn some of the four branches a track matching with the positron is required. Of course, 
thiss is only done when the positron is within the acceptance region of the CTD. A matching 
trackk is defined as a track extrapolated to the surface of the calorimeter that has a distance of 
closestt approach (DCA) to the positron less than 15 cm. Furthermore, the momentum of the 
trackk has to exceed 1 GeV and it should be at least 5% of the positron's energy. Moreover, 
thee matching track has to be the only one, which means that there is no other track carrying a 
momentumm of more than 5% of the positron's energy within a distance of 1 unit in (17, 0) space 
too the matching track. 

Branchh A takes care of positrons that enter the rear calorimeter. No matching track is 
requiredd in this branch since the acceptance of the CTD is very small in the region close to the 
rearr beampipe. The cone radius in the isolation criterion of the positron is lowered from 0.8 
too 0.6. If a positron is found in the RCAL and ö > 40 GeV then the event is identified as a 
neutrall  current DIS event and rejected. Here 6 is defined as 

66 = Y^Ei- Pz,i = $ ^ (1 - cosBi) (4.7) 
ii i 

wheree the sum runs over all calorimeter cells in the event. For a neutral current event that is 
fullyy contained in the calorimeter Ö should be close to 2Ee = 55 GeV, which is the total E — Pz 

off  the initial state. 
Forr positrons that are in the acceptance region of the CTD branch B requires a track 

matchingg with the positron if the positron has a polar angle between 15° and 165°. The region 
wheree the polar angle is less than 15° is covered by branch C. Here no matching track is 
requiredd but instead the positron has to have at least 20 GeV of transverse energy. In both 
branchess 6 should be larger than 25 GeV. 

Finally,, branch D handles some special cases where 6 is very low or where there is hardly 
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CCC NC 

Figur ee 4.6: illustration of the definition of 4>T- In the charged current event in the left plot 
aa positron may be found in the jet leading to a small (f>r  as the direction of PT calculated with 
thethe positron removed is not very different from that of the transverse momentum P^9 of the 
entireentire event. In the right plot, however, the direction of PT(—e) can be very different from that 
ofof Pr

rg and thus <f>x will  be large. 

anyy hadronic activity in the calorimeter. This branch uses a transverse angle <J>T defined as 

c o s 0T == ^ - P r ( - e) ( 4 g ) 

|iV||iV(-e)| | 

wheree PT is the transverse momentum of the entire event and Pj-{—e) is the transverse mo-
mentumm that remains when the positron is removed from the event. Figure 4.6 illustrates the 
definitionn of <J>T- The left plot shows a schematic view in azimuth of a one-jet charged current 
event.. The evanescent neutrino is drawn as a dotted arrow opposing the jet in azimuth. If a 
positronn is found in the jet then the direction of PT wil l not change drastically compared to the 
transversee momentum of the entire event, P^9, when the positron is removed from the event. 
Hencee in this case 4>T wil l be small. On the other hand, for a neutral current event as shown in 
thee plot on the right the positron that is found is the scattered DIS positron which is opposite 
too the hadronic side of the event. If this positron is removed the direction of PT can be very 
differentt from the direction of P^9. Branch D now identifies an event as a neutral current 
eventt if there is a positron with polar angle larger than 15° and a matching track. In addition 
itt is required that either <j) T > 60° or that the ratio of the total electromagnetic energy to the 
totall  energy in the calorimeter is larger than 0.95. 

Figuree 4.7 shows distributions of a few variables that are used in the neutral current DIS 
rejection.. The first two plots show the distribution of the energy of the positron Epositron and 
off  S for the charged current sample where all cuts have been applied except those intended to 
rejectt neutral current background. As expected the neutral current background is observed at 
positronn energies around the beam energy and at large <5 which means that the bulk of the 
backgroundd is found in the rear calorimeter. In figure 4.7c and 4.7d the same distributions 
aree displayed for the final charged current sample with neutral current background removed. 
Figuress 4.7e-g show the distribution of the momentum of the matching track, the distance of 
closestt approach of this track to the positron and 4>T for events in the final charged current 
samplee in which a positron is found. 
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F i gu ree 4.7: comparison of various distributions of variables used in the neutral current DIS 
rejection.rejection. The dots represent the data and the shaded histogram shows the ARIADNE Monte 
CarloCarlo prediction, (a) Positron energy and (b) 5 for the final charged current data sample with 
allall  cuts applied except the neutral current DIS cuts. (c,d) The same plots but now with all 
cutscuts applied. The last three plots show distributions for events from the final sample in which a 
positronpositron is found: (e) momentum Ptrack of the matching track, (f) distance of closest approach 
ofof the matching track to the positron, (g) transverse angle (fir-

4.66 Events with a high-momentum track 

AA small background is formed by events that have a high-momentum track in the CTD and 
somee energy deposit in the calorimeter that is responsible for the missing transverse momentum 
thatt fires the charged current trigger. Such events can. for example, be events that contain a 
muonn originating from the vertex that escapes from the detector leaving only very littl e energy 
inn the calorimeter. Or it can be a neutral current event with a positron that is not recognised 
ass such by SINISTRA. An example of an event with a high-momentum track is displayed in 
figuree 4.8. In this particular event a muon is produced at the vertex and it leaves the detector 
throughh the rear part of the barrel calorimeter and the uninstrumented gap between the barrel 
andd rear calorimeter. 

Thiss background can be removed by requiring that the high-momentum track is isolated 
andd that the missing transverse momentum vanishes if the track momentum is added to the 
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— i i 

Figur ee 4.8: example of an event that has high missing transverse momentum because of a 
muon.muon. In this particular event the muon is produced at the vertex and leaves the detector via 
thethe rear part of the barrel calorimeter and the gap between RCAL and BCAL. 

transversee momentum of the calorimeter. A track is called isolated if there is no other track 
withinn a cone of radius 0.8 in (n, (p) space around the high-momentum track. Furthermore, the 
momentumm of the track has to exceed 10 GeV and its polar angle should be larger than 50°. The 
latterr requirement ensures that the track is not pointing to the proton remnant or a forward 
jet.. If an event fulfil s these criteria it is rejected from the final sample if Pfew/Pp < 0.6 where 
PfPfewew is the missing transverse momentum of the event when the track is taken into account. 
Thiss quantity is computed as 

(Pf(PfeWeW)) = (Px,cal + Px,track) + (Py,cal + Py,track) (4-9) 

wheree PXtCai
 a nd Pyfiai are the sums of the calorimeter energy deposits projected onto the x and 

yy axis, respectively, as defined in equation 4.1, while PXttrack and Pyjrack are the projections of 
thee track momentum. 

4.77 Photoproduction background rejection 

Anotherr important source of background originates from photoproduction events with high 
transversee energy jets. In fact this is the most serious background as the event shapes are 
indistinguishablee from genuine charged current events, especially in the region at low PT where 
thee jets are very forward and close together. Nevertheless, a considerable fraction of the pho-
toproductionn background can still be removed by cutting on the event shape. The cuts that 
aree applied require that there is an azimuthally collimated energy flow as is expected for the 
currentt jet in a charged current event. This cut, however, might be dangerous for events with 
twoo or more jets. Therefore, in the region where these multi-jet events are expected, the region 
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Figur ee 4.9: schematic cross section of a two jet charged current event in the transverse plane. 
TheThe dotted line is the plane along the z-axis perpendicular to the vector Pp. The transverse 
momentummomentum calculated from all calorimeter cells to the left of this plane is called PT,rwrth, whereas 
thethe remaining cells yield a transverse momentum PT, south-

wheree PT > 35 GeV, no cut specifically designed to remove photoproduction is applied. Note 
thatt the photoproduction background is located mainly at lower values of Pp. 

Inn the region of intermediate PT, i.e. 25 GeV < Pp < 35 GeV, the requirement PT/ET > 0.4 
iss imposed. For events with PT < 25 GeV this cut is raised to 0.5 if 70 > 0.4 and to 0.6 if 
700 < 0.4. In addition in this lower PT region an extra cut 

/ r ( 7 }}  , > 0.85 (4.10) 

iss applied where — ir  means that the innermost ring around the forward beampipe is removed 
fromm the event. The reason for this is that the proton remnant fragmentation close to the 
beampipee is less well simulated in Monte Carlo. Ppnorth is defined as the total transverse 
momentumm originating from all calorimeter cells on the "north" side of the plane perpendicular 
too the PT vector. This is illustrated in figure 4.9 that shows a schematic cross section of a two 
jett charged current event in the (x.y) plane. The transverse momentum vector PT lies in the 
directionn of the jets. The dotted line is the plane perpendicular to this vector, parallel to the 
2-axis.. The transverse momentum calculated from all calorimeter cells that are on the left side 
off  this plane, in the "northern hemisphere", is called Ppn0rth-

Figuree 4.10 shows several distributions that are related to the cuts described above. In these 
plotss the filled histograms show the ARIADN E charged current Monte Carlo expectation, while 
thee white histogram is the extra contribution expected from the HERWIG photoproduction 
samples.. The dots represent the data. The first plot shows the distribution of PT/ET for PT 
exceedingg 25 GeV. Al l selection cuts are applied in this plot except for those intended to reject 
photoproductionn events. The arrow indicates the value of PT/ET where a cut is made. In 
thee second plot PT/ET is shown for PT below 25 GeV, again with no photoproduction cuts. 
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Figur ee 4.10: various distributions comparing charged current data (dots) with ARIADNE 
chargedcharged current Monte Carlo data (filled histogram) and photoproduction Monte Carlo (open 
histogram).histogram). The arrows indicate the values in the distribution where a cut is made, (a) Pr/' Ej 
forfor PT > 25 GeV, (b) PT/ET for Pr < 25 GeV with no photoproduction cuts applied, (c) 
PT/ETPT/ET for PT < 25 GeV with the cut on P^north applied, (d) PT/ET for PT < 25 GeV with the 
cutscuts on PT/ET applied, (e) i"r,norf/i(—* r) in the region PT < 25 GeV, with no photoproduction 
cutscuts applied. For the final charged current sample (f) shows the distribution of PT/ET, (g) that 
ofof PT,north{—ir) o-^d (h) that of Pr(-ir). 

AA considerable background is present in the data below PT/ET = 0.5. Figure 4.10c shows 
thee distribution of PT/ET, but now the cut on the ratio of Pr(-ir)  and PT,north(-ir) has 
beenn applied yielding a reduction of the photoproduction background at low values of Pr/Er-
inin figure 4.10d the same distribution is shown but now the cut on PT/ET has been applied 
insteadd of the PT,north{—ir) cut. For values of PT/ET between 0.4 and 0.6 there is still some 
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backgroundd that will largely be removed by the additional cut on PTy norih {—ir). The distribution 
off  PT(—ir) JP^northi—ir) is shown in the figure 4.10e, again without any photoproduction cut. 
Thee last three figures show the PJ/ET distribution, the P?,north(~^r) distribution and the 
Pr(-ir)Pr(-ir)  distribution of the final charged current event sample. 

4.88 Cosmic and halo muon background 

InIn the next chapter a detailed description will be given of a special package that has been 
developedd to identify and subsequently remove cosmic and halo muons from the charged current 
dataa sample. This package is able to remove most of the background muons that are still in 
thee sample after all cuts described before have been applied. 

Forr events with a low hadronic angle a background is formed by cosmic muons traversing 
thee forward calorimeter that produce a large bremsstrahlung shower. These events typically 
losee a considerable energy in the hadronic section of the calorimeter. Also events are observed 
thatt produce a large electromagnetic shower in the FEMC, mainly due to showering halo muons 
thatt are close to the beampipe. Since the muon finder package is less efficient in recognising 
thesee muons they are removed by looking at the energy distribution in the event. Events with 
7oo < 0.4 in which no good track is found are removed if either more than 90% of the energy in 
thee FCAL is recorded in the hadronic sections FHACl and FHAC2 or if more than 95% of the 
energyy in the FCAL is recorded in the electromagnetic section. In addition the FCAL energy 
forr these events has to exceed 100 GeV and this energy has to be more than 95% of the total 
energyy recorded in the entire calorimeter. 

Nott all halo muons that are close to the beampipe will produce a heavy shower in the 
forwardd calorimeter. Nevertheless, they still can produce a considerable amount of transverse 
momentumm which is mainly due to energy in the first ring of cells around the forward beampipe. 
Hencee a cut on PT(—ir) > 8 GeV is applied to remove this background. For events in the low 
gammaa region 70 < 0.4 this cut is raised to 12 GeV. 

4.99 Kinematic cuts and selection summary 

Too restrict the sample of charged current events to regions where the resolution in the kinematic 
variabless is sufficiently good and the expected background as predicted from Monte Carlo 
simulationss is small, a minimum Q2 cut is applied of 200 GeV2 and maximum y cut of 0.9. 
Inn addition PT > 11 GeV is required for events having 70 > 0.4. This threshold is raised to 
155 GeV for the timing vertex region 70 < 0.4. In figure 4.11 the selected events in the final 
samplee are plotted in the (x, y) plane. The black dots represent the events that have a vertex 
reconstructedd with the CTD while the open circles are events that have a vertex determined 
withh the FCAL timing. The latter type of events dominates the region x > 0.3. 

AA summary of all cuts that are applied to obtain the final charged current event sample is 
givenn in table 4.1. Starting from the total ARIADNE Monte Carlo sample with Q2

rue > 10 GeV2 

inn the upper row each succeeding row gives in the second column the fraction of events that 
remainn in the sample if only the cut in the first column of this particular row is applied. The 
thirdd column shows the fraction of the events that remain after applying this cut and all the 
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Figur ee 4.11: distribution of the final sample of charged current events in the (x, y) plane. Open 
circlescircles represent events where the FCAL timing is used to reconstruct the vertex (70 < 0.4) while 
thethe dots are events where the CTD is used (j0 > 0.4). 

cutss in the preceding rows. In the fourth and fifth column the number of events in real data 
thatt remain after all cuts and the fraction that is selected are shown. A total of 1047 events 
aree accepted in the final charged current sample. 
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Montee Carlo data 

cutt % accepted % accepted accepted % accepted 

off  total in this step events of total 

QQ22
truetrue > 10 GeV2 

FLT T 

SLT T 

TLT T 

DST T 

vertexx requirement 

goodd track 

alll  tracks vs. good tracks 

sparkk rejection 

NCC DIS 

photoproduction n 

high-momentumm track 

muonn rejection 

FCALL cuts 

PPTT{~ir) {~ir) 

QQ22,, y and PT cuts 

100 0 

88.2 2 

83.1 1 

83.4 4 

83.9 9 

93.0 0 

91.1 1 

99.5 5 

100 0 

98.9 9 

72.3 3 

100 0 

100 0 

99.9 9 

74.4 4 

69.0 0 

100 0 

88.2 2 

79.8 8 

79.2 2 

79.1 1 

74.9 9 

71.2 2 

71.0 0 

71.0 0 

70.2 2 

58.2 2 

58.2 2 

58.2 2 

58.2 2 

56.1 1 

52.6 6 

— — 

— — 

— — 

— — 

1319422 2 

626764 4 

294014 4 

143587 7 

135938 8 

120189 9 

7239 9 

7217 7 

2700 0 

2669 9 

1315 5 

1047 7 

— — 
_ _ 

— — 

— — 

100 0 

47.5 5 

22.3 3 

10.9 9 

10.3 3 

9.1 1 

0.55 5 

0.55 5 

0.20 0 

0.20 0 

0.10 0 

0.08 8 

Tablee 4.1: summary of all selection cuts that are applied and their effect on Monte Carlo and 
onon data. The second column shows the fraction of events in the ARIADNE charged current 
MonteMonte Carlo sample that remains after the cut in the first column has been applied. In the 
thirdthird column the fraction of events is listed that remains after the cut in the first column and 
allall  preceding cuts have been applied. The number of events in data remaining after the cuts and 
thethe fraction that is selected are shown in the last two columns. 
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