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Chapterr 4 

Beamm flux measurement 

Inn this chapter, the measurements of the energy spectra and the integral fluxes of 
neutrinoss and anti-neutrinos are described. The measurements have been performed 
forr three different operating modes of the beam-line: 

 Neutrino beam: the horn and reflector focus positively charged particles and 
defocuss particles of negative charge. 

 Anti-neutrino beam: particles of negative charge are focused while positively 
chargedd particles are defocused. 

 Unfocused beam: the horn and reflector are off. 

Thee measurements are compared to the results of the beam simulation. 

4.11 Beam flux extraction 

Inn this analysis, reconstructed charged-current neutrino interactions are used to mea-
suree the energy spectra and integral fluxes. Since the neutrino cross-section is ap-
proximatelyy proportional to the neutrino energy E, the energy spectrum of neutrino 
interactionss is directly related to the energy weighted beam spectrum. 

Thee normalization is chosen such that the energy weighted beam flux corresponds 
too the rate of interactions on an isoscalar target with surface density of 1 ton m~2. 
Thee interaction rate $(E) is then related to the unweighted neutrino flux (f>(E) in the 
followingg way: 

*(£ )) = NAafNE<P(E), (4.1) 

wheree N  ̂ is Avogadro's number and a0 is the ratio of total neutrino-nucleon cross-
sectionn and the neutrino energy. Its values are taken from Ref [3]: 

ofof = 0.677  lO-sWGeV"1, (4.2) 
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recorded d 
processedd off-line 
runn selection 
dead-timee subtracted 
off-linee corrected 

vv beam 
840,470 0 
705,359 9 
560,275 5 
499,230 0 
480,125 5 

vv beam 
461,856 6 
461,856 6 
397,567 7 
373,161 1 
358,260 0 

unfocused d 
41,084 4 
41,084 4 
40,448 8 
38,102 2 
36,902 2 

Tablee 4.1: Number of protons on target for the 1998 run. All numbers are normalized 
too 1013 protons on target. 

ofof = 0.500  of. (4.3) 

Thee interaction rate is determined from the number of events in bins of different 
energyy N(Ei), corrected for detector acceptance and resolution, and normalized to the 
binn size AE1», the surface density p, and number of protons on target Npot: 

ME)ME) =  N ^  (4.4) 

4.22 Event selection 

Thee data were recorded during an extension of the running period of the CHORUS 
experimentt in 1998. In total, 1.34-1019 protons have been delivered to the production 
target,, while the detector was taking data. The number of protons on target for the 
threee beam modes are given in Table 4.2. About 16% of the data taken in neutrino mode 
havee not been analyzed, because not all calibration constants had been determined in 
time.. About 21% of the neutrino data, and about 14% of the anti-neutrino data 
aree rejected in the run selection. The most common reason for rejection is noise or 
inefficienciess in the spectrometer or calorimeter scintillators. A small number of runs is 
rejectedd because of hardware interventions during data taking. The number of protons 
onn target are corrected for the trigger dead-time. The off-line correction takes into 
accountt various inefficiencies discussed later. 

Dataa were taken using the CACC trigger (see Section 2.5). The corresponding 
numberss of events are shown in Table 4.2 for the three beam modes. Data taking 
periodss with beam off are rejected by demanding a non-zero intensity of the proton 
beamm in the corresponding spill. Events with read-out errors are rejected. Events taken 
duringg a failure of the horn or reflector are also rejected. If, in addition to the primary 
muon,, a second muon track is detected in the muon spectrometer that is not correlated 
withh the neutrino interaction (overlay muon), the event is also rejected. 

Too ensure an efficient trigger and a well known muon acceptance, a fiducial volume 
cutt is applied. Events with the interaction vertex reconstructed in planes 2-7 of the 
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runn selection 
beamm on 
noo read-out error 
hornn and reflector on 
noo overlay muon 
reconstructedd muon 
XvtxXvtx in plane 2-7 
-900 ^thtx.z^K 90 cm 

rightt sign muon 
V»V» > 4(6) GeV 
EhadEhad < 100 GeV 
0,,0,, < 300 mrad 
100 < Ev < 200 GeV 

vv beam 
3,638,208 8 
3,622,869 9 
3,587,899 9 
3,585,852 2 
3,484,226 6 
3,411,855 5 
2,065,756 6 
1,352,992 2 

V V 

1,315,354 4 
1,234,363 3 
1,212,296 6 
1,169,042 2 
1,124,837 7 

V V 

37,638 8 
26,888 8 
26,379 9 
26,060 0 
24,316 6 

vv beam 
1,031,740 0 
1,020,459 9 
1,017,134 4 
1,013,858 8 

979,711 1 
960,855 5 
583,090 0 
356,213 3 

V V 

94,293 3 
82,469 9 
79,189 9 
78,207 7 
74,575 5 

V V 

261,920 0 
251,364 4 
250,567 7 
247,985 5 
234,036 6 

unfocused d 
92,765 5 
91,483 3 
91,303 3 
91,303 3 
88,605 5 
86,073 3 
51,300 0 
26,516 6 

u u 
21,406 6 
19,947 7 
19,323 3 
18,737 7 
17,599 9 

V V 

5,110 0 
4,660 0 
4,623 3 
4,569 9 
4,119 9 

Tablee 4.2: Event numbers obtained for the beam flux analysis. 

calorimeterr are selected. This corresponds to the second half of the EM sector and the 
fulll  HAD1 sector of the calorimeter. Interactions in the HAD2 sector are not selected, 
becausee the trigger is not efficient for these events. In the transverse directions, events 
withh the interaction vertex inside an area of 180x180 cm2, centered around the beam 
axis,, are selected. 

Thee measured charge of the muon is used to determine the type of the incident 
neutrino.. To ensure a high muon reconstruction efficiency, and to reject punch-through 
hadronss and secondary muons from hadron decay, the minimum momentum of the 
muonn is set to 4 GeV for the muon arising from the main component of the beam and 
66 GeV for the muon arising from the contamination component. 

Eventss with a hadronic energy above 100 GeV are rejected, since the effect of 
ADCC saturation (see Section 3.4.5) introduces too large a bias for events with a higher 
hadronicc energy. The upper limit of 300 mrad on the angle between the muon and the 
beamm axis assures a good acceptance and an acceptable momentum resolution for the 
muon. . 

Finally,, the selected events are divided into 20 energy bins, from 10 to 200 GeV. 
Thee bin size varies from 5 GeV at low energy to 30 GeV at high energy, where the flux 
iss low. 
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4.33 Corrections to the data 

Too obtain the interaction rate $(E), the raw number of events in each bin, Nraw(Ei), is 
correctedd for the cuts, the muon reconstruction inefficiency and the detector resolution. 
Inn addition, corrections are applied for the non-isoscalarity of the target material, and 
forr bin-centering. 

Thee corrections for the cuts, the muon reconstruction inefficiency, and the detector 
resolutionn are calculated using a MC sample, by evaluating for each bin the ratio of 
thee number of generated events (MCC) to the number of reconstructed events (MCR). 
Thiss ratio can be separated into three factors in the following way: 

NcarjEj)NcarjEj) = MC  ̂ = MCg  ̂ MCgts MCgtStmwn 

NNrawraw(Ei)(Ei) MCR M Cents MCcutŝ muon MCcut^muan 

Thee first factor on the right hand side of this equation is the ratio between the num-
berr of MC events before and after applying the cuts on the true values of the muon 
momentum,, the hadronic energy and the muon angle. This correction factor is shown 
inn Figure 4.1 as a function of the neutrino energy. At low neutrino energy, the cut 
onn the muon momentum is the dominant effect, while at high neutrino energy, the 
upperr limit on the hadronic energy dominates. The difference between the corrections 
forr neutrinos and anti-neutrinos can be understood from the differential cross-section, 
whichh is almost flat in y for neutrinos and more peaked at low y for anti-neutrinos. 
Therefore,, the cuts on pM and £ w , which affect the data at high y, have a stronger 
effectt on the neutrino data than on the anti-neutrino data. The correction is always 
largerr for the contamination component than for the main component, because of the 
moree stringent cut on the muon momentum. 

Thee second factor on the right hand side of Equation 4.5 is the ratio between 
alll  events that satisfy the cuts to those that also have a reconstructed muon. This 
correctionn factor is shown in Figure 4.2 as a function of the neutrino energy. It is less 
thann 5% for all bins. A large fraction of the low energy muons that are defocused by 
thee spectrometer magnets leave the detector before traversing all magnets. Hence, the 
correctionn factor is largest for the contamination component at low neutrino energy. 

Thee last factor on the right hand side of Equation 4.5 takes into account the detector 
resolution.. This correction is the ratio between the number of MC events with the cuts 
andd the binning evaluated using the true values to the number of events with the 
samee cuts and binning evaluated using the smeared values. This correction is shown in 
Figuree 4.3 as a function of the neutrino energy. It is generally below 5%. Only at the 
highestt energy, where the flux is low, the contribution from events with a lower (true) 
neutrinoo energy brings this correction up to about 25%. 

Thee definition of the interaction rate according to Equation 4.1 refers to an isoscalar 
target,, while the target used for this analysis consists mainly of lead. The data are 
correctedd for the differences between the cross-section of (anti-)neutrinos on neutrons 
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Figuree 4.1: Correction factors for the kinematic cuts as a function of the neutrino 
energy. . 
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Figuree 4.2: Correction factors for muon reconstruction inefficiency as a function of the 
neutrinoo energy. 
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Figuree 4.3: Correction factors for smearing as a function of the neutrino energy. 

thann on protons, using the cross-section model described in the previous chapter. This 
correctionn is shown in Figure 4.4. The effect is about 6%, almost independent of the 
neutrinoo energy and works in the opposite way for anti-neutrinos than for neutrinos. 
Thiss can be understood from the quark-parton model: neutrinos scatter predominantly 
onn d quarks, while anti-neutrinos scatter predominantly on u quarks. Therefore, the 
neutrinoo cross-section on neutrons is larger than on protons, while the anti-neutrino 
cross-sectionn is larger on protons than on neutrons. Since the calorimeter target has an 
excesss of neutrons, the isoscalarity correction is smaller than unity for neutrinos and 
largerr than unity for anti-neutrinos. 

Inn this thesis, the measured values are presented at the center of the bin, while so 
farr the average value of the flux in the bin is obtained. When the second derivative of 
thee flux is non-zero, the average value in a bin differs from its central value. Therefore, 
aa bin-center correction is applied, which is calculated as follows: 

NNcorcor(Ei) (Ei) 

((r m tnn i jpmax \ 

i i 
i?maxi?max r m m J f? ffL .. *(E)dE 

(4.6) ) 

wheree E™-m and E™ax are the bin boundaries. This correction is shown in Figure 4.5 
ass a function of the neutrino energy. The correction is typically less than 1%, except 
att high neutrino energy, due to the large bin size, and at low energy, where the beam 
fluxx varies strongly with the neutrino energy. 



4-3.4-3. Corrections to the data 55 5 

1.10 0 

1.08 8 

1.061--

l l . 0 4 4 B B 

i i 
01.02 2 
O O 
ff 1.00 
co o 
wO.98 8 o o 
to o 

0.96 6 

0.94 4 

0.92 2 

•• v in v beam • v in v beam A v unfocused 
oo v in v beam D v in v beam a v unfocused 

O ^ A Ö A A Ö ÖÖ * a a A 
aa ö a 

Figuree 4.4: Correction factors for the non-isoscalarity of the target as a function of the 
neutrinoo energy. 

1.0 4 4 

1.0 2 2 

o o 

11.0 0 0 
o o o o 

0) 1 1 
o o 
c c 

0.9 6 6 

0.9 4 4 

•• v in v beam 
oo v in v beam 

# # 
ft ft 

--

11 1 ' "  T • 1 

•• v in v beam * v unfocused 
 v in v beam A v unfocused 

* * 
• • 
•o o 

A A 

-o o 

11 1 1 1 

X X 
o o 
• • 

A A 

O O 

200 4 0 6 0 8 0 10 0 12 0 14 0 16 0 18 0 20 0 

Evv  (GeV ) 

Figuree 4.5: Correction factors for the bin-centering as a function of the neutrino energy. 
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4.44 Statistical uncertainty of the correction factors 

Thee correction factors of Equation 4.5 are calculated using a large, but finite MC 
sample.. Therefore, the statistical errors of these corrections must be taken into account. 

Forr the calculation of the corrections for the cuts and the muon reconstruction inef-
ficiency,, all events in the denominator are included in the numerator. These correction 
factorss ƒ can be rewritten as: 

wheree NA is the number of accepted events and Nj the number of events that are 
nott accepted. Since these numbers are uncorrected, the uncertainty of ƒ, óf, is the 
quadraticc sum of the contributions from the uncertainties of -NA and N-%: 

tf/=^©l%tf/=^©l%  (4.8) 

Thee numbers NA and Nj are generally large such that their uncertainty can be ap-
proximatedd with the square root of the number. 

Forr the last factor of Equation 4.5, the smearing correction, not all events in the 
denominatorr are included in the numerator and a different calculation is applied. For 
eachh bin, three uncorrelated numbers are evaluated: 

•• NGR- the number of events generated and reconstructed in the bin. 

•• ^GR: the number of events generated but not reconstructed in the bin. 

•• ^GR- the n u r n D e r of events reconstructed in the bin, but generated in another 
bin. . 

Thee smearing correction and its uncertainty are calculated as follows: 

NNGG _NGR + NGR-
JJ NR NGR + NGX

 K'} 

SfSf = W G - N R ]  ̂ 0 ^_6NG_ 0 N G  ̂ ( 4 1 0 ) 

4.55 Evaluation of the systematic uncertainties 

Systematicc uncertainties have been evaluated by repeating the same analysis for each 
systematicc uncertainty with a la shift and evaluating its effect on the beam flux mea
surement.. Nine systematic uncertainties, listed in Table 4.3, have been considered. 
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1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

hadronicc energy scale 
hadronicc energy offset 
muonn momentum scale 
muonn momentum offset 
totall  y-nucleon cross-section 
ratioo of F-nucleon and i/-nucleon cross-section 
non-linearityy of the //-nucleon cross-section 
non-linearityy of the F-nucleon to iA-nucleon cross-section ratio 
numberr of protons on target 

5% % 
1500 MeV 

2.5% % 
1500 MeV 

2.1% % 
1.4% % 

1%/lOOGeV V 
0.5%/100GeV V 

2% % 

Tablee 4.3: Systematic uncertainties for the beam flux measurement. 

Thee first four systematic uncertainties refer to the calibration of the detector. To 
reducee statistical fluctuations when repeating the analysis with different calibration 
constants,, the shifts are applied to the MC sample, and not to the data sample. The 
5%% uncertainty on the hadronic energy scale is motivated by the three effects discussed 
inn the previous chapter: the dependence of the measured shower energy of the test-
beamm pions on the vertex position, the run-dependence of the average hadronic energy 
andd the bias due to the saturation of the calorimeter ADCs. The uncertainty on the 
offsett of Ehad is motivated as follows: if the interaction vertex is reconstructed on 
averagee further upstream or downstream than the true vertex position, this would bias 
thee reconstruction of the hadronic energy, due to the subtraction of the energy deposit 
off  the muon. The uncertainty is set to 150 MeV, the typical energy deposit of a muon 
inn one calorimeter plane in the HAD1 sector. 

Thee uncertainty on the muon momentum scale has been evaluated in Ref [13]. It is 
estimatedd at 2.5%. The uncertainty of the muon momentum offset has the same con-
tributionn from the vertex reconstruction algorithm as the uncertainty on the hadronic 
energy;; it is set to 150 MeV. 

Thee next four systematic effects incorporate the uncertainties of the total neutrino-
nucleonn and anti-neutrino-nucleon cross-section. The 2.1% uncertainty on the total 
neutrino-nucleonn cross-section and the 1.4% uncertainty on the anti-neutrino to neu-
trinoo cross-section ratio are taken from Ref [3]. In addition, possible non-linearities of 
thee cross-sections are taken into account by attributing uncertainties of 1% per 100 GeV 
forr the neutrino cross-section and 0.5% per 100 GeV for the ratio of anti-neutrino and 
neutrinoo cross-section. 

Finally,, an uncertainty of 2% has been assigned to the measurement of the number 
off  protons on target. This is the uncertainty of the calibration of the beam-current 
transformerss (BCTs). 

Thee effects of each of the systematic shifts on the beam flux measurement are shown 
inn Figure 4.6. At high neutrino energy, the error from the hadronic energy scale and 
thee muon momentum scale dominate. Their effect at low energy is opposite to that at 
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highh energy, resulting in a possible distortion of the energy spectrum. The uncertainties 
fromm the total neutrino-nucleon cross-section and from the normalization of the number 
off  protons on target are usually the dominant error at intermediate energies. 

Thee effects due to the systematic uncertainties have been added in quadrature. In 
alll  figures, the outer error bar represents the quadratic sum of the statistical and the 
systematicc uncertainty. 

4.66 The beam simulation GBEAM 

Too optimize and to predict the neutrino flux, the energy spectra, and the beam contam-
inationn for the CHORUS experiment, a detailed simulation of the neutrino beam-line 
hass been performed. This simulation, called GBEAM2000, is described in detail in 
Reff  [31] and [32]. 

Inn this simulation, the production of secondary particles in the neutrino produc-
tionn target is simulated with a program based on the hadronic interaction generator 
FLUKA97[33].. The geometry of the production target and its support are modeled in 
detail.. In the simulation, the protons are incident on the target as a mono-energetic 
beamm of 450 GeV momentum; the transverse distribution of the protons is taken from 
thee measured profile. This profile shows that about 5% of the protons miss the pro-
ductionn target. 

Thee propagation of secondary particles through the beam-line, and their decay are 
simulatedd using GEANT [30]. The geometry and composition of all relevant elements 
inn the beam-line are taken into account, as well as the magnetic fields in the horn and 
reflector.. For the hadronic re-interactions downstream of the production target, the 
FLUKA977 interface was not available in GEANT, instead FLUKA92[34] was used. 

4.77 Results and discussion 

Thee resulting beam spectra are shown in Figures 4.7 to 4.9, together with the results 
fromfrom the GBEAM simulation, and the parameterization of Equation 3.28. 

Inn neutrino beam mode, the neutrino component is typically 15% below the GBEAM 
values,, except around 60 GeV, where they agree. The measured anti-neutrino contam-
inationn is also lower than GBEAM, except at very high and at very low energy. In 
anti-neutrinoo beam mode, the flux of anti-neutrinos is typically 20% below the GBEAM 
values,, but at high energy, the discrepancy reaches 40%. At energies below 100 GeV, 
thee measured neutrino contamination is slightly higher than GBEAM. 

Thee unfocused beam-mode is particularly interesting, since the comparison between 
measurementt and GBEAM is independent of the focusing system. At low energy, the 
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Figuree 4.6: Relative effect of a shift of la of each systematic uncertainty on the beam 
fluxflux measurement, as a function of the neutrino energy. 
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Figuree 4.8: Measured and simulated beam spectra in anti-neutrino beam mode. 
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vv in v beam 
FF in v beam 
vv in F beam 
FF in F beam 
1// unfocused 
FF unfocused 

DATA A 
580.11 6 5 
12.99  0.1  0.4 
52.88  0.2  1.6 

162.33  0.3  5.5 
 3.5 

27.99  0.4  0.9 

GBEAM M 
645.99 0 
14.11 2 
49.22 6 

204.55 7 
110.11 9 
31.11 3 

Tablee 4.4: Interaction rates in units of (1016Npot)"
1(tonm~2)~1 on a 180x180 cm2 

surfacee at the calorimeter for neutrinos between 10 and 200 GeV. The first error is the 
statistical,, the second systematic. 

vv in v beam 
FF in v beam 
vv in F beam 
FF in F beam 
vv unfocused 
FF unfocused 

DATA A 
47.077 4 4 
48.877 5 4 
63.288 8 2 
36.077 6 4 
58.011 4 4 
42.777 1 8 

GBEAM M 
46.833 6 
50.200 0 
66.244  0.77 
37.599 4 
60.788 3 
46.488  0.49 

Tablee 4.5: Average interaction energies in units of GeV on a 180x180 cm2 surface at 
thee calorimeter for neutrinos between 10 and 200 GeV. The first error is the statistical, 
thee second systematic. 

measuredd neutrino flux is slightly higher than GBEAM but at high energy the measured 
fluxflux is lower. The measured anti-neutrino flux is significantly below the GBEAM values, 
especiallyy at high energy. 

Thee integrated interaction rate and the average interaction energy of the measured 
beambeam spectra and of the GBEAM simulation are summarized in Tables 4.4 and 4.5. In 
Figuree 4.10, these values plotted as a function of the beam operation mode. 

Bothh the measurements and GBEAM show that the focusing of the mesons with 
thee horn and the reflector increases the flux of the desired beam component by a factor 
off  about 5, while that of the contamination component is reduced by a factor of about 
2.. Since the focusing system is more effective for low-energy mesons than for high-
energyy mesons, the average energy of the desired beam component is reduced, while 
thee average energy of the contamination component becomes higher. 

Thee left plot of Figure 4.10 suggests that the differences between the measurements 
andd GBEAM can be attributed to two effects: an overestimation in the simulation of 
thee yield of negative mesons, and a focusing power that is not as strong in reality as 
simulatedd in GBEAM. 

Thee first effect is in agreement with the results of the SPY experiment [35], which 
recentlyy measured the yield of pions and kaons from 450 GeV protons on beryllium. 
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Figuree 4.10: Comparison of integrated beam flux (left) and the average energy (right) 
betweenn measurement and GBEAM. 
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Figuree 4.11: Measured peak currents in the horn and reflector as a function of the 
runn number. The units on the vertical scale are arbitrary. The nominal value of the 
horn(reflector)) current is about 225(195). 

Comparisonss between FLUKA92, FLUKA97 and the SPY data [36] indicate that the 
yieldd of negative mesons is overestimated in both FLUKA92 and FLUKA97. 

Thee second effect can be explained by a smaller current in the horn and reflector 
thann simulated in GBEAM. It can be seen from Figure 2.2 that the horn and reflector 
currentss are not maximal for the first and last 2 ms of the physics gate. The horn 
andd reflector currents have been measured during the 1998 running period. Their peak 
currentss are shown in Figure 4.11. While the horn current has been stable within 1% 
overr the full period, the current in the reflector is unstable and typically 10% below 
thee nominal value. 

4.88 Comparison between data and Monte Carlo 

Too test the validity of the corrections described in Section 4.3, a comparison is made 
betweenn the data sample and the MC sample of the distributions of the vertex coordi-
natess and some kinematical variables. Because the MC sample is generated according 
too the measured beam spectra (see Section 3.4), this comparison is not sensitive to the 
observedd differences the measured fluxes and GBEAM. Instead, this comparison is a 
testt of the understanding of the reconstruction algorithms, the differential cross-section 
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Figuree 4.12: Comparison between data (points) and MC (histogram) of the transverse 
vertexx distributions of neutrino and anti-neutrino events in the three beam modes. 

modell  used for the MC generator and the angular divergence of the beam. 

Inn Figures 4.12 to 4.16, the number of reconstructed events is shown as a function of 
variouss reconstructed quantities. The MC has been rescaled to the measured number 
off  protons on target of the data sample. For each beam mode, the number of generated 
MCC events is at least ten times bigger than the data sample. The distributions from real 
dataa are shown with error bars, the distributions from MC are shown as histograms. 

Inn Figure 4.12, the distributions of the transverse coordinates of the reconstructed 
interactionn vertex are shown for neutrinos and anti-neutrinos for the three beam modes. 
I tt can be seen that there is good agreement between the data and the MC. Both in 
dataa and in MC, the beam is more collimated for the focused beam component than 
forr the unfocused or the defocused beam components. 

Thee focusing properties of the horn and the reflector system are further studied 
byy comparing the transverse vertex distributions at different neutrino energies. These 
distributionss are shown in Figure 4.13. It can be seen that both in data and in MC, 
thee beam is most strongly collimated around 45 GeV. At low energy, the larger beam 
divergencee is a consequence of the relatively smaller Lorentz-boost of the mesons. High-
energyy neutrinos originate predominantly from kaon decay, which give a wider angular 
spreadd (see Section 2.1). 

Comparisonss between real data and MC for the distributions of the muon mo-
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Figuree 4.13: Comparison between data (points) and MC (histogram) of the trans-
versee vertex distributions of the main component in the neutrino beam mode at three 
differentt energies. 

mentum,, the hadronic energy, and the muon angle are shown in Figures 4.14 to 4.16 
Thee distributions of the muon momentum agree well both for neutrinos and for anti-
neutrinoss in all three beam modes. The data of the anti-neutrino contamination in the 
neutrinoo beam exceed the MC sample at high hadronic energy. This may be caused by 
aa background from neutral current interactions where a shower particle decays into a 
muon.. This background has not been taken into account. In all plots, the data show 
ann excess of low hadronic energy events. This may be due to quasi-elastic neutrino 
interactions,, which have almost zero hadronic energy and are not modeled in the MC. 
Thee distributions of the muon angle are in reasonable agreement. 
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Figuree 4.14: Comparison between data (points) and MC (histogram) of the muon 
momentumm distributions of neutrino and anti-neutrino events in the three beam modes. 
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Figuree 4.15: Comparison between data (points) and MC (histogram) of the hadronic 
energyy distributions of neutrino and anti-neutrino events in the three beam modes. 
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Figuree 4.16: Comparison between data (points) and MC (histogram) of the muon angle 
distributionss with respect to the central beam-line of neutrino and anti-neutrino events 
inn the three beam modes. 
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