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Chapter 1
Introdution

The study of proton interations with di�erent atomi targets represents the en-tral goal of the Main Injetor Partile Prodution (MIPP) experimental programmewhih is aimed at a omprehensive study of hadroni interations at various ener-gies. The MIPP detetor layout ombines wide aeptane overage with ompletepartile identi�ation, the aim being to ollet large statistis data samples for allinteration types. This provides the basis for a model independent understanding ofthe underlying prodution mehanisms.The MIPP experiment measures the seondary hadron prodution spetra in dif-ferent momentum regions, and the present study addresses the pion/kaon ratio in120 GeV= proton on NuMI target interations for momenta above 20 GeV=. Themotivation for these measurements omes from long-baseline neutrino osillation ex-periments, suh as MINOS (Main Injetor Neutrino Osillation Searh) [2℄, whih use1



Chapter 1: Introdution 2proton-target ollisions to produe a well understood neutrino beam. The neutrinosin these experiments originate as the deay produts of mesons (mainly pions andkaons) or of muons, whih themselves are primarily pion or kaon deay produts.Thus, understanding the detailed omposition of aelerator neutrino beams reliesheavily on understanding the nature of the hadroni asade, i.e. the produtionspetra of the seondaries resulting from the ollision of a high energy partile.The available experimental data on this topi are presently not extensive. Thepreision of the MINOS experiment depends on the auray of the preditions of theneutrino uxes at the Far detetor based on the observations in the Near detetor.This extrapolation of the neutrino energy spetrum is a strong funtion of the detailsof the prodution spetra of the seondary pions and kaons. The MIPP Experimenttherefore aims to provide high preision referene data for the experiment.The layout of this thesis is arranged as follows: previous measurements are dis-ussed in Chapter 2. In Chapter 3, the MIPP experimental setup at Fermilab isdesribed. Chapters 4 outlines several key reonstrution stages whih are importantfor this analysis. Chapter 5 desribes the NuMI target analysis, the results of whihare presented and disussed in Chapter 6.



Chapter 2
Partile Prodution

One of the largest unertainties in the extrapolation of the Near detetor neutrinospetra to the Far detetor site in MINOS arises from hadron prodution modelingof the NuMI target. This hapter reviews the available data and its relevane to theNuMI beam. The unertainties in the absolute predition and the relative Far-Nearspetra due to unertainties in hadron prodution are also estimated.
2.1 Partile Prodution Data from Related Exper-imentsThe predition of seondary prodution on the NuMI target has large unertaintiesprimarily due to the lak of available data relevant to the NuMI ase. The mostrelevant measurements are as follows: Atherton et al[6℄, Barton et al[7℄ and SPY [8℄.3



Chapter 2: Partile Prodution 4Figure 2.1 shows the p and pT distribution of � at the target weighted by the numberof predited neutrino interations produed at the MINOS Near and Far detetorsfor the low energy beam. Superimposed on the p and pT distributions are pointsshowing where previous measurements have been made. While the SPY data over areasonable fration of the peak region (0<p<10 GeV=), the hadron prodution datain the high energy tail (p >20 GeV=) are signi�antly more sparse.

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120

Low Energy Beam

N
p
>8

N
p
>30

N
p
>100

Far Detector

ν
µ
 CC Events

Atherton
400 GeV/c p-Be

Barton et al.
100 GeV/c p-C

SPY
450 GeV/c p-Be

Near Detector

P (GeV/c)

P
T
 (

G
eV

/c
)

Figure 2.1: The distribution in p and pT for seondary pions produed on the NuMItarget. Seondaries have been weighted by their ontributions to the neutrino eventrate at the Far (top) and Near (bottom) detetors. Overlaid are the loations ofexisting hadron prodution measurements [9℄.Most of the available data was taken using Beryllium targets at signi�antly higher



Chapter 2: Partile Prodution 5primary momentum and on shorter targets than that used by MINOS. The data mustbe extrapolated from di�erent target nulei and beam momentum to be applied tothe NuMI ase. For these reasons, roughly 20-30% unertainties in the preditions ofthe seondary prodution of protons from the NuMI target are introdued.
2.2 Simulations of Partile Prodution from theNuMI Target and Unertainties in the NuMINeutrino SpetraTo estimate the impat of unertainties in hadron prodution, simulations andparameterizations of the NuMI target have been made [9℄. Figure 2.2 ompares thepreditions of the MINOS absolute neutrino event rates at the Near detetor forfour hadron prodution models of the NuMI target: GFLUKA (GEANT-FLUKA[10, 11, 12℄), MARS [13, 14, 15, 16℄, BMPT [17℄ and Malensek [18℄. Variations in theabsolute preditions are roughly 10-25%.The extrapolation of the Near spetrum to the Far spetrum is not straightforward.The distane to the Far detetor is roughly 1000 times larger than the length of theNuMI beamline. Thus, to a very good approximation the Far detetor sees a pointneutrino soure. However, the Near detetor sees an extended soure of neutrinos.Figure 2.3 shows the estimated ratio of the Far neutrino ux to the Near neutrino uxfor the same four models. The preditions di�er by as muh as 20% in the Far/Near



Chapter 2: Partile Prodution 6
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Chapter 2: Partile Prodution 7
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Chapter 3
The MIPP Experiment

The Fermilab experiment E907: the Main Injetor Partile Prodution (MIPP)Experiment took �xed target data in the Meson Center Beam Enlosure 7 (MC7)beamline of the Meson Area at Fermilab from summer 2004 until the beginning of2006. The experiment is designed to perform high statistis studies of hadron-nuleusinterations at various momenta (5 - 120 GeV=) for target nulei ranging from Hy-drogen to Bismuth. It uses the 120 GeV= proton beam from the Main Injetor andmeasures partile prodution from primary beam interations in the NuMI/MINOStarget and primary and seondary beam interations in a variety of thin targets. Thisdata has appliations in many �elds of physis inluding neutrino beams, atmospherineutrinos, nulear physis, heavy ion physis, and proton radiography. The fous ofthis thesis is the analysis of data from the NuMI target running.In the following setions, the details of the beamline and the detetors are de-8



Chapter 3: The MIPP Experiment 9sribed.
3.1 The BeamlineMIPP runs in the Meson Center beamline. The experiment onsists of a seondarybeamline ontaining a beam transport pipe and a set of of Cherenkov ounters. Apiture of the physial layout of the MIPP beamline is given in Figure 3.1.

Figure 3.1: The elements and an elevation view of the MIPP beamline.Primary data are aquired at 120 GeV= by transporting a low intensity beamfrom the Main Injetor diretly onto the NuMI target. The beam ux is limited by



Chapter 3: The MIPP Experiment 10the data taking rate of the experiment. The Meson Center beamline also serves toprovide a seondary beam of ��, K�, and p� partiles to the MIPP experiment. Theseondary beam momenta range from 5 GeV= to 90 GeV=. The inident seondarybeam speies are tagged by threshold beam Cherenkov ounters upstream of theseondary target.3.1.1 Primary BeamlineThe primary beamline omes diretly from the Main Injetor. Control over pri-mary beam harateristis is established through a fousing quadrupole doublet andadjustable ollimators loated upstream of the primary target. Due to enlosurerestritions and data taking rates in the Time Projetion Chamber (TPC, to be de-sribed in Subsetion 3.3.1), intensity on the primary beam was attenuated to lessthan 105 partiles per seond. By tuning the primary optis and the ollimator aper-ture, the desired primary beam intensity was ahieved. During the NuMI targetrunning period, it was neessary to redue the beam intensity to 103 partiles/spill,with a 4-seond spill ourring every two minutes from the Main Injetor. This isbeause the NuMI target is two-interation lengths long and so 90% of the inidentpartiles interat with the target. The primary beam intensity had to be maintainedat a lower rate so that the desired event rate was ahieved thus avoiding pile-ups.



Chapter 3: The MIPP Experiment 113.1.2 Seondary BeamlineUsing protons from the Meson Center beamline, a seondary beam of harged�'s and K's is produed. The �'s and K's impinge on a seondary target - thesattering on the seondary target being the fous of the experiment. The seondarybeamline is apable of seleting and transporting a beam with an energy in the rangeof 5 - 90 GeV=. The seondary beamline must aommodate both the demandedmomentum resolution and the preision in partile identi�ation. The former requiresthe momentum-dispersed beam size to be larger than the transverse beam size andthe latter requires low divergene at the Cherenkov detetors. A series of dipolesperforms the momentum seletion followed by the Cherenkov ounters whih identifythe beam partiles.The primary target is a 0.5�0.5�20 m opper blok, loated in between fourdipole magnets. The �rst two dipoles bend the beam onto the primary target inMC5, and the latter two dipoles bend the beam bak onto the beam enter line forthe Meson Center. In addition, three quadrupoles downstream of the primary targetfous the beam onto a jaw ollimator, with a vertial aperture whih an be varied.The strength of the downstream dipoles determines the entral momentum value ofthe beam, and the momentum spread, dp=p, is then set by the jaw aperture size.Finally, the beam is refoused onto the E907 experimental target by three additionalquadrupoles.



Chapter 3: The MIPP Experiment 123.1.3 Beam CherenkovThe two Beam Cherenkov ounters are long ylinders with heads at the exit ofthe ounters. Eah ounter is read out through two PMTs - the inner PMT, whihis overed by a seond mirror with an aperture, and the outer PMT. The Cherenkovlight from di�erent partile types is reeted from the fousing mirror on the head.The reeted light below the uto� angle is foused into the seond mirror. The lightthat passes through the aperture of the seond mirror is deteted by the the innerphotomultiplier. The reeted light above the uto� angle is deteted by the outerphotomultiplier. The uto� Cherenkov angle for the upstream ounter is 5 mrad andthe angle for the downstream ounter is 7 mrad. The purpose of these ounters isto identify the three possible beam partile speies - protons, kaons, and pions. Oneounter is used to separate pions from kaons, and another is used to separate kaonsfrom protons. The partiles are all at the same momentum and that momentumranges from 5 to 90 GeV=.For eah threshold Cherenkov detetor, one partile is below threshold and oneis above. The lengths of the detetors are determined by the mass di�erene of thepartiles whih need to be di�erentiated and the momentum at whih the di�erenti-ation is made. The long detetor is 22.9 m (to separate the pions from kaons) andthe shorter one is 12.2 m long (to separate the protons from kaons), so they yield thesame number of photoeletrons in the worst ase (high momentum).At spei� pressure, the protons are below threshold in the upstream ounter,



Chapter 3: The MIPP Experiment 13and the kaons and the pions are above the threshold and emit light in both. TheCherenkov light from the kaons are deteted mostly by the inner PMT of the upstreamounter and the outer PMT of the downstream ounter. The light from the pions isinident on the outer PMT of the upstream ounter, and the light from the protonsfous onto the inner PMT of the downstream ounter. Using two threshold Cherenkovdetetors, one an then determine whih partile passed, by looking for whih PMTsget hit by Cherenkov light.For the ase of pion/kaon separation, the required momentum range an be aom-modated by using Nitrogen gas. Also, the index of refration is hanged by varyingthe gas pressure so that the Cherenkov light of seleted partiles goes through theaperture and hits the inner phototube. The Cherenkov light from partiles withmasses di�erent from those of the deteted partile hit the outer phototube. In thease of the proton/kaon separation, the same gas is used for most of the momentumrange. At low momenta (below 30 GeV=) a larger index of refration than Nitrogenis required. C4F10 is used with maximum pressure to be set at about 3 atm. Thelower momentum beams (5 GeV=) an be separated by Time-Of-Flight instead ofusing a high index of refration gas.
3.2 TargetsThe MIPP experiment uses three di�erent types of target: nulear targets, aryogeni target and the NuMI target.



Chapter 3: The MIPP Experiment 14The prodution thin nulear targets are mounted on a target wheel, whih wasbuilt by the University of Colorado and taken to Fermilab unassembled. It ontains6 slots, only four of whih are oupied at any one time. The targets employed areBeryllium, Carbon 1%, Carbon 2%, Aluminum, Copper, Silver and Bismuth. In theorder given, the targets are 0.94, 0.57, 0.94, 0.992, 0.973, 1.4 and 0.87 interationlengths. The two vaant slots were used for bakground measurements. The wheelis not entered on the beam, sine the target holes are o�-axis. The wheel is turnedby an ACNET (Fermilab Aelerator Control NETwork) ontrolled motor mountedto the Time Projetion Chamber (TPC) table upstream of the TPC, and outside ofthe magneti �eld of the "Jolly Green Giant" (to be desribed in Subsetion 3.3.7).The ryogeni target is used to run with liquid hydrogen, and requires a speialsetup.MIPP used the spare NuMI target from MINOS, whih is shown in Figure 3.2.The target ore onstitutes 47 graphite segments soldered to two stainless steel oolingpipes with an external diameter of 6.0 mm and thikness of 0.4 mm. Eah graphitesegment is 0.64 m wide, 2.0 m tall and 1.36 m long with a 0.67 m gap in betweensegments. The gaps between the segments allow most of the produed pions andkaons to leave the target before interating and avoid ontat of heated segments.The target ore is inserted into a 0.4 mm thik, 30 mm diameter Aluminum ylinderasing. The total length of the asing is about 1.2 m long.The NuMI target is made from arbon and almost 2 nulear interation lengths.
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Figure 3.2: Shemati of the NuMI target design [19℄.This leads to �90% of the inoming protons to interat within the target, thus re-duing the bakgrounds reated by non-interating protons and maximizing mesonprodution.The pair of stainless steel ooling tubes were designed to remove heat depositedin the target in MINOS. Sine the beam intensity during MIPP NuMI running pe-riod was muh lower than MINOS, no water was irulated in the tubes. And thiswas taken into aount in the MIPP Monte Carlo simulation, whih is desribed inSetion 4.1.



Chapter 3: The MIPP Experiment 163.3 The DetetorsMIPP is a low-ost experiment whih uses existing hardware to measure and iden-tify a range of partiles over a wide momentum range. The perspetive layout of theMIPP experiment is shown in Figure 3.3 with the beam oming from the upper left,and Figure 3.4 shows a plan view of the MIPP detetors with a simulated shower inthe Eletromagneti Calorimeter (EMCAL) and the Hadroni Calorimeter (HCAL).The sub-detetors are reused from previous Fermilab and Brookhaven �xed targetexperiments. The experiment uses a Time Projetion Chamber (TPC) most reentlyused in the Brookhaven E910 experiment to provide vertex and trak reonstrution[20℄. The TPC also provides partile identi�ation at the lowest partile momenta(p < 0:7 GeV=). The TPC is plaed in a large magnet (the "Jolly Green Giant",JGG) whih provides a �eld of 7 kG. Following the TPC, a threshold Cherenkovdetetor (also from E910) provides partile identi�ation in the momentum rangefrom 3 to 17 GeV=. A Time-Of-Flight (TOF) system is used to �ll in the gap inpartile identi�ation between 0.7 GeV= and 3 GeV=. The TOF is designed tohave a 200 ps timing resolution, providing 2.5 � partile identi�ation separationat 2 GeV=. Then follows the ROSIE spetrometer magnet (most reently used inthe DONUT experiment [21℄), whih provides a 10 kG magneti �eld. Multi-wireproportional and drift hambers, taken from the SELEX [22℄ experiment and theE690 [23℄ experiment respetively, are interspersed throughout the apparatus. Theseare used in addition to the TPC for partile traking. Downstream of ROSIE and



Chapter 3: The MIPP Experiment 17the wire hambers is a Ring Imaging Cherenkov detetor (RICH). Above 17 GeV,partile identi�ation is provided by the RICH, whih was originally built for theSELEX experiment [24, 25, 26℄ at Fermilab. This detetor is of partiular impor-tane to the NuMI target measurement as the momentum range above 10 GeV is themost relevant for the MINOS neutrino uxes. The �nal detetors in the hain are aneletromagneti alorimeter and a hadroni alorimeter.

Figure 3.3: Layout of the MIPP experiment.
3.3.1 Time Projetion ChamberOne of the most important detetors in the MIPP Experiment is the Time Pro-jetion Chamber (TPC), operated with P10 (90% Ar, 10% CH4) gas, a -10 kV drift
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Figure 3.4: Plan view of the E907 detetors.potential, and +1,300 V anode potential for gas gain of the ionization signal. TheTPC was built by Lawrene Berkeley National Laboratory (LBL) for the EOS exper-iment at the Bevala [27, 28, 29, 30, 31, 32, 33℄. Figure 3.5 shows an exploded viewof the hamber with the outer ase removed.The TPC provides true 3D traking in the magneti �eld for most of the partilesexiting on the downstream side of the target. The ative traking region in theTPC is a retangular box 1.5 m long in the beam diretion, 96 m wide in thebending diretion and 75 m high in the drift diretion, with a uniform eletri �eldof 120 V/m. The beam passes diretly through the enter of the TPC volume. The
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Figure 3.5: Exploded view of the TPC with the outer ase removed. The ativevolume is de�ned by the pad plane, �eld age, and high voltage (athode) plane [27℄.traking in the magneti �eld of 7 kG measures partile rigidity and multi-samplingof dE/dx along the trak provides partile identi�ation.The TPC was on�gured as a drift volume enlosed with a retangular �eld agesitting over a single, multi-wire proportional hamber (MWPC) - pad plane struture.Charged partiles passing through the ground array are aelerated into anode wires.The eletrons drift down under the inuene of a uniform eletri �eld set up by theathode plane and ground wire array (Figure 3.6). The eletrons pass through theground array and are aelerated into anode wires. The eletron-gas sattering that



Chapter 3: The MIPP Experiment 20ours in the high �eld region around the anode wires auses additional ionization.The ionization indues image harges in the pads, whih are ampli�ed and digitizedby the MWPC and reorded as a funtion of time. The MWPC pad plane providesa full 2D readout and the drift time provides the third dimension. The MWPC padsystem is omposed of 20 �m anode wires on a 4 mm pith loated 4 mm above asingle panel, whih is a ontinuous retangular array of 8 mm by 12 mm pads (15,360pads total). The eletrons reate avalanhes as they drift to the anode wires. Thepositive ions reated in the avalanhe indue signals in the pads as they drift fromthe anode region. The indued signal is spread over 2 to 3 pads allowing aurateposition determination through reonstrution. The TPC volume is divided up intoa 2.5 million pixel volume (128 pad rows�120 pads�160 time bukets). The driftveloity is 5 m/�s.

Figure 3.6: Sketh of the wire planes and �eld lines [27℄.The 15,360 pads are read out via ustom original eletronis and a VME interfae



Chapter 3: The MIPP Experiment 21to ommerially available data aquisition proessors. The signals are written at10 MHz and they are readout and digitized at a low rate with a ommerial 12 bitADC hip. Our data was reorded in 100 ns time bukets.3.3.2 Time-Of-FlightThe TOF wall is loated immediately before the ROSIE magnet and onsists ofsintillator with R5900U phototubes. This system measures the time of ight for thepartiles between the target and the sintillator. The size of the TOF is 3.5 m wideby 3 m high. It has 54 3 m long sintillator bars, with 40 5 m�5 m bars at theenter and the sides overed by 10 m�10 m. The TOF has the ability for partileidenti�ation between 1 GeV and 3 GeV, and it ahieves 180 ps resolution on beamtraks. However, due to the trigger, a 150 ns delay able was inserted. This ausedvariations up to 2 ns due to temperature hanges in the experimental hall.3.3.3 CherenkovThe Cherenkov detetor, shown in Figure 3.7(a), is loated immediately down-stream of the �rst drift hamber. It is used to identify pions, kaons and protons. Thegas radiator, C4F10, has a low threshold momentum of 2.6 GeV= for harged pions,and 17 GeV= for protons.The box dimensions are W�H�D: 2.8194 m�3.3274 m�1.143 m. The size ofthe front aperture is 139.7 m�190.5 m. There are 96 primary mirrors arrayed into
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(a) A shemati view. (b) The mirror numbering when look-ing at the front of the ounter, withbeam heading into the sreen.

() Side View.Figure 3.7: The Cherenkov detetor.



Chapter 3: The MIPP Experiment 23two mosais assembled on upper and lower panels. The mirrors ome in three sizes:6"�6.928", 12"�13.856" and 12"�9.660". The 6" mirrors are 1 mm thik glass,while the others are 1.5 mm thik. These mirrors divide the ommon radiator volumeinto the 96 detetion volumes giving the detetor its segmentation. Eah mirror ismathed to an individual phototube. Smaller mirrors over the entral part of theounter where the partile densities are higher. The mirror numbering and size areshown in Figure 3.7(b).The seondary mirrors are right angled ones, tipped suh that the axis of symme-try is oinident with the reeted entral ray from the target o� of the appropriateprimary mirror. The seondary mirrors reet Cherenkov light onto the photoath-odes of the photomultiplier tubes. The side view in Figure 3.7() shows the shematiof the Cherenkov and the arrangement of the optis.The tubes are modi�ed with a wavelength shifting oating on the photoathodewindow surfae to inrease the detetion eÆieny by shifting blue Cherenkov lightto green wavelengths.3.3.4 Ring Imaging Cherenkov DetetorThe RICH detetor [24, 25, 26℄, pitured in Figure 3.8 uses a 32�89 array of 12 inhphotomultiplier tubes. An example event display is shown in Figure 3.9. The PMTarray is used to measure the Cherenkov ring radius of partiles traversing the gasvolume.
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Beam

Beam
Window

Phototube
Array

Mirror
f = 10m1mFigure 3.8: A shemati view of the RICH detetor [25℄.

Figure 3.9: Online display in the RICH detetor.The main parts of the detetor (vessel, mirrors, photon detetors) are brieydesribed below.Vessel and Gas SystemThe RICH vessel is a low arbon steel radiator 10.22 m in length, 2.4 m. indiameter and with a wall thikness of 12 in, �lled with Carbon Dioxide at about



Chapter 3: The MIPP Experiment 251.03 atm. The end anges are 1.5 in. thik aluminum with provisions for thin beamwindows and a phototube holder plate to be desribed later.Provisions were made for thermistors at both ends of the vessel to monitor in-ternal temperature and a LED pulser test array to supply alibration signals for thephototubes.The vessel is tilted o� the horizontal axis by 2.4Æ with the beam entering horizon-tally through a thin window so that partiles do not pass through the phototubes.Over the ourse of a running period lasting for about a year the oxygen level waskept at 1000 parts per million. The volume of CO2 slowly leaks over time, so CO2was added on a weekly basis to keep the pressure variation to within 1%.To monitor the status of the detetor, the following parameters were logged: at-mospheri pressure, vessel pressure, vessel upstream temperature, vessel downstreamtemperature, temperature at several loations within the phototube box, voltages atthe end of the HV Zener diode hains, and status of the low voltage system.MirrorsThe mirror plane at the end of the vessel onsists of an array of 16 hexagonallyspherial mirrors, as shown in Figure 3.10. The mirrors are mounted in an arraywhih is approximately 2.4 m wide and 1.2 m high, �xed individually to a at, lowmass honeyomb panel of 1 in. thikness with a 3-point kinemati mount. Eahmirror is 40 m aross (46 m tip-to-tip), 1 m thik, made of low expansion glass,
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Figure 3.10: Mirror layout in the vessel. The numbers show the deviation from theaverage enter of urvature for the horizontal (top) and vertial (bottom) oordinatesin entimeters [25℄.and has a reetivity > 85% at 160 nm. The average radius of the mirrors is 19.8 mwith a deviation of less than 5 m RMS between mirrors as well as on one mirror.After mounting the mirrors on the honeyomb panel, alignment was performedusing a laser, the mirror angles were adjusted until the reeted spot was observedbak at the enter of urvature.Photon DetetorsThe phototube holder plate at the foal plane is shown in Figure 3.11. Thephototube matrix onsists of 2848 (89 olumns�32 rows) hexagonally lose paked(0.635 in. spaing) holes of approximately 0.6 in. diameter.One side of eah hole is a straight hannel 2 in. in depth, whih is used to support
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Figure 3.11: Front view (top) and partial ross setion (bottom) through the photo-tube holder plate [25℄.a phototube. A quartz window of 2 mm thikness was inserted into this side of thehole and glued in plae. The other side of eah hole is a tapered hannel 1 in. indepth, with an inner radius of 0.4 in. An aluminized mylar one is inserted intothis side for eah phototube and extends slightly out from the blok in order to giveessentially 100% overage for deteting photons.Two di�erent types of 12 in. diameter photomultipliers are used. The �rst is aommerially available Hamamatsu tube (R760) whih has a quartz window allowingphoton detetion down to 170 nm. It has a quantum eÆieny of approximately 25%at its peak wavelength of 350 nm. The seond is a Russian tube (FEU60) whih hasa glass entrane window. These tubes were oated with wavelength shifter to reah



Chapter 3: The MIPP Experiment 28the same wavelength range as the R760 tubes. The FEU60 tubes have an averageeÆieny of only 36% ompared to the R760 phototubes, i.e. 9% quantum eÆieny.Tubes are grouped by operating point so that eah olumn of 32 tubes an be run atthe same high voltage.In Marh 2004, due to a short on an FEU base, the RICH PMT array aughton �re and about 600 phototubes were damaged. The remaining tubes were spreadthroughout the array: in the entral part of the phototube holder plate the Hama-matsu R760 tubes were installed in every 4th olumn starting at olumn 17 and endingat olumn 73; 15 olumns were equipped with R760 tubes. The empty olumns areloated in every 4th olumn between olumn 0-40 and olumn 50-89. In the rest ofthe matrix, FEU60 tubes were installed.To aommodate the wide range of operating voltages for the phototubes and thelarge number of tubes, six hains of air-ooled Zener diodes were used, eah drivenby a high voltage power supply delivering 200 mA. The voltage for eah of the ativeolumns was hosen based on the valid range of operating voltages for the set of tubeson the olumn.The phototubes are grouped in sets of 16, two sets omprising a olumn of 32phototubes in the 89�32 matrix. The output signals from a group of 16 phototubesare soldered onto paddle ards. The paddle ards plug into a bakplane in one ofthree rates, loated on top of the phototube box.The readout eletronis, mounted on ards in the rates, onsist of a x20 di�er-



Chapter 3: The MIPP Experiment 29ential ampli�er and an analog omparator - one set per PMT, 32 sets per ards, andone ard for eah PMT olumn.The front-end eletronis originally used in the SELEX experiment were om-pletely replaed. The eletronis prototype was produed at Fermilab and the pro-dution boards were fabriated and tested at Harvard University.The front-end eletronis ards are arranged into 3 rates, with 30 ards in eahof the �rst two rates and 29 ards in the third rate. Eah rate is ontrolled by oneVME ontroller board.3.3.5 Eletromagneti and Hadroni CalorimeterThere are two alorimeters at the downstream end of the apparatus, an Eletro-magneti Calorimeter (EMCAL) and a Hadroni Calorimeter (HCAL) [34℄ . Thelengths of these are 0.35 and 9.7 interation lengths respetively. The transverse di-mensions are 152.4 m2 and 100 m2 respetively. One of the main purposes of theEMCAL is to detet and measure the angles and energies of forward going photons.The HCAL detets neutrons and other hadrons and measures their energies.Figure 3.12 shows a side view of the EMCAL and HCAL. The EMCAL onsists of5 horizontal and 5 vertial planes of proportional hambers attahed to 0.2 inh-thiklead (absorber) sheets. Eah layer has 1 radiation length of lead and 8 hambers.The proportional tubes were onstruted from aluminum extrusions with anode wiresstrung through the enter of eah tube. The anode wires are 162 m long and 25 �m in



Chapter 3: The MIPP Experiment 30diameter and the wire-to-wire spaing is 2.54 m. There are 8 hambers and 64 wiresin eah plane and horizontal and vertial wire planes are staked alternately to mea-sure x and y positions. After assembly, the ative volume is 162 m�162 m�31 m.The EMCAL is 10 radiation lengths.

Figure 3.12: Side view sketh of the alorimeters.The tubes use a gas mixture of P10 and CF4 in an 86% - 14% ratio. The operatingvoltage for the anode wires is +2.3 kV. The operating voltage was hosen with theintent of maximizing dynami range while at the same time providing sensitivity forthe detetion of minimum ionizing radiation.Pulses from the wires are shaped and ampli�ed after whih they are digitized byADCs and read out through a ustom CAMAC module. The entire set of 640 wiresis digitized by 4 ADCs in parallel.The HCAL is situated behind the ECAL, and it is the most downstream detetor.



Chapter 3: The MIPP Experiment 31The alorimeter spei�ations are given in Table 3.1. The alorimeter is mountedon a stand with jaks that allow limited vertial movement. A more detailed sideview of the HCAL is found in Figure 3.13, showing showing �bers, light guides, andphotomultipliers. The alorimeter is omposed of 64 layers of 24.1 mm thik Fe and5 mm thik sintillator, giving a sampling fration of 3.5% and a total thikness of88.5 radiation lengths and 9.6 interation lengths. Its ative area is 0.990 m wide by0.980 m high. Table 3.1: Hadroni alorimeter spei�ations [34℄.Type: Sampling (Fe:sintillator, 5:1)Composition 24.1 mm Fe, 5.0 mm PS sintillatorLayer depth: 36.93 mmNumber of layers: 64Size (x�y�z): 0.990�0.980�2.388 m3Mass: 12667 kgCell size :(x�y�z) 0.495 m�0.980 m�16 layersTotal ells: 8 (2x�1y�4z)Fiber diameter: 2.0 mmFiber separation: 30.0 mmFibers per ell: 16�16 = 256Total �bers: 8�256 = 2048Interation length: 2.40�I per ell9.62�I totalRadiation length: 22.1X0 per ell88.5X0 totalSampling fration: 3.54%The alorimeter is omposed of Kuraray SCSN-81 PS sintillator. Eah of the64 sheets of sintillator has 32 keyhole-shaped hannels milled into it, and they areseparated by 30 mm. The light of the sintillator sheets is brought out by Biron
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Figure 3.13: Hadroni Calorimeter details.single-lad BCF-92 wavelength shifting �bers with a 2 mm diameter.3.3.6 Drift and Proportional ChambersThe MIPP Experiment uses three small drift hambers (BC1, BC2, BC3) [23℄to measure the inoming beam partiles (e.g. proton from primary beamline) andsix large hambers to trak partiles downstream of the TPC. Four of the six largehambers (DC1, DC2, DC3, DC4) are drift hambers similar to the beam hambers indesign. The two hambers in front and behind of the RICH detetor are proportionalwire hambers (PWC5 and PWC6) [22℄.All nine hambers have four planes of wires. The Beam Chambers have 160 wiresper plane, and they are all idential. DC1 has 512 wires per plane. DC2, DC3 andDC4 have 512 wires on plane 2 and plane 3, but only 448 hannels on plane 1 andplane 4 with wires at larger angles. The two PWCs have 640 wires per plane. The



Chapter 3: The MIPP Experiment 33total number of wires read out is 14848.The 9728 BC/DC hannels are read out through 1216 8-hannel pre-amps and 30432-hannel disriminators, while the PWCs have 160 32-hannel pre-amps. Duringthe run, the BCs and the DCs were read out with LeCroy 4291 TDCs, and the PWCsused RHM (reeiver-memory-hybrid) eletronis [35℄.The wire spaing is 1.016 mm in the Beam Chambers, 3.4925 mm in DC1,3.175 mm in DC2, DC3 and DC4, and 3.0 mm in the PWCs. The BCs and DCshave wires at angles of �7.93Æ and �21.6Æ to the vertial. The PWCs measure xin plane 1 (vertial wires), y in plane 2 (horizontal wires), and angles of �28.07Æ inplanes 3 and 4. The ative area is 15.24�10.16 m2 in the BCs, 182.88�121.92 m2in DC1, 152.4�101.6 m2 in DC2, DC3 and DC4, and 200�200 m2 in the PWCs.3.3.7 MagnetsMIPP employs two the analysis magnets known as Jolly Green Giant (JGG) andROSIE.JGG onsists of four sets of oils, two sets on top and two below the aperture.Eah set has 16 oils inside, and eah oil has two turns. All oils in a set are operatedin series. Over the ourse of the MIPP running period, several of these oils failedand were either �xed or removed. As a onsequene, there are three �eld maps. Onlythe �rst �eld map was measured using Zip-traking �eld measuring devie, and therest were simulated by omputer models for use during reonstrution. In eah of



Chapter 3: The MIPP Experiment 34these on�gurations, the entral �eld is approximately 7 kG and the �eld near thepole tips is 8 kG.
3.4 MIPP Aeptanes for NuMI TargetA key feature of the MIPP experiment is its exellent partile identi�ation a-pabilities. Almost all partile speies aross the entire kinemati range that an beprodued from the 120 GeV= primary proton beam an be unambiguously iden-ti�ed through a ombination of the experiment's sub-detetors. This is illustratedin Figure 3.14. These detetors have nearly 100% aeptane over the full range ofseondary momenta relevant to the MINOS experiment and trak-by-trak partileidenti�ation an be done at roughly the 3� level over the same range. The data settaken by MIPP using the NuMI target should therefore provide a diret input to thesimulations of the NuMI horn fousing system essentially eliminating hadron produ-tion as a signi�ant soure of unertainty in the absolute predition of the Near andFar detetor spetra.The overall aeptane regions for traking pions and kaons in the RICH are shownin Figure 3.15(a) and Figure 3.15(b) respetively.
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Chapter 4
Event Reonstrution

The event reonstrution proeeds through several steps. Firstly, a set of hitsin the TPC and hambers is used in onjuntion with the magnets to measure andalulate the 3-dimensional spatial oordinates, momentum and harge of hargedpartiles. The omplete kinemati desription of an event requires that the massof eah partile is spei�ed in addition to its momentum. This is ahieved throughpartile identi�ation using one or more of the sub-detetors. For the NuMI targetanalysis, the goal is to distinguish pions, kaons and protons. The RICH sub-detetorprovides this ability above 20 GeV=. Below 20 GeV=, the TPC, the TOF and thedi�erential Cherenkov detetor an be used. However, at the time of writing, thesehad yet to be implemented. For this reason, the main fous of this hapter is partileidenti�ation with the RICH and hene for partiles above 20 GeV=.
36



Chapter 4: Event Reonstrution 374.1 Monte Carlo SimulationA Monte Carlo was developed to simulate the MIPP experiment. The MIPPMonte Carlo simulation is based on FLUKA-2006 [11, 12℄ for seondary partile pro-dution and GEANT [10℄ for traking along the beam line and through the detetorvolumes.The FLUKA beam simulation uses a modi�ed version of the MINOS implemen-tation of the NuMI target. The modi�ations are� The inoming proton beam width is adjusted to that expeted from the MIPPprimary beamline.� MIPP does not need to ool the target, so water volumes within the oolingtubes and helium volumes around the target are replaed by air volumes.� Addition of a magneti �eld. The NuMI target in the MIPP apparatus is in thefringe �eld of the JGG. However, as an be seen in Figure 4.1, for the momentumrange onerned the partile prodution is insensitive to the presene of the �eld.
4.2 TrakingBefore traking begins, a pre-proessing step �lters out beam pileup events. Theremaining events are subjet to a pattern reognition algorithm to identify trakswith at least 5 hits in the TPC and hambers. This step inludes the formation of
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(b) Negative partiles.Figure 4.1: E�et of JGG magneti �eld on partile prodution.global traks from trak segments in the individual sub-detetors. The resulting globaltraks are �tted for momentum based on their urvature in the magneti �elds. Adetailed desription of the traking algorithm is presented in Andre Lebedev's thesis[3℄, a summary of whih is given below.The �rst major goal of traking is to ombine hamber hits aross the length ofthe experiment into reonstruted traks. The 9 hambers are grouped into threelosely spaed sets (BC1/2/3, DC1/2/3 and DC4/PWC5/6) and eah group is usedto form a 3-dimensional trak segment. The three trak segments are then mathedin order to form a hamber trak andidate whih an be �t for momentum based onits urvature in the ROSIE magneti �eld.The reonstrution of a trak segment proeeds as follows: starting with hit wire



Chapter 4: Event Reonstrution 39lusters in eah plane of eah hamber, all possible wire rosses between planes arefound. These rosses are then examined aross all three hambers in a group to �nda onsistent trak segment. If a trak segment has an aeptable �2, the proedureontinues.Chamber trak andidates are then found by mathing the trak segments ofDC1/2/3 and DC4/PWC5/6. The andidate is then heked for onsisteny with aBC1/2/3 trak segment and mathed if possible. Eah trak segment orresponds toa set of hambers in a �eld free region. The segments therefore form straight lineswhih speify the entry and exit points to the ROSIE magneti �eld. This allows themomentum and diretion of the partile trajetory to be alulated.The TPC reonstrution is the next major step in the trak reonstrution pro-edure [36℄. The algorithm adopted has been adapted from that used by BNL E910[20℄. A global traking algorithm is used to ombine the TPC traks with the hambertrak andidates. Finally, a vertexing algorithm heks whether fully reonstrutedtraks originate from a ommon point. This step is ombined with a �nal vertex-onstrained trak �t to determine the momentum and diretion from all availableinformation.
4.3 Partile Identi�ationIn this setion, the algorithms used for partile identi�ation with the RICH de-tetor are desribed.



Chapter 4: Event Reonstrution 40Cherenkov light is generated in a arbon dioxide radiator (n� 1 ' 481 � 10�6) oflength L = 986:827 m. Figure 4.2 shows a display of one event in the RICH. Thisdisplay shows the signals observed in the RICH, the partile trak vertex extrapolatedfrom the hambers, and the predited rings for the mass hypotheses �, K and p. Also,the momenta and harges of the traks are given. Cherenkov photon signals alongthe predited rings are learly seen.

Figure 4.2: Event display in the RICH. Solid lines: rings predited for the � masshypothesis; dashed line: K hypothesis; rosses: predited ring enter from traking.Cross 1: -25.9 GeV=; Cross 2: -7.2 GeV=.To interpret the Cherenkov ring information and to onstrut analysis methodsfor identifying partiles with high eÆieny and low misidenti�ation, the expetedsignals in the detetor are now derived. The derivation is based on [37℄.



Chapter 4: Event Reonstrution 414.3.1 The Cherenkov E�etThe Cherenkov e�et ours when the veloity of a harged partile traversinga dieletri medium exeeds the veloity of light in that medium (=n), where n isthe index of refration for the medium. Exited atoms in the viinity of the partilebeome polarized and oherently emit radiation at a harateristi �xed angle �,whih is determined by the veloity of the partile and the index of refration of themedium from the relation os � = 1=�n (4.1)with � > 1=n.The index of refration of a material is a funtion of wavelength, temperatureand pressure. Figure 4.3 shows the variation of n with wavelength for CO2, where ndereases with inreasing �. The variation with temperature is small.Aording to Equation 4.1, there is a threshold veloity �threshold = 1=n belowwhih no light is emitted. As the partile veloity inreases beyond �threshold, thelight is given o� at larger and larger angles up to a maximum �max = os�1(1=n)whih ours for � = 1.The amount of energy emitted per unit length and per unit wavelength intervald� by a singly harge partile is given by [37℄dEdxd� = 4�2rem2�3  1� 1�2n2! (4.2)where re is the lassial radius of the eletron. The emitted energy is strongly peaked
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Figure 4.3: Index of refration of CO2 as a funtion of wavelength [38℄.at short wavelengths. Equation 4.2 an be rewritten in terms of the number N ofemitted photons as dNdxd� = 2���2  1� 1�2n2! (4.3)where � is the �ne struture onstant. The total number of photons emitted per unitpath length is dNdx = 2�� Z�n>1  1� 1�2n2(�)! d��2 (4.4)If the variation in n(�) is small over the wavelength region �1 to �2, the energyemitted per unit length beomesdEdx = 2�2rem2 sin2 �  1�21 � 1�22! (4.5)while the photon yield is dNdx = 2�� sin2 � � 1�1 � 1�2� (4.6)



Chapter 4: Event Reonstrution 43Using the wavelength interval 155 - 670 nm, orresponding roughly to the responserange of the photomultiplier tubes in the RICH, we �nd thatdE=dx = 11200 sin2 � eV/mdN=dx = 2270 sin2 � photons/m (4.7)For a singly harged partile with � � 1 traversing CO2 (n � 1:000481), the Cherenkovangle is 1.78Æ. This implies that 10.8 eV/m is given o� as Cherenkov radiation, whihis small ompared to the energy loss due to ionization.The angular distribution of the light intensity is approximately a Æ funtion at theCherenkov angle. The atual distribution observed is broadened due to dispersion,energy loss of the partile, multiple sattering and di�ration in the detetor.4.3.2 Detetor E�etThe mirrors gather the Cherenkov light produed by a partile traversing theregion and fous it onto the PMT array. The reetion oeÆient for light at normalinidene on the mirror surfae is shown in Figure 4.4. In the visible spetrum themirrors have high reetane. However, in the far ultraviolet region, they have amuh lower reetane.Another important onsideration is the transmission of light through the medium.Carbon dioxide has absorption bands in the far ultraviolet portion of the spetrum.Figure 4.5 shows the region over whih CO2 has a high absorption.
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Figure 4.4: The reetane at normal inidene from mirrors [39℄.
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Figure 4.5: Absorption region of Carbon Dioxide [40℄.Figure 4.6 shows light transmission eÆieny for the PMT and its housing. Fig-ure 4.6(a) is the eÆieny of reetion from the ones as a funtion of wavelength;



Chapter 4: Event Reonstrution 45Figure 4.6(b) is the eÆieny with whih light is transmitted through the quartzwindow. Note that the quartz allows light transmission below 200 nm; �nally, Fig-ure 4.6() shows the PMT quantum eÆieny as a funtion of wavelength.
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(a) EÆieny of reetionfrom one.
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(b) EÆieny of lighttransmission throughquartz window.
Wavelength (nm)

200 300 400 500 600

P
M

T
 E

ff
ic

ie
n

cy

0

0.05

0.1

0.15

0.2

0.25

0.3

Hamamatsu PMTs

FEU PMTs

() PMT quantum eÆ-ieny.Figure 4.6: EÆienies of light transmission of a PMT and its housing as a funtionof wavelength [39℄.The photoeletron output of a given PMT is obtained by onvolving the frequenyspetrum of produed Cherenkov radiation with the frequeny response of the olle-tion system and tube. Thus, using Equation 4.4 for the number of photons produedper unit path, we �nd that the number of emitted photoeletrons in the tube per unitpartile pathlength is dNedx = 2�� Z  1� 1�2n2! �(�)d��2 (4.8)where �(�) is the eÆieny for olleting photons of wavelength � at the athode.



Chapter 4: Event Reonstrution 46The number of photoeletrons an then be written in the formNe = N0L sin2 � (4.9)where L is the length of the radiator and the various eÆienies and spetral responsesare inorporated in the onstant N0.The index of refration of the gas is related to its density � through the Lorenz-Lorentz law [37℄ n2 � 1n2 + 2M� = R (4.10)where M is the moleular weight and R is the moleular refration oeÆient.Sine for gases n ' 1, Equation 4.10 an be rewritten to a high degree of aurayas n� 1 ' 32 RM� (4.11)From the ideal gas law P = �R0T=M (4.12)where P is the pressure, T is the absolute temperature, and R0 the gas onstant.From Equation 4.11 and Equation 4.12, we obtain the following equationn� 1 = (n0 � 1)�=�0 (4.13)where the subsript 0 indiates that the quantity is measured at standard temperatureand pressure.



Chapter 4: Event Reonstrution 474.3.3 Maximum Likelihood Method for Partile Identi�a-tionThe RICH exploits the Cherenkov proess sine only partiles whose veloityexeeds some minimum value produe light. As the di�erent partile speies have dif-ferent masses, given a momentum measurement, the RICH an be used to distinguishbetween partiles based on ring radius.A maximum likelihood approah for partile identi�ation is used. Eah partilewhih rosses the ative area of the RICH and whih is above the Cherenkov thresholdthreshold = 11� �2threshold = 32 (4.14)produes Cherenkov light whih is foused by the spherial mirror with foal length,F = 10 m, onto a ring of radiusR = Fs 12threshold � 12 : (4.15)In our ase, R = 32 m for  ! 1. The position of the ring enter in the foalsurfae and the ring radius for the di�erent mass hypotheses an be predited fromthe parameters of the trak and the partile momentum measured in traking. weonly onsider the mass hypotheses of e, �, �, K and p.The method for partile identi�ation is to ount the number of observed digitsin the \searh band": the RICH ative region between the smallest physially pos-sible ring radius and the eletron radius for a given momentum. The probability ofproduing eah observed digit is alulated for eah partile hypothesis. The ring an



Chapter 4: Event Reonstrution 48then be assoiated with the most probable hypothesis. The probability alulationproeeds as follows.The detetion eÆieny may be alulated as�(�) = 1� Pr(0; Ne) (4.16)where Pr(0; Ne) is the probability that no eletrons where emitted by the photoath-ode of the PMT if the average number is Ne. Aording to Equation 4.8, Ne dependson �, the olletion eÆieny, and the quantum eÆieny of the tube. Sine thephotoeletron emission follows a Poisson distribution, we have�(�) = 1� exp(�Ne) (4.17)For eah mass hypothesis j, we assume a probability funtion to observe photoele-trons N (i)e at eah photomultiplier i. The probability of observing N (i)e photoeletronsis P (i)j = fj(N (i)e ): (4.18)The joint probability to �nd all photoeletrons at their observed positions is theprodut mYi=1 fj(N (i)e ) (4.19)where m is the total number of photomultipliers in the searh band.Aording to the Poisson distribution in Equation 4.17, if photomultiplier i has adigit, the probability to observe a signal given a mean probability ofNe photoeletrons



Chapter 4: Event Reonstrution 49is Sj(N (i)e ) = 1� exp(�N (i)e ) (4.20)Otherwise, the probability is Sj(N (i)e ) = exp(�N (i)e ) (4.21)We also expet some bakground hits, whih have a onstant probability, B(i), ofourring over the surfae of eah photomultiplier, depending on its type (Russian orHamamatsu) and not on the hypothesis j. This bakground estimate is alulatedfrom the number of digits seen in the PMT array and is taken from the data set.If we ombine signal Sj(N (i)e ) and bakground B(i), we get the probability for aphotomultiplier with deteted photoeletronsfj(N (i)e ) = 1� exp(�N (i)e )(1� B(i)) (4.22)and the probability for a photomultiplier without a hitfj(N (i)e ) = exp(�N (i)e )(1� B(i)) (4.23)We get the likelihood funtion for hypothesis jLj = mYi=1 fj(N (i)e ) = 8>>><>>>: Qmi=1 �1� exp(�N (i)e )(1� B(i))� PMT has a hitQmi=1 exp(�N (i)e )(1� B(i)) PMT has no hitThus log-likelihood funtion readslogLj = mXi=1 log fj(N (i)e ) = 8>>><>>>: Pmi=1 log �1� exp(�N (i)e )(1�B(i))� PMT has a hitPmi=1 �log(1�B(i))�N (i)e � PMT has no hit(4.24)



Chapter 4: Event Reonstrution 50If the partile is below threshold, we expet only bakground (we denote thishypothesis by the index 0). In this ase, N (i)e is zero and we get the simple expressionL0 = 8>>><>>>: Qmi=1B(i) PMT has a hitQmi=1 �1�B(i)� PMT has no hit (4.25)To disriminate di�erent mass hypotheses i and j, a ut on the log likelihood ratioRij = log(Li=Lj) = log(Li)�log(Lj) is applied. For the analysis of experimental data,simultaneous uts for di�erent log likelihood ratios, e.g. for RKp and R�p are used.These uts are usually momentum dependent.This method works well for partile identi�ation in events with only a few rings,but as the number of rings inreases, the searh bands overlap, and the eÆienygoes down and misidenti�ation goes up. Therefore, an extension to the method wasdeveloped whih favors the information from digits that unambiguously belong to asingle ring. This will be desribed in the following setion.4.3.4 Iterative Weighting MethodWhen analyzing data reorded by the RICH, eah digit on the photomultiplierarray has to be onsidered in the evaluation of the likelihood for a given hargedtrak. In ases where ring radii are rather large and trak density is high, a onsid-erable overlap of rings appears. In suh a ase, the peak in the radius distributionorresponding to the digits from the onsidered trak might beome obsured by theontribution of digits from the neighboring traks. In the standard approah, the



Chapter 4: Event Reonstrution 51bakground at the photomultiplier array is measured, and the likelihood funtions forvarious partile hypotheses are alulated as in Subsetion 4.3.3.To improve this method, we notie that most of the bakground digits atuallybelong to other traks in the events, whih suggests that an iterative proedure, inwhih eah digit would gradually beome predominately assoiated with one of thetraks, ould be used redue the bakground level. This method is desribed in [41℄,and summarized in this subsetion.For eah of the traks and for eah of the photons, the orresponding ring radiusis �rst alulated, and a histogram is �lled. In the iterative approah, we proeedto lean up the histograms in the following way: instead of using a weight of onefor a given photon in all n histograms, where n is the number of rings, eah photonis asribed a weight suh that the sum of weights is equal to one for eah photon.The weight for a spei� photon in the histogram orresponding to the trak k isalulated for the next iteration aording to the formulawk = ykPnk=0 yk (4.26)where yk is the number of entries in the bin, into whih the given photon �ts, forhistogram k. As a result, a photon is given the highest weight in the histogram,where it falls into the peak, and lowest, where it is part of a sparsely populatedbakground.The likelihood funtion is then onstruted in the following way. Consider eahdigit i in a given trak with the orresponding weight wi, the likelihood funtion



Chapter 4: Event Reonstrution 52beomeslogLj = 8>>><>>>: Pmi=1wi log �1� exp(�N (i)e )(1� B(i))� PMT has a hitPmi=1wi �log(1� B(i))�N (i)e � PMT has no hit (4.27)where the index i runs over all digits in the e=�=�=K=p hypotheses windows, andnumber of digits nr = Pwi.
4.4 RICH AlignmentThe 16 mirrors in the RICH whih reet Cherenkov light onto the PMT arraymust be aligned in software in order to failitate ring/trak mathing. The mirrorsare assumed to be transversely shifted from their nominal positions only; longitudinalshifts and rotations are not aounted for in the following proedure. Alignmentonstants are alulated to be the average shifts based on all runs used in the datasample.The events are reonstruted as usual and a mirror is determined for eah trakbased on its trajetory. The predited spatial oordinates of an assoiated ring enteron the PMT array are then alulated. An independent algorithm is also run onthe RICH digit information only in order to �nd and �t the rings. An alignmentonstant an then be found for eah mirror based on the agreement between thetrak oordinate predition and that found by the ring-�nding algorithm. Figure 4.7shows the distributions used to determine the onstants for eah mirror.
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Figure 4.7: RICH alignment onstants in x (left) and y (right) versus mirror numbers.4.5 RICH CalibrationIn solving Equation 4.8 for Ne, an integral over � is required. Light sattering inthe detetor medium introdues a width to the intrinsi Cherenkov angle whih ausesthe ring radius to be broader and therefore to illuminate a larger region of the PMTarray. This broadening will a�et the number of photoeletrons per hit PMT and sois partially degenerate with the PMT eÆienies. Also, as shown in Equation 4.13,the index of refration parameter (n-1) hanges proportional to the density of CO2in the RICH. This parameter is also inluded in the alibration.In order to alibrate the amount of Cherenkov light observed at a PMT, fourparameters need to be tuned to the data: a width related to light sattering, theHamamatsu and Russian PMT eÆienies and the index of refration parameter, (n-1). The tuning is ahieved by omparing the data and the predited oupany ofhit PMTs as a funtion of distane from the ring enter; oupany is de�ned as the



Chapter 4: Event Reonstrution 54number of hit PMTs as a fration of the total number of PMTs at a partiular radius.Oupany is therefore strongly dependent on light level.The light sattering width, the PMT eÆieny and the (n-1) alibration on-stants were determined using beam partiles from the data with known momenta: the30 GeV=, 60 GeV= and 120 GeV= p/K/� beam. The parameters were adjustedin order to minimize the deviations between the data and the predited oupanies.Figure 4.8 and Figure 4.9 show the result of this tuning for several beam settings.It an be seen that the predition losely mathes the data. The onstants are usedwhen alulating the expeted number of photoeletrons in the log-likelihood method.



Chapter 4: Event Reonstrution 55

Radius (cm)

5 10 15 20 25 30

O
cc

u
p
an

cy

-2
10

-1
10

Data

πPredicted 

Predicted K

Predicted p

(a) 30 GeV beam Radius (cm)

5 10 15 20 25 30

O
cc

u
p
an

cy

-2
10

-1
10 Data

πPredicted 

Predicted K

Predicted p

(b) 30 GeV beam

Radius (cm)

14 16 18 20 22 24 26 28 30 32

O
cc

u
p
an

cy

-2
10

-1
10 Data

πPredicted 

Predicted K

Predicted p

() 60 GeV beam Radius (cm)

25 26 27 28 29 30 31 32 33 34 35

O
cc

u
p
an

cy

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

Data

Predicted p

(d) 120 GeV beamFigure 4.8: The RICH alibration for Russian PMTs.



Chapter 4: Event Reonstrution 56

Radius (cm)

5 10 15 20 25 30

O
cc

u
p
an

cy

-2
10

-1
10

Data

πPredicted 

Predicted K

Predicted p

(a) 30 GeV beam Radius (cm)

5 10 15 20 25 30

O
cc

u
p
an

cy

-2
10

-1
10

Data

πPredicted 

Predicted K

Predicted p

(b) 30 GeV beam

Radius (cm)

14 16 18 20 22 24 26 28 30 32

O
cc

u
p
an

cy

-2
10

-1
10

Data

πPredicted 

Predicted K

Predicted p

() 60 GeV beam Radius (cm)

25 26 27 28 29 30 31 32 33 34 35

O
cc

u
p
an

cy

0

0.05

0.1

0.15

0.2

0.25

Data

Predicted p

(d) 120 GeV beamFigure 4.9: The RICH alibration for Hamamatsu PMTs.



Chapter 5
NuMI Target Analysis

This hapter desribes the analysis of the NuMI target data. The goal is to mea-sure the prodution ratios: ��=�+, K�=K+, K+=�+ and K�=�� above 20 GeV=using only the traking and RICH partile identi�ation apabilities of the MIPP ex-periment. The analysis strategy and uts employed are desribed and the systematierrors resulting from the approah are determined. The �nal results are then shownin Chapter 6.
5.1 Event Sample and CutsThe experimental setup and the data proessing proedure spei� to the NuMIdata analysis are desribed in this setion. A number of uts are applied to the datato obtain a lean sample of events. These inlude the beam de�nition, the NuMItrigger sheme, trak and momentum seletion, and partile lassi�ation.57



Chapter 5: NuMI Target Analysis 585.1.1 NuMI Trigger Sheme and Beam SeletionTwo event seletion steps are introdued in order to lean up the event sampleand to redue the bakgrounds due to the beam.Firstly, there is a sintillation ounter upstream of the NuMI target, onsisting ofthree overlapping sintillators: solid (vb), with a 2 mm diameter hole (v2) and witha 6 mm diameter hole in the enter (v6), as shown in Figure 5.1. A 2 mm triggeris de�ned as vb \ v2 \ v6, while a 6 mm trigger is vb \ v2 \ v6. The 6 mm triggerwas presaled by approximately a fator of 10 using hardware logi to resemble theNuMI beam in MINOS, and therefore all data with 2 mm and 6 mm triggers havebeen used without imposing any seletion (Figure 5.2). Note that the proton beamspot size obtained from the trigger uts in data is slightly di�erent from the NuMIMonte Carlo simulations, (whih were tuned to reet the MINOS beam ondition).This leads to a small systemati e�et whih will be desribed in Subsetion 5.3.1.Seondly, uts on the beam position are performed. The position of the inom-ing beam partile is registered in three Beam Chambers. A small fration of beampartiles in the tail of the beam pro�le beyond jxj > 0:45 m and jyj > 0:5 m withrespet to the beam enter are ut. This orresponds to < 0:5% of the events.5.1.2 Trak SeletionThe reonstruted interation vertex is alulated for groups of traks whih aredeemed to ome from the same interation. To onsider an interation vertex, it
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Figure 5.1: A shemati of the NuMI triggers.
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Figure 5.2: Beam positions of 2 mm and 6 mm NuMI triggers.
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Chapter 5: NuMI Target Analysis 615.1.3 Momentum Seletion and BinningDue to limitations imposed by the detetor aeptane and by the partile iden-ti�ation limit of the RICH, only reonstruted partiles with 20 GeV= < pz <90 GeV= and pT < 2 GeV= are onsidered. The resulting analysis phase spae andmomentum binning sheme is presented in Table 5.1.Table 5.1: Binning sheme in pz and pT .Bin pz(GeV=) pT (GeV=)(0, 0) 20 - 24 0 - 0.2(0, 1) 20 - 24 0.2 - 0.4(0, 2) 20 - 24 0.4 - 0.6(0, 3) 20 - 24 0.6 - 1.0(1, 0) 24 - 31 0 - 0.2(1, 1) 24 - 31 0.2 - 0.4(1, 2) 24 - 31 0.4 - 0.6(1, 3) 24 - 31 0.6 - 1.0(1, 4) 24 - 31 1.0 - 1.2(2, 0) 31 - 42 0 - 0.2(2, 1) 31 - 42 0.2 - 0.4(2, 2) 31 - 42 0.4 - 0.6(2, 3) 31 - 42 0.6 - 1.0(2, 4) 31 - 42 1.0 - 1.55(3, 0) 42 - 60 0 - 0.2(3, 1) 42 - 60 0.2 - 0.4(3, 2) 42 - 60 0.4 - 0.6(3, 3) 42 - 60 0.6 - 1.0(3, 4) 42 - 60 1.0 - 2.0(4, 0) 60 - 90 0 - 0.2(4, 1) 60 - 90 0.2 - 0.4(4, 2) 60 - 90 0.4 - 0.6(4, 3) 60 - 90 0.6 - 1.0(4, 4) 60 - 90 1.0 - 2.0



Chapter 5: NuMI Target Analysis 625.1.4 Partile Classi�ationThe likelihood approah for identifying �, K and p was disussed in Subse-tion 4.3.3. In eah ase a trak will be identi�ed as the partile with largest likelihood.In regions where the predited ring radii for �, K and p are very similar (e.g. at highermomenta), the log likelihood beomes a less e�etive disriminator for distinguishingthe di�erent speies. As a result, additional uts have been developed to improve theseletion purity.Figure 5.4 shows the log-likelihood of � and K with respet to the log-likelihoodof p for NuMI Monte Carlo events. The following log likelihood ratio uts are usedfor partile lassi�ation in the data analysis:� R�+p+ > 10, selet �+� RK+p+ > 35, selet K+� RK�p� > 15, selet K�These numbers were tuned to give the best ompromise between high eÆieny andhigh purity (i.e. large bakground subtration) [desribed below in Subsetions 5.2.1,5.2.3 and Appendix A℄. For simpliity, these uts are momentum-independent.To study partile identi�ation under real experimental onditions, the log-likelihoodof data and the Monte Carlo simulation are ompared. These omparisons, shown inFigures 5.5, 5.6, 5.7 and 5.8, have been obtained by applying uts on beam, trigger,position of the vertex. The RICH partile log likelihood ratio uts listed above were
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Chapter 5: NuMI Target Analysis 64also used. The log-likelihood ratio of the RICH partile identi�ation and the nextlargest log-likelihood is indiated in Figures 5.5, 5.6, 5.7 and 5.8. The distributionsare normalized aording to the maximum bins in the data. The shape agreementbetween data and Monte Carlo is reasonably good, although the data distributionsare slightly broader than the Monte Carlo.
5.2 Evaluation of CorretionsIn order to alulate prodution ratios, it is neessary to �rst extrat true momen-tum distributions for eah partile speies. To do this, a series of orretions must beapplied to the reonstruted data. There are several reasons for this:� � 10% of seondary partiles interat upstream of the RICH� � 10% of partiles that pass through the RICH ange (rather than the RICHfront window) interat� � 10% of kaons deay in ight upstream of the RICH� Misidenti�ation aused by the likelihood seletion method� Multiple sattering of partiles upstream of the RICH leading to underestimatedmomenta, whih in turn leads to misidenti�ation by the likelihood seletionmethod
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Figure 5.5: Log-likelihood ratio for reonstruted �+ in di�erent momentum bins.The log-likelihood ratio of reonstruted �+ and the 2nd largest likelihood is shown.Solid lines: data; hathed: Monte Carlo simulation.
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Figure 5.6: Log-likelihood ratio for reonstruted �� in di�erent momentum bins.The log-likelihood ratio of reonstruted �� and the 2nd largest likelihood is shown.Solid lines: data; hathed: Monte Carlo simulation.



Chapter 5: NuMI Target Analysis 67

0 200 400 600
-110

1

10

210 Bin (0,0)

0 200 400 600
-110

1

10

210 Bin (1,0)

-110

1

10

210 Bin (2,0)

0 200 400 600
-110

1

10

210 Bin (3,0)

 max
nd

, 2+K
R

0 200 400 600
-110

1

10

210 Bin (4,0)

0 200 400 600
-1

1

10

2 Bin (0,1)

0 200 400 600
-1

1

10

2 Bin (1,1)

0 200 400 600
-1

1

10

2 Bin (2,1)

0 200 400 600
-1

1

10

2 Bin (3,1)

 max
nd

, 2+K
R

0 200 400 600
-1

1

10

210 Bin (4,1)

0 200 400 600
-1

1

10

2 Bin (0,2)

0 200 400 600
-1

1

10

2 Bin (1,2)

0 200 400 600
-1

1

10

2 Bin (2,2)

0 200 400 600
-1

1

10

2 Bin (3,2)

 max
nd

, 2+K
R

0 200 400 600
-1

1

10

2 Bin (4,2)

0 200 400 600
-1

1

10

2 Bin (0,3)

0 200 400 600
-1

1

10

2 Bin (1,3)

0 200 400 600
-1

1

10

2 Bin (2,3)

0 200 400 600
-1

1

10

2 Bin (3,3)

 max
nd

, 2+K
R

0 200 400 600
-1

1

10

2 Bin (4,3)

 max
nd

, 2
+

K
R

Data

Monte Carlo

0 200 400 600
-1

1

10

2 Bin (1,4)

0 200 400 600
-1

1

10

2 Bin (2,4)

0 200 400 600
-1

1

10

2 Bin (3,4)

 max
nd

, 2+K
R

0 200 400 600
-1

1

10

210 Bin (4,4)

Figure 5.7: Log-likelihood ratio for reonstruted K+ in di�erent momentum bins.The log-likelihood ratio of reonstruted K+ and the 2nd largest likelihood is shown.Solid lines: data; hathed: Monte Carlo simulation.
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Figure 5.8: Log-likelihood ratio for reonstruted K� in di�erent momentum bins.The log-likelihood ratio of reonstruted K� and the 2nd largest likelihood is shown.Solid lines: data; hathed: Monte Carlo simulation.



Chapter 5: NuMI Target Analysis 69The Monte Carlo simulation provides a way of orreting for these e�ets to �rstorder. The orretions alulated for this analysis are1. Purity orretion: subtrats bakground events from the seleted sample.2. Momentum orretion: translates a reonstruted momentum distribution totrue momentum.3. EÆieny orretion: aounts for events whih are not orretly reonstrutedby the algorithms.The determination of partile identi�ation and its derivation was disussed in Chap-ter 4. The uts mentioned in Setion 5.1 are applied to the sample before evaluatingthe orretion parameters. These orretions will be desribed and quanti�ed below.5.2.1 Purity CorretionThe �rst orretion applied to data aounts for bakground ontamination in theseleted sample. The orretion employs the purity as alulated from the MonteCarlo simulation and is de�ned as P ix = txxtxwhere tx is the number of reonstruted x, txx is the number of true x reonstrutedto be x, x = ��; K�; p�, and i denotes the reonstruted momentum bin. Figure 5.9shows the purity versus momentum bin. The P i�� , P iK� and P ip� values themselvesare the orretions applied bin-by-bin to the data.
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Figure 5.9: Purity of ��, K� and p� as a funtion of reonstruted momentum bin(pz; pT ).



Chapter 5: NuMI Target Analysis 715.2.2 Momentum CorretionThe traking and �tting proedure outlined in Setion 4.2 results in a momentumresolution of �5% for 120 GeV= Monte Carlo protons. It is therefore neessary tounfold the reonstruted momentum distribution measured in data to true momentumdistribution in order to alulate the prodution ratios.This is ahieved by using the Monte Carlo to alulate the probability densityfuntion (PDF) for true momentum for eah bin of reonstruted momentum. Inother words, the true momentum probability distribution is onstruted for all par-tiles reonstruted in a single reonstruted momentum bin. These PDF's an berepresented as a matrix as shown in Figure 5.10. This matrix is used to reassign thenumber of events in eah reonstruted momentum bin into a range of true bins. Theresult is a predition of the true momentum distribution.This an be summarized mathematially as followsBj = nbinsXi=1 Mijx binbinsXj=1 Mijx = 1where Bj = number of events in true bin j, bi = number of events in reonstrutedbin i, and Mijx is the number of x to assigned to true momentum bin j for eahevent observed in reonstruted momentum bin i. Note thatM is the matrix shownin Figure 5.10. It an be seen that the matrix has only very small non-diagonalelements, reeting the fat that the momentum resolution is small ompared to the
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Figure 5.10: Momentum orretion fators of ��, K� and p� as a funtion of truemomentum bin versus reonstruted momentum bin. The shaded areas indiate theprobability that a reonstruted momentum bin falls into the orresponding truemomentum bin.



Chapter 5: NuMI Target Analysis 73bin sizes hosen for the analysis.5.2.3 EÆieny CorretionThe identi�ation eÆieny of x is de�ned asE jx = txxTxwhere Tx is the number of true x in the Monte Carlo simulation. This is de�ned pertrue momentum bin j and is shown in Figure 5.11. The eÆieny orretion appliedbin-by-bin to the data is then 1=E .5.2.4 Appliation of CorretionsAfter obtaining the orretion fators from the Monte Carlo simulation as de-sribed in the previous setions, these an then be applied to the reonstruted mo-mentum distributions from data. De�ne nix to be the number of reonstruted x inreonstruted momentum bin i and N jx to be the predited number of true x in truemomentum bin j, obtained by applying the orretion fators. Then,N jx = nbinsXi=1 P ixE jxMijx nix5.2.5 Bakground Estimation from DataSo far, the Monte Carlo has been used to estimate these bakgrounds and ineÆ-ienies. However, a major problem with this determination lies in the disrepany
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Figure 5.11: EÆieny of ��, K� and p� seletion as a funtion of true momentumbin (pz; pT ).



Chapter 5: NuMI Target Analysis 75between the data and the Monte Carlo simulation. In order to improve the aurayof the Monte Carlo simulation, an iterative, data-driven approah is adopted. De�nea yield for eah partile speies and eah true momentum bin; for example, f�+ for�+ is given by f�+ = N�+N�+ +NK+ +Np+where Nx+ is the predited number of true x+ obtained by applying the orretionsto the data. Similarly, the yield F�+ for �+ is extrated from the Monte Carlo truthinformation F�+ = T�+T�+ + TK+ + Tp+where Tx+ is the true number of x+ in the Monte Carlo simulation. Note that for ��,K� and p�, the denominator is the sum of the negative Nx� or Tx�. Figure 5.12 showsf��, fK�, fp� in solid lines and F��, FK�, and Fp� in dashed lines before iteration.The data/MC yield ratio, wj = fj=Fj, for partile j is then obtained and usedto adjust the Monte Carlo simulation. The yields have no e�et on the seletioneÆieny, and so this tuning only onerns the seletion purity.After weighting eah Monte Carlo partile aording to the alulated wj, thepurity orretion is realulated as desribed in Subsetion 5.2.1. The new purityorretion, whih represents a new mixing sheme between di�erent partile speies,is used to alulate new yields from the data and thus new yield ratios.The evolution of the iteration and the resulting yield ratios are shown in Fig-ure 5.13, where the ratio is shown as a funtion of momentum bin (pz; pT ) for 7
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Figure 5.12: Yield for eah partile speies in data (f��, fK�, fp�) and in MonteCarlo (F��, FK�, and Fp�). Solid lines: data; dashed lines: Monte Carlo withoutiteration; dot-dashed lines: Monte Carlo after the 7th iteration.



Chapter 5: NuMI Target Analysis 77iterations. The yield ratios ome to stable values and approah 1. The yield valuesafter the 7th iteration, f 7x�(�= F 7x�), are shown as dot-dashed lines in Figure 5.12. The�nal values are loser but not idential to the original data, reeting the iterativenature of the proedure. In most ases, the yields are driven beyond the original datavalues.Figure 5.14 shows the e�et of this bakground tuning on the purity orretionas a funtion of reonstruted momentum bin (pz; pT ) for 7 iterations. Overall, thepurity is inreased for �� and K�, while the purity for protons dereases on average.The result of the Monte Carlo tuning on the reonstruted spetrum an be seen inFigure 5.15. The data and Monte Carlo distributions are normalized to eah other byarea. The total �2 between the data and the Monte Carlo for all partiles before tuningis 6192.06 and after tuning is 4490.72. In general, therefore, the agreement improvesafter the iteration stage. That is to say the Monte Carlo weighting fators derivedfrom omparisons of the bin-by-bin truth ratios are able to improve agreement at thereonstruted level. It is lear however, that the urrent Monte Carlo implementationof the experiment is not suÆient to perfetly desribe the data: onvergene at thetruth level does not lead to onvergene at the reonstruted level. In partiular,although most of the partile speies do show improved agreement, the �+ is somewhatpoorer after the iteration, as an be seen from the �2 breakdowns in Table 5.2. Theremaining disrepanies will therefore have to be aounted for by a systemati error.



Chapter 5: NuMI Target Analysis 78

 Momentum bin

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

 F
ra

ct
io

n
al

 c
h

an
g

e 
in

 y
ie

ld
 r

at
io

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04 Iteration 0 x 0.1

Iteration 2

Iteration 4

Iteration 6

+π

 Momentum bin

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

 F
ra

ct
io

n
al

 c
h

an
g

e 
in

 y
ie

ld
 r

at
io

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

-π

 Momentum bin

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

 F
ra

ct
io

n
al

 c
h

an
g

e 
in

 y
ie

ld
 r

at
io

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

-0

0.01

0.02

+
K

 Momentum bin

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

 F
ra

ct
io

n
al

 c
h

an
g

e 
in

 y
ie

ld
 r

at
io

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

-
K

 Momentum bin

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

 F
ra

ct
io

n
al

 c
h

an
g

e 
in

 y
ie

ld
 r

at
io

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

+p

 Momentum bin

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

(0
, 

0
)

(1
, 

0
)

(2
, 

0
)

(3
, 

0
)

(4
, 

0
)

 F
ra

ct
io

n
al

 c
h

an
g

e 
in

 y
ie

ld
 r

at
io

-0.02

0

0.02

0.04

0.06

0.08

0.1

-p

Figure 5.13: E�et of bakground subtration on frational hange in yield ratio. Thefrational hange in yield ratio (wk+1j � wkj )=wkj between iterations k and k + 1 for 7iterations is shown.
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Figure 5.14: E�et of Monte Carlo event weighting on purity orretion fator for 7iterations.
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Figure 5.15: Normalized number of entries for ��, K� and p� as a funtion of mo-mentum bin. Points: data; hathed: Monte Carlo simulation with no iteration; solidlines: Monte Carlo simulation after 7 iterations.



Chapter 5: NuMI Target Analysis 81Table 5.2: The �2 between data and Monte Carlo for ��, K� and p� before and afteriteration. Partile Before Iteration After Iteration�+ 915.06 1109.29�� 526.26 500.59K+ 423.79 270.77K� 169.51 73.02p+ 4022.47 2492.96p� 134.97 44.09Sum 6192.06 4490.725.3 Systemati ErrorsThe e�et of systematis errors on the ��=�+, K�=K+ and K�=�� ratios havebeen alulated using the Monte Carlo simulation. An estimation of systemati errorsindued by:� Beam tuning� Momentum bias� Bakground subtrationare disussed in this setion. The total systemati errors are then obtained byquadrati summation of the individual errors from eah soure.5.3.1 Beam Systemati ErrorThe goal of this study is to estimate the hanges in the prodution ratio dueto small hanges in the proton beam pro�le. This is motivated by observed di�er-



Chapter 5: NuMI Target Analysis 82enes between the data and Monte Carlo beam widths. The beam systemati erroris obtained by arti�ially inreasing/dereasing the width of the beam after beamseletion. Figure 5.16 shows the reonstruted beam positions in data and MonteCarlo; the Monte Carlo was generated with the same beam pro�le as the NuMIbeam in MINOS. The di�erene in beam width between the MIPP data and theMonte Carlo simulation is notieable: the Monte Carlo simulation has a wider beam��xbeam = �MCxbeam � �dataxbeam = 0:1 mm and ��ybeam = �MCybeam � �dataybeam = 0:2 mm.
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Figure 5.16: Reonstruted beam positions and their Gaussian �ts in data and MonteCarlo simulation. Hathed: data and Monte Carlo simulation; dotted lines: Gaussian�t of data; solid lines: Gaussian �t of MC.These values are used to reweight the Monte Carlo to investigate the e�et of awider/narrower beam. The resulting e�ets are shown in Figure 5.17 as a funtionof momentum bin (pz; pT ) for ratios �+=��, K+=K�, K+=�+ and K�=��. Thesystemati e�et due to beam width variation on the ratios is very small, < 4% in
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Figure 5.17: E�et of beam systemati on �+=�� (upper left), K+=K� (upperright), K+=�+ (lower left) and K�=�� (lower right) due to ��xbeam = �0:1 mmand ��ybeam = �0:2 mm.



Chapter 5: NuMI Target Analysis 845.3.2 Momentum Systemati ErrorThe derivation in Subsetion 5.2.2 is alulated using the Monte Carlo simulationand therefore does not taken into aount di�erenes between the measured reon-struted momentum in the experimental data and the Monte Carlo. As illustratedin Figure 5.18, the average reonstruted momentum in data is atually smaller thanin the Monte Carlo simulation for the 120 GeV= proton beam by about 3%. Thisobservation is used to de�ne the size of momentum bias to use in the systematierror study. A Monte Carlo sample is re-assigned a biased reonstruted momentum,shifted by �3% from the original values. This sample is then treated like data andused along with orretions alulated from the standard Monte Carlo to alulatethe prodution ratios.
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Figure 5.18: Reonstruted momentum and its orresponding Gaussian �t in data(left) and Monte Carlo simulation (right) for 120 GeV= proton beam. Dotted lines:reonstruted momentum; solid lines: Gaussian �t.



Chapter 5: NuMI Target Analysis 85The resulting e�ets are shown in Figure 5.19 for ratios �+=��, K+=K�, K+=�+and K�=�� as a funtion of (pz; pT ), by applying a systemati of �pz = �3% and�pT = �3%. The typial e�ets stay below the �5% limit, with at most 15% e�eton a bin per bin basis.
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Figure 5.19: E�et of momentum systemati on �+=�� (upper left), K+=K� (upperright), K+=�+ (lower left) and K�=�� (lower right) due to �pz = �3% and �pT =�3%.



Chapter 5: NuMI Target Analysis 865.3.3 Bakground Systemati ErrorThe main systemati error is expeted to ome from the bakground subtra-tion. As seen in Subsetion 5.2.5, the log-likelihood ratio distributions show somedisrepanies between data and Monte Carlo. This an be interpreted as due to amis-modeling of the bakground in the Monte Carlo whih then leads to di�erenesin the partile yields. The iterative method employed attempts to orret the MonteCarlo for this based on the data measurements. However, the systemati unertaintyintrodued through bakground subtration depends on the log-likelihood ratio utsand the auray of the purity, and these have not yet been taken into aount.To estimate the systemati error from purity unertainty after the iterative pro-edure, the bakground, (1� P), in eah bin is hanged by �10%. The purities arethen reomputed for two ases: P 0 = 1:1P � 0:1P 0 = 0:9P + 0:1where P 0 is the new purity. The predited prodution ratios are then alulated fromthe Monte Carlo using the new purities and the usual analysis hain. The e�et ofthis study is demonstrated in Figure 5.20. It an be seen that the systemati erroris typially less than 20%, with large e�ets on the ratios ouring in bins where theyields are small.As mentioned in Subsetion 5.1.4, the log-likelihood ratio uts were tuned to give
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Figure 5.20: E�et of bakground systemati on �+=��, K+=K�, K+=�+ andK�=��due to �(1� P) = �10%.



Chapter 5: NuMI Target Analysis 88the best ompromise between high eÆieny and high purity. After the iterations, inorder to optimize purity and eÆieny, the log-likelihood ratio uts are found to bedi�erent from the original uts. Here are the new log-likelihood ratio uts after theiterations:� R�+p+ > 5, selet �+� RK+p+ > 30, selet K+� RK�p� > 10, selet K�It an be seen that the new ut values are lower than the original values by 5. Theoptimal log-likelihood uts are found by varying the ut values in steps of 5, thereforein order to estimate the systemati error from the uts, the iteration analysis isredone with a hange in eah of the uts of �10. Figure 5.21 shows the bakgroundsystemati error from this study as a funtion of momentum bin (pz; pT ). Similar tothe systemati error due to purity unertainty, the systemati error due to hange inlog-likelihood ratio uts is within 20% in general, with large e�ets on the bins wherethe partile yields are small.
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Figure 5.21: E�et of bakground systemati on �+=��, K+=K�, K+=�+ andK�=��due to hange in log-likelihood ratio uts by �10.



Chapter 6
Results and Comparison

The set of ��=�+, K�=K+, K�=�� ratios obtained from the data analysis andorretion proedures desribed in Chapter 5 is shown in this hapter as a funtionof momentum bin (pz; pT ). This hapter also summarizes the numerial results fromthe MIPP NuMI target data in tables, gives a set of distributions as a funtionof momentum bin (pz; pT ), and shows the omparison to the MIPP Monte Carlosimulation, the MIPP thin Carbon data and the MINOS models.
6.1 Measurements of Partile Prodution Ratiosfrom the NuMI TargetTable 6.1, Table 6.2, Table 6.3 and Table 6.4 present the ��=�+, K�=K+, K+=�+and K�=�� ratios respetively. They orrespond to the binning sheme disussed in90



Chapter 6: Results and Comparison 91Table 5.1 in Chapter 5.The distributions of the ratios in (pz; pT ) are shown in Figure 6.1.
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Figure 6.1: The ratios as a funtion of (pz; pT ) for ��=�+, K�=K+ and K�=��produed in p+NuMI ollisions at 120 GeV=.These ratios form an internally onsistent ensemble that reveals strutures oftransverse and longitudinal momentum dependenies in the available phase spae.



Chapter 6: Results and Comparison 92Table 6.1: The ��=�+ ratio in p+NuMI interations in (pz; pT ) at 120 GeV=. Thestatistial and systemati unertainties are given.Errors in perent
Bin ��=�+ Statistial TotalSystem

ati
Beam Momentum BkgdfromP

urity
BkgdfromC
uts

(0, 0) 0.585+0:026�0:029 4.111 +1:506�2:622 +0:638�0:820 +1:170�2:427 +0:513�0:530 +0:478�0:185(0, 1) 0.638+0:017�0:019 2.531 +1:039�1:623 +0:294�0:276 +0:750�1:454 +0:017�0:017 +0:656�0:667(0, 2) 0.710+0:018�0:021 2.461 +0:360�1:686 +0:024�0:045 +0:000�1:328 +0:249�0:244 +0:258�1:009(0, 3) 0.713+0:045�0:035 2.669 +5:745�4:138 +0:722�0:671 +0:665�0:746 +0:345�0:340 +5:649�4:000(1, 0) 0.465+0:020�0:019 3.890 +1:747�1:342 +0:115�0:171 +1:607�1:143 +0:594�0:609 +0:325�0:309(1, 1) 0.533+0:018�0:015 2.507 +2:365�1:329 +0:252�0:265 +2:300�1:294 +0:137�0:140 +0:470�0:000(1, 2) 0.607+0:016�0:017 2.322 +1:101�1:620 +0:004�0:059 +1:052�1:575 +0:157�0:154 +0:283�0:342(1, 3) 0.685+0:021�0:027 2.261 +2:051�3:279 +0:044�0:019 +0:974�0:644 +0:239�0:236 +1:789�3:207(1, 4) 0.793+0:096�0:064 7.088 +9:851�3:918 +0:108�0:237 +0:680�0:000 +0:420�0:414 +9:818�3:889(2, 0) 0.366+0:018�0:018 4.606 +1:857�1:532 +0:023�0:003 +1:703�1:377 +0:662�0:672 +0:333�0:000(2, 1) 0.440+0:014�0:015 3.080 +0:832�1:180 +0:195�0:000 +0:670�1:116 +0:359�0:364 +0:275�0:120(2, 2) 0.510+0:017�0:016 2.805 +1:688�1:383 +0:241�0:452 +1:663�1:273 +0:163�0:165 +0:000�0:245(2, 3) 0.597+0:017�0:018 2.534 +1:219�1:597 +0:407�0:450 +1:148�1:309 +0:004�0:004 +0:048�0:796(2, 4) 0.727+0:039�0:045 5.157 +1:438�3:339 +0:000�0:209 +0:370�0:984 +0:185�0:183 +1:377�3:179(3, 0) 0.330+0:022�0:022 6.556 +1:326�1:191 +0:430�0:300 +1:091�1:081 +0:395�0:399 +0:476�0:030(3, 1) 0.333+0:015�0:014 4.293 +1:685�0:425 +0:266�0:000 +1:610�0:103 +0:350�0:353 +0:235�0:214(3, 2) 0.423+0:017�0:017 3.903 +1:226�0:752 +0:554�0:534 +1:062�0:374 +0:261�0:263 +0:000�0:266(3, 3) 0.467+0:017�0:016 3.301 +1:313�0:634 +0:124�0:091 +1:274�0:610 +0:125�0:126 +0:267�0:077(3, 4) 0.608+0:034�0:034 5.527 +0:348�0:537 +0:119�0:433 +0:000�0:150 +0:092�0:091 +0:313�0:264(4, 0) 0.307+0:040�0:042 12.837 +1:318�4:626 +0:216�2:557 +0:704�3:851 +0:066�0:065 +1:091�0:180(4, 1) 0.301+0:027�0:029 8.637 +1:821�4:182 +0:698�0:779 +1:667�4:074 +0:047�0:048 +0:212�0:533(4, 2) 0.403+0:034�0:035 8.099 +2:336�3:433 +0:131�0:264 +1:693�3:419 +0:008�0:008 +1:604�0:171(4, 3) 0.416+0:028�0:028 6.735 +0:198�0:602 +0:069�0:076 +0:101�0:594 +0:049�0:049 +0:147�0:036(4, 4) 0.631+0:062�0:065 9.843 +0:877�2:853 +0:847�0:870 +0:000�1:321 +0:227�0:225 +0:000�2:364



Chapter 6: Results and Comparison 93Table 6.2: The K�=K+ ratio in p+NuMI interations in (pz; pT ) at 120 GeV=. Thestatistial and systemati unertainties are given.Errors in perent
Bin K�=K+ Statistial TotalSystem

ati
Beam Momentum BkgdfromP

urity
BkgdfromC
uts

(0, 0) 0.299+0:043�0:045 14.250 +1:702�4:276 +1:007�1:078 +0:000�3:950 +1:348�1:234 +0:257�0:000(0, 1) 0.474+0:047�0:054 8.520 +4:876�7:668 +0:649�0:695 +2:060�4:416 +4:058�3:593 +1:627�5:090(0, 2) 0.372+0:033�0:036 7.534 +4:492�6:162 +0:660�0:348 +3:378�4:519 +2:635�2:370 +1:180�3:438(0, 3) 0.422+0:072�0:052 7.053 +15:503� 9:973 +0:520�0:274 +0:000�4:388 +1:008�0:894 +15:461� 8:906(1, 0) 0.317+0:047�0:048 14.615 +2:638�3:977 +0:256�0:111 +1:003�3:493 +1:175�1:104 +2:123�1:545(1, 1) 0.330+0:029�0:028 8.007 +3:908�2:710 +1:662�1:748 +1:663�1:417 +1:604�1:505 +2:679�0:122(1, 2) 0.263+0:020�0:020 7.498 +1:385�1:559 +0:358�0:230 +0:065�0:798 +1:334�1:258 +0:083�0:395(1, 3) 0.356+0:023�0:026 6.171 +2:266�3:890 +0:538�0:667 +2:058�1:917 +0:476�0:451 +0:619�3:287(1, 4) 0.284+0:049�0:046 15.648 +6:932�4:084 +0:475�0:346 +1:779�2:734 +0:753�0:788 +6:640�2:910(2, 0) 0.423+0:079�0:086 14.831 +11:451�14:072 +1:800�2:009 +11:273�13:372 +0:851�0:814 +0:297�3:809(2, 1) 0.187+0:026�0:027 10.894 +8:485�9:226 +0:370�0:125 +8:106�9:200 +0:043�0:044 +2:480�0:674(2, 2) 0.248+0:027�0:027 9.026 +6:106�5:749 +0:250�0:145 +6:100�5:723 +0:105�0:108 +0:000�0:519(2, 3) 0.257+0:023�0:023 7.505 +5:136�4:548 +0:345�0:054 +5:075�3:500 +0:710�0:727 +0:000�2:811(2, 4) 0.220+0:035�0:039 15.536 +2:722�8:190 +0:595�0:854 +0:000�6:191 +2:656�2:722 +0:000�4:540(3, 0) 0.098+0:022�0:019 19.079 +12:217� 4:329 +3:100�3:228 +10:417� 0:000 +0:867�0:819 +5:512�2:766(3, 1) 0.085+0:014�0:014 15.873 +4:258�2:225 +0:355�0:391 +1:737�2:174 +0:256�0:267 +3:863�0:000(3, 2) 0.070+0:012�0:012 16.610 +5:249�4:301 +0:800�0:228 +3:371�3:329 +2:323�2:412 +3:187�1:246(3, 3) 0.139+0:018�0:016 10.604 +6:979�4:455 +0:331�0:221 +1:601�1:022 +3:931�4:094 +5:530�1:412(3, 4) 0.082+0:020�0:021 19.365 +14:188�16:427 +0:273�0:867 +1:332�1:821 +14:102�14:900 +0:763�6:615(4, 0) 0.064+0:039�0:032 40.041 +45:646�31:385 +2:498�4:615 + 0:000�14:468 +6:174�5:045 +45:158�26:999(4, 1) 0.092+0:022�0:023 23.730 +4:771�9:256 +1:107�2:562 +0:936�7:602 +1:461�1:324 +4:304�4:422(4, 2) 0.056+0:017�0:017 28.376 +10:666�11:445 +0:000�0:321 +3:153�0:880 +4:960�5:248 + 8:900�10:127(4, 3) 0.060+0:017�0:022 25.244 +13:619�26:855 +0:777�0:777 +3:865�6:433 +13:036�13:864 + 0:000�22:068(4, 4) 0.001+0:002�0:002 293.522 +64:355�65:368 +1:684�3:463 +1:184�0:000 +51:882�56:818 +38:020�32:136



Chapter 6: Results and Comparison 94Table 6.3: The K+=�+ ratio in p+NuMI interations in (pz; pT ) at 120 GeV=. Thestatistial and systemati unertainties are given.Errors in perent
Bin K+=�+ Statistial TotalSystem

ati
Beam Momentum BkgdfromP

urity
BkgdfromC
uts

(0, 0) 0.136+0:011�0:011 7.222 +3:514�3:318 +0:412�0:539 +1:860�0:000 +2:757�2:848 +1:057�1:615(0, 1) 0.104+0:009�0:008 4.926 +7:664�5:888 +0:423�0:226 +4:557�2:172 +4:747�4:869 +3:905�2:488(0, 2) 0.161+0:014�0:012 4.222 +7:878�6:158 +0:287�0:214 +5:288�3:665 +4:280�4:363 +3:962�2:326(0, 3) 0.213+0:023�0:022 4.355 +9:796�9:271 +0:595�0:678 +3:326�1:533 +5:219�5:298 +7:570�7:421(1, 0) 0.094+0:008�0:008 7.430 +3:984�4:224 +0:756�1:050 +3:416�1:362 +1:891�1:937 +0:231�3:336(1, 1) 0.140+0:007�0:007 4.166 +2:294�2:857 +1:036�0:581 +0:000�0:280 +2:047�2:093 +0:000�1:835(1, 2) 0.171+0:008�0:007 3.708 +2:469�2:181 +0:097�0:000 +0:765�0:527 +2:018�2:054 +1:196�0:509(1, 3) 0.221+0:011�0:010 3.597 +3:473�2:443 +0:513�0:513 +1:458�0:908 +2:044�2:071 +2:344�0:766(1, 4) 0.472+0:061�0:046 9.429 +8:889�2:051 +0:552�0:736 +2:081�0:812 +1:530�1:552 +8:488�0:774(2, 0) 0.087+0:012�0:010 8.297 +11:180� 8:321 +0:508�0:352 +10:820� 8:186 +1:428�1:450 +2:369�0:000(2, 1) 0.156+0:013�0:010 4.651 +6:876�4:736 +0:063�0:368 +6:833�4:617 +0:760�0:770 +0:110�0:615(2, 2) 0.163+0:008�0:009 4.371 +2:824�3:139 +0:000�0:082 +2:552�2:794 +0:673�0:681 +1:006�1:257(2, 3) 0.202+0:010�0:011 3.826 +3:178�3:610 +0:050�0:195 +2:324�3:442 +0:709�0:716 +2:048�0:795(2, 4) 0.259+0:023�0:021 8.038 +3:607�1:780 +0:994�1:297 +1:592�0:950 +0:758�0:764 +2:985�0:000(3, 0) 0.327+0:027�0:031 6.201 +5:239�7:143 +2:028�2:168 +4:195�5:689 +2:273�2:298 +0:760�2:946(3, 1) 0.214+0:012�0:013 4.843 +2:873�3:642 +1:010�0:819 +1:176�0:607 +1:716�1:732 +1:705�3:037(3, 2) 0.206+0:012�0:012 4.958 +3:408�3:516 +0:566�0:563 +1:933�2:423 +1:444�1:456 +2:340�2:014(3, 3) 0.195+0:009�0:011 4.403 +2:056�3:467 +0:149�0:052 +1:143�1:068 +1:701�1:712 +0:078�2:818(3, 4) 0.232+0:020�0:019 7.427 +4:632�3:027 +0:269�0:379 +2:440�1:804 +2:384�2:402 +3:122�0:000(4, 0) 0.328+0:131�0:098 10.927 +38:253�27:878 +0:000�1:737 +1:477�2:440 +9:258�9:396 +37:086�26:076(4, 1) 0.308+0:047�0:031 8.061 +13:033� 5:999 +0:267�0:273 +0:000�2:072 +4:319�4:370 +12:294� 3:539(4, 2) 0.305+0:035�0:029 8.799 +7:538�3:923 +0:140�0:228 +0:458�1:528 +2:292�2:315 +7:166�2:764(4, 3) 0.209+0:063�0:026 8.476 +28:965� 9:040 +1:795�1:458 +3:035�1:730 +2:639�2:662 +28:628� 8:338(4, 4) 0.213+0:035�0:032 13.996 +8:346�4:970 +3:429�2:400 +0:000�1:539 +4:031�4:071 +6:454�0:000



Chapter 6: Results and Comparison 95Table 6.4: The K�=�� ratio in p+NuMI interations in (pz; pT ) at 120 GeV=. Thestatistial and systemati unertainties are given.Errors in perent
Bin K�=�� Statistial TotalSystem

ati
Beam Momentum BkgdfromP

urity
BkgdfromC
uts

(0, 0) 0.069+0:009�0:009 12.954 +1:825�2:813 +0:780�0:797 +0:270�1:701 +0:972�1:014 +1:306�1:832(0, 1) 0.077+0:006�0:006 7.398 +1:737�2:063 +0:127�0:000 +1:414�0:900 +1:001�1:026 +0:000�1:547(0, 2) 0.084+0:006�0:006 6.707 +3:155�2:551 +0:421�0:018 +1:884�0:330 +2:058�2:088 +1:411�1:428(0, 3) 0.126+0:010�0:010 6.156 +5:102�5:187 +0:514�0:400 +0:000�2:215 +4:634�4:673 +2:072�0:000(1, 0) 0.064+0:009�0:009 13.173 +1:201�2:595 +0:898�0:991 +0:779�1:774 +0:171�0:178 +0:000�1:604(1, 1) 0.087+0:006�0:006 7.283 +1:095�1:549 +0:817�0:466 +0:000�0:789 +0:374�0:383 +0:626�1:188(1, 2) 0.074+0:005�0:005 6.918 +2:201�1:839 +0:361�0:075 +1:129�1:080 +0:889�0:902 +1:628�1:182(1, 3) 0.115+0:008�0:007 5.500 +3:863�3:433 +0:000�0:139 +2:548�2:178 +1:824�1:840 +2:259�1:907(1, 4) 0.169+0:030�0:026 14.359 +9:991�4:762 +0:095�0:027 +0:623�1:380 +2:720�2:735 +9:593�3:645(2, 0) 0.100+0:013�0:014 13.127 +2:430�4:006 +2:294�2:352 +0:454�2:658 +0:060�0:058 +0:656�1:857(2, 1) 0.066+0:007�0:007 10.322 +3:188�2:234 +0:430�0:686 +2:427�1:901 +0:442�0:452 +1:973�0:837(2, 2) 0.079+0:007�0:007 8.380 +1:811�2:512 +0:659�0:467 +1:449�2:071 +0:615�0:624 +0:605�1:190(2, 3) 0.087+0:006�0:006 6.936 +1:573�2:136 +0:602�0:410 +0:306�0:000 +1:421�1:433 +0:000�1:530(2, 4) 0.078+0:012�0:012 14.259 +4:183�6:401 +1:808�2:117 +0:000�3:750 +3:624�3:643 +1:048�3:026(3, 0) 0.097+0:020�0:019 19.197 +6:159�2:458 +0:433�0:969 +5:743�0:000 +1:036�1:056 +1:918�1:997(3, 1) 0.055+0:009�0:009 15.714 +2:966�1:970 +0:348�0:564 +0:000�0:922 +1:621�1:647 +2:459�0:000(3, 2) 0.034+0:006�0:006 16.326 +3:876�3:749 +0:812�0:257 +0:000�1:090 +3:530�3:578 +1:379�0:000(3, 3) 0.058+0:007�0:007 10.196 +6:211�5:890 +0:356�0:182 +0:724�0:748 +5:566�5:617 +2:635�1:598(3, 4) 0.031+0:008�0:008 18.719 +17:237�17:542 +0:980�1:361 +0:725�0:409 +16:929�17:020 +3:008�4:000(4, 0) 0.068+0:028�0:029 40.604 + 7:387�14:841 +1:485�3:813 + 0:000�13:812 +3:814�3:866 +6:149�0:000(4, 1) 0.094+0:024�0:023 23.931 +7:696�6:710 +0:675�2:065 +0:000�5:674 +2:889�2:926 +7:101�0:000(4, 2) 0.042+0:013�0:012 28.167 +9:743�9:115 +0:270�0:679 +1:900�0:000 +7:374�7:450 +6:071�5:208(4, 3) 0.030+0:009�0:010 24.714 +16:232�21:836 +1:080�0:760 +1:964�3:017 +16:076�16:198 + 0:096�14:309(4, 4) 0.000+0:001�0:001 293.353 +74:696�64:184 +0:115�0:992 +2:152�0:000 +58:361�58:670 +46:571�26:008



Chapter 6: Results and Comparison 96As presented in Figure 6.1, the dependene of the ratios on both variables pz andpT are visible: the ��=�+ and K+=�+ ratios inrease with pT , whereas the ��=�+,K�=K+ and K�=�� ratios derease with pz.6.2 Comparison to Other Data and ModelsIn this setion, the ��=�+, K�=K+ and K�=�� ratios for the NuMI data areompared with the thin Carbon data and the Monte Carlo simulation. In addition,the omparison between the NuMI data and the MINOS models are presented.Figure 6.2 shows the ratios produed in the NuMI data, the thin Carbon dataand the NuMI Monte Carlo simulation as a funtion of momentum bin. The generaldependene in data of the ratios on pz and pT is reprodued in the NuMI MonteCarlo simulation. However, the simulation overestimates the ��=�+ and K�=K+ratios, while it underestimates the K+=�+ ratio. The poor agreement between simu-lation and data indiates that the partile prodution on the NuMI target is not wellsimulated.In omparison to the p+C ollisions [3℄, the NuMI data show a steeper struturein pT for ��=�+ and K+=�+, whereas the dereasing slope of pz in K�=K+ in theNuMI data learly visible. Also, the NuMI data tend to have higher K+=�+ in mostmomentum bins than the thin Carbon data. Note however that the thin Carbon datapoints have asymmetri error bars whih are larger in the upper limit. This mayindiate the need for a more detailed bakground study of the thin Carbon data.
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Figure 6.2: The ratios as a funtion of (pz; pT ) for ��=�+, K�=K+ and K�=�� pro-dued in p+NuMI, p+C ollisions and NuMI Monte Carlo simulation at 120 GeV=.



Chapter 6: Results and Comparison 98Figure 6.3 shows the ratios between the NuMI data and the thin Carbon data,and the ratios between the NuMI Monte Carlo simulation and the thin Carbon MonteCarlo simulation. As disussed above, and shown in Figure 6.2, the distributions havesteeper slopes in pT in the NuMI data and they are more pronouned than in p+Collisions. This feature is disernible in the Monte Carlo ratio of ��=�+ in Figure 6.3,although it is diÆult to draw any �rm onlusion given the errors. It does howeverdemonstrates that the ratios are expeted to be smaller than 1 in the Monte Carlosimulation for ��=�+ and K�=K+, and larger than 1 for K+=�+, whih is onsistentwith the data measurement in most bins.Note that the thin Carbon target has an interation length of 2 %, whereas theNuMI target has an interation length of 90 %. The partile ratios from the measure-ments of proton-Carbon interations aount for only the interations of the primaryprotons, and so the e�et of re-interations in the NuMI target should be the primarydi�erene between the two data samples.The only other relevant models whih an be diretly ompared to the NuMI dataare the MINOS models [4, 5℄. In order to assess di�erenes between the MINOSmodels and the NuMI data, the ratios at di�erent (pz; pT ) presented in Figure 6.1 arereplotted for pT <0.2 GeV= and 0.2 GeV= < pT <0.4 GeV= as a funtion of pz.This allows a lear view of the substruture at low pT . These omparisons are shownin Figure 6.4 and Figure 6.5.The omparison with the MINOS re�t [42℄, whih is driven by MINOS Near de-
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Figure 6.3: The ratios between p+NuMI and p+C ollisions as a funtion of (pz; pT )for ��=�+, K�=K+ and K�=�� in data and Monte Carlo simulation at 120 GeV=.Points: data; dashed line: Monte Carlo simulation.



Chapter 6: Results and Comparison 100

 (GeV/c)
z

p
20 30 40 50 60 70

R
at

io

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

+π/-π

 (GeV/c)
z

p
20 30 40 50 60 70

R
at

io
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

+
/K

-
K

 (GeV/c)
z

p
20 30 40 50 60 70

R
at

io

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

+π/
+

K

 (GeV/c)
z

p
20 30 40 50 60 70

R
at

io

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2 MINOS Refit

FLUKA-05

MIPP

-π/
-

K

Figure 6.4: The ratios as a funtion of pz at pT <0.2 GeV= for ��=�+, K�=K+ andK�=�� produed in MIPP NuMI data and the MINOS models.
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Figure 6.5: The ratios as a funtion of pz at 0.2 GeV= < pT <0.4 GeV= for ��=�+,K�=K+ and K�=�� produed in MIPP NuMI data and the MINOS models.



Chapter 6: Results and Comparison 102tetor data, shows reasonable agreement. Remarkable di�erenes are however visiblein K�=�� at high pz, where a lear upward deviation with the MINOS re�t is evident.It is interesting to note that these data agree with the MINOS re�t parametrizationsigni�antly better than other models.



Chapter 7
Conlusions

The ��=�+, K�=K+, �+=K+ and ��=K� prodution ratios for proton inter-ations with the NuMI target observed with the MIPP experiment are presented.The data over the high momentum region with pT <2 GeV= and 20 GeV= <pz <90 GeV=. The statistial unertainties are typially at the 10% level for ��=�+and �+=K+. An iterative, data-driven method is used to evaluate the auray ofthe Monte Carlo simulation and redue the partile identi�ation bakground.These data arry important information onerning understanding of the neutrinospetrum in MINOS from the NuMI beam. The data also provide substantial new in-put to hadron prodution models for Monte Carlo simulations. Detailed omparisonswith the MIPP thin Carbon data and the Monte Carlo simulations in the orrespond-ing energy range, as well as omparisons to the existing MINOS models, demonstratethat the models in general agree with the data. Some disrepanies exist however,103



Chapter 7: Conlusions 104partiularly for K+=�+ at high pz. It is also interesting to note that the MINOS Re�tmodel shows generally better agreement than any other model.A natural extension to this work would be to ompute partile yields from theNuMI target based on the thin Carbon target measurements by taking into aountthe ontribution of asade proesses and tertiary partile prodution. Also, improve-ments to the partile identi�ation and bakground estimation should be possible byusing the information from other sub-detetors. This would also improve momentumspae overage. Finally, the MIPP data olleted for other thin targets an be usedto provide a deeper understanding of hadron prodution in the Monte Carlo models.



Appendix A
Maximization of Purity andEÆieny

In this Appendix, the proof that the likelihood ratio uts should be tuned tomaximize P � E is demonstrated, where P =Purity and E=eÆieny.Let us assume the following parameters:S0 = the total number of signal eventsS = the measured number of signal eventsB = the number of measured bakground events� = error on SUsing the de�nitions of purity and eÆieny,S = ES0P = S=(S +B). 105



Appendix A: Maximization of Purity and EÆieny 106Solving for B, we haveB = S(1� P)=P.Given that � = pS +B, the frational error on S is:�=S = pS +B=S = qS + S(1� P)=P=S = q(1 + (1� P)=P)=S�=S = 1=pPS = 1=pEPS0.Therefore, in order to minimize �=S, one would need to to maximize EP.
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