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La speranza �e un sogno fatto da svegli.Aristotele
Io, on tutto il rispetto per NostroSignore, mi pigliavo qualhe gionoin pi�u ma le ose venivano meglio.Afredodi\Nuovo inema paradiso".





IntrodutionThis Ph.D. thesis has been done in the framework of the KLOE experiment, whihwas in operation at DA�NE, the e+e� �-fatory of the Laboratori Nazionali diFrasati of the Istituto Nazionale di Fisia Nuleare.The main aim of the KLOE experiment is the measurement of the CP violation inthe K0K0 system, but its detetor has the apability to exploit a muh more vastphysis program, inluding neutral and harged kaon deays and radiative deays.Atually, sine the � mesons deays 49:2% of the time into a K+K� pair, DA�NE isa very rih soure of tagged and kinematially onstrained harged kaons.We foused our attention to the measurement of the harged kaon lifetime, whosemost reent measurement has been done in 1995. It is important to stress that theonly other in-ight measurement has been done in 1969. This quantity is afundamental parameter for the extration of the Vus element of the CKM matrix,together with all the other inputs measurable at KLOE, namely the semileptonibranhing ratios and the form fator slopes.We present a new measurement of the harged kaon lifetime. In order to ross heksystemati e�ets we developed two di�erent analysis methods, one relying on thereonstrution of the kaon path length and one measuring diretly the the kaon deaytime, for both the harges. A omparison of the lifetime for the two harges anprovide a CPT symmetry test.The thesis struture goes as follows: in the �rst hapter I disuss the theoretialaspets of the evaluation of Vus via the measurement of the branhing ratio of the Kl3deay, the harged kaon lifetime and the form fator slopes. I also disuss the otherharged kaon lifetime measurements previously performed.The KLOE detetor and its performane are briey desribed in the seond hapter.Chapter three is devoted to the desription of the data reonstrution and eventlassi�ation proedures.The seletion of the harged kaons events and their spei� re-traking proedure aredesribed separately in the fourth hapter.Finally the measurement of the harged kaon lifetime is disussed in last hapter.
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Chapter 1Charged kaon lifetimeThe Standard Model is a �eld-theoreti desription of strong and eletroweakinterations at the energy of several hundred GeV. In the Standard Model, thefundamental fermioni onstituents of matter are the quarks and leptons. Onlyquarks engage in the strong interations as a onsequene of their olor-harge.The harged kaon lifetime measurement, whih is my phd thesis work, is an imporantparameter for the determination of Vus, an element of the CKM matrix.1.1 The CKM quark mixing matrixIn the Standard Model with SU(2)�U(1) as gauge group of eletroweak interations,both the quarks and leptons are assigned to be left-handed doublets and right-handedsinglets. The quark mass eigenstates are not the same as the weak eigenstates, andthe matrix relating these bases was de�ned for six quarks and given an expliitparametrization by Kobayashi and Maskawa [1℄ in 1973. This parametrizationgeneralizes the four-quarks ase, where the matrix is parametrized by a single angle,the Cabibbo angle [2℄. By onvention the mixing is often expressed in terms of 3� 3unitary matrix VCKM operating on the harge �e=3 quark mass eigenstates (d,s, andb): 0� d0s0b0 1A = 0� Vud Vus VubVd Vs VbVtd Vts Vtb 1A �0� dsb 1A (1.1)There are several parameterizations of the Cabibbo-Kobayashi-Maskawa (CKM)matrix. The most relevant are the \standard" one [3℄, based on three angles and onephase, and the Wolfenstein's parametrization [4℄. The \standard" parametrizationallows to write VCKM using three angles �12; �23; �13 and a phase Æ13:5



6 CHAPTER 1. CHARGED KAON LIFETIME
VCKM = 0� 1213 s1213 s13e�iÆ13�s1223 � 12s23s13eiÆ13 1223 � s12s23s13eiÆ13 s2313s12s23 � 1223s13eiÆ13 �12s23 � s1223s13eiÆ13 2313 1A (1.2)with ij = os�ij and sij = sin�ij for the generation labels i; j = 1; 2; 3. This hasdistint advantages of interpretation, for the rotation angles are de�ned and labeled ina way that relates to the mixing of two spei� generations and if one of these anglesvanishes, so does the mixing between those two generations; in the limit �23 = �13 = 0the third generation deouples, and the situation redues to the usual Cabibbomixing of the �rst two generations with �12 identi�ed with the Cabibbo angle.The Wolfenstein parametrization emphasizes the hierarhy in the size of the angless12 � s23 � s13. It is possible to set � � s12 and then to write the other elements interms of powers of �:VCKM = 0� 1� �2=2 � A�3(�� i�)�� 1� �2=2 A�2A�3(1� �� i�) �A�2 1 1A+O(�4) (1.3)with A; � and � real numbers that were intended to be of order unity.Theoretial predition do not depend on whih of the possible parameterizations isused, as long as a single one is used onsistently and are is taken to be sure that noother hoie of phases is in onit. The values of individual matrix elements an inpriniple be all determined from weak deays of the relevant quarks, or from deepinelasti neutrino sattering. Assuming only three generations and the onstraintsfrom experimental values, the 90% on�dene limits on the magnitude of theelements of the omplete matrix are:0� 0:9739� 0:9751 0:221� 0:227 0:0029� 0:00450:221� 0:227 0:9730� 0:9744 0:039� 0:0440:0048� 0:014 0:037� 0:043 0:9990� 0:9992 1A : (1.4)The ranges shown are for the individual matrix elements. The onstraints of unitarityonnet di�erent elements, so hoosing a spei� value for one element restrits therange of the others.1.2 The CKM unitarity problemThe unitarity onstraint Pi V �ijVik = Æjk on the CKM matrix written for its �rst rowstates jVudj2 + jVusj2 + jVubj2 = 1 (1.5)



1.2. THE CKM UNITARITY PROBLEM 7Sine jVubj2 ' 19(7) � 10�6 [5℄ is negligibly small, the unitarity relation (1.5) redues tojVudj2 + jVusj2 = 1: (1.6)If a deviation from unitarity is seen, it signals the presene of unaounted physis bythe Standard Model. Otherwise if unitarity is respeted, onstraints on new physisan be implied.The value of jVudj an be determined from three distint soures: nulearsuper-allowed 0+ ! 0+ Fermi beta deays, the deay of the free neutron, and pionbeta deay [6℄. The results provided by these three methods are in agreement withinthe errors. Measurement method jVudjNulear super-allowed Fermi �-deays 0:97377� 0:00027Free neutron deay 0:9746� 0:0018Pion �-deay 0:9728� 0:0030Table 1.1: Values of jVudj provided by the three possible measurements [6℄.The value of jVusj an be obtained via the study of semileptoni Ke3, K�3 andhyperons deays [7℄, and via the ratio of K�2 and ��2 deays [8℄.The formula whih allows to obtain jVusj starting from the study of Ke3 deays is [7℄:�(K ! �e�()) = BR(Ke3)�K = G2Fm5K192�3 jVusj2jf+(0)j2SEWC2KIeK(1 + ÆeK) (1.7)where� C2 = 1 for KS;L (for both ��e� deays) and C2 = 1=2 for K�;� SEW = 1:022 is the Sirlin term whih takes in aount the short-distaneradiative orretion [9℄;� ÆeK0 = (+1:3� 0:3)% and ÆeK+ = (�0:1� 0:7)% are model dependentlong-distane QED orretions [10℄;� the form fator f+(0) = fK0��+ = 0:961� 0:008 inorporates SU(3) breaking, ithas been evaluated by Leutwyler and Roos and has been reently on�rmed by�PT [11℄ and lattie [12℄ alulations; in the ase of harged kaonsfK+�0+ ' 1:022 fK0��+ ;� IeK is a phase spae fator and it is funtion of the slope of the form fator.For several years the PDG has reported values of jVudj and jVusj in slightdisagreement with unitarity. In the last four years new measurements have beenperformed and the experimental piture is hanged. The 2006 PDG [6℄ gives
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Figure 1.1: Summary of the 2004 jVusjf+(0) measurement, shown by F. Mesia at the onfereneICHEP 2004 [14℄. In blak the 2002 PDG values.jVudj = 0:9738� 0:0003 (1.8)jVusj = 0:2257� 0:0021 (1.9)from whih the sum of the squares is jVudj2 + jVusj2 = 0:9992� 0:0011 with adeviation smaller than one �; this result is however based on the so alled PDG �t.1.3 KLOE results and Vus determinationAt the onferene Kaon07, at the "Laboratori Nazionali di Fasati, KLOE presentedthe measurements of the branhing ratios of KSe3, KLe3, KL�3, KL lifetime and thepreliminary measurements of the the branhing ratios of K+e3, K+�3 and K+ lifetime[15℄: BR(K0S ! ��e��) = (7:046� 0:091) � 10�4BR(K0L ! ��e��) = 0:4049� 0:0021BR(K0L ! �����) = 0:2726� 0:0016BR(K� ! �0e��) = (4:965� 0:052) � 10�2BR(K� ! �0���) = (3:233� 0:039) � 10�2 (1.10)



1.4. EXPERIMANTAL PICTURE 9�(K0L) = (50:92� 0:0030) ns�(K�) = (12:384� 0:048) ns (1.11)From those results, and using the ones given by ISTRA+, KTeV, NA48 and PDG[26℄, we an extrat: jVusj � fKSe3+ (0) = 0:21554 � 0:00142 (1.12)jVusj � fKLe3+ (0) = 0:21638 � 0:00055 (1.13)jVusj � fKL�3+ (0) = 0:21678 � 0:00067 (1.14)jVusj � fK�e3+ (0) = 0:21746 � 0:00085 (1.15)jVusj � fK��3+ (0) = 0:21810 � 0:00114: (1.16)Their average is: jVusj � f+(0) = 0:21668 � 0:00045 (1.17)The jVusj question (summarized in �gure 1.2) is moving, the CKM unitarity seems tobe safe even if problems of the di�erent values obtained using neutral or hargedkaons still remains and the theorial piture is on work.1.4 Experimantal piturePresent knowledge of �(K�) omes from �ve measurements performed between 1965and 1995. The PDG average [26℄� = (1:2386� 0:0024) � 10�8s: (1.18)However this average stems from �ve measurements whih are not in agreementbetween eah other, and whose errors must be multiplied by a fator 2.1 in order toobtain �2 � number of degrees of freedom. The disrepanies between the only"in-ight" [27℄ measurement and the "at-rest"[29℄, [28℄, [30℄ measurements alls for anew \in ight" determination of this quantity. The statistial error on the lifetimemeasurements depends on the numbers of events olleted and on the time intervalovered in the measurement:Æ�� = 1pN � �e3T � 1 + (eT � e2T )(3 + T 2)(eT � 1)3 ��0:5 (1.19)
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Figure 1.2: Summary of the jVusjf+(0) measurement, by M. Palutan Kaon07 [15℄.
�(K�)(10�8)s Autor Date Comment1.2451�0.0030 KOPTEV 95 K at rest, U target1.2368�0.0041 KOPTEV 95 K at rest, Cu target1.2380�0.0016 OTT 71 K at rest1.2272�0.0036 LOBKOWICZ 69 K in ight1.2443�0.0038 FITCH 65 K at restTable 1.2: Measurements of the harged kaon lifetime quoted by PDG(2006) [26℄.



1.4. EXPERIMANTAL PICTURE 11

PDG fit

Koptev U (95)
Koptev Cu (95)
Ott (71)
Lobkowicz (69)
Fitch (65)

τ (ns)
12.25 12.5 12.75Figure 1.3: Charged kaon lifetime quoted by PDG.run 1 2 3 4N 944,000 381,000 981,000 720,000Æ�stat, ns, Ott 0.0072 0.0107 0.0071 0.0080Æ�stat, ns, min 0.0133 0.0209 0.0139 0.0152ratio 1.85 1.96 1.84 1.90Æ�syst, ns, Ott 0.0261 0.0278 0.339 0.299Table 1.3: Analysis of the statistial and systemati error of the most preise measure-ment of the K+ lifetime [28℄



12 CHAPTER 1. CHARGED KAON LIFETIMEwhere T = �t/� is the �tted time interval in K�-lifetime units. The most preisemeasurement used in PDG average (namely [28℄) divide the data-taking in four runs.For eah run they evaluate the statistial and the systematial error (see table 1.3).As it is possible to see in the table 1.3, Ott quotes a statistial error smaller than thebest one obtainable with eq. 1.19 by a fator � 2. The systemati errors are averagedrun by run in order to obtain a systemati error as smaller as possible:�syst � 0:01 ns : (1.20)It seeems more reliable that the systemati error is ommon to all the runs; one ouldtake the average: �syst � 0:0294 ns : (1.21)The more reliable estimation for the K+ lifetime of the experiment [28℄ is:�(K+) = (12:380� 0:0074stat � 0:0294syst) ns =(12:380� 0:030) ns vs (12:380� 0:016) ns : (1.22)The most reent measurements [30℄ have been done in 1995 using two di�erentstopper. They also measure the �+ lifetime whih does not hange in Cu, C andSiO2. Therefore the onlude there are no systemati unertainties due to nulearinteration. Then they measure the K+ lifetime and �nd 12.368�0.041 in Cu and12.451�0.030 in U. It is important to stress that the systemati hek with pions hasno relevane for kaons, the former being a ase of so alled surfae beam, and thatthe probability of a statistial utuation is 10%. We have also to note that theweighted mean quoted in [30℄ had been obtained using as weigth 1/� instead of 1/�2.It is more reliable take ane half the di�erene as systemati error due to nulearinteration, then they would obtain:�(K+) = (12:422� 0:024stat � 0:048syst) ns =(12:422� 0:053) ns vs (12:415� 0:024) ns : (1.23)The only in \ight" measurement has been done by Lobkowik et al. in 1969 [27℄.They �st measure 1 - �(K+)=�(K�) and then they measure the K�, not K+, lifetimeobtaining, as �rst evaluation, �2 = 52.8 for four degrees of freedom. Then thestatistial errors are enlarged by a fator (14�2)1=2. The motivation for this orretionis a not perfet evaluation of the kaon momentum but a similar bias, whih does not



1.4. EXPERIMANTAL PICTURE 13a�et the 1 - �(K+)=�(K�) measurement, ould give also a shift in the lifetimemeasurement.If we avegare the modi�ed measurements in eq. 1.22, 1.23 and the Fith one weobtain: �(K+) = (12:407� 0:021) ns : (1.24)This new measurement is thus neessary in order to larify the present experimentalsenario.

Koptev

Ott

Fitch

τ (ns)12.2 12.4 12.6Figure 1.4: Charged kaon lifetime distribution using the orret values given in the text.
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Koptev

Ott

Fitch

τ (ns)

τ (ns)

Average

12.3 12.4 12.5

12.3 12.4 12.5

Figure 1.5: Charged kaon lifetime average using the orret values given in the text.



Chapter 2The KLOE experiment at DA�NEThe KLOE experiment has been reording e+e� ollisions at DA�NE, the �{fatoryat Laboratori Nazionali in Frasati, sine April 1999. In Marh 2006, it wassuessfully onluded. In this hapter the DA�NE ollider and the KLOE detetorare presented. Also an overview of the MonteCarlo simulation of the experiment isgiven.
2.1 The ollider DA�NEDA�NE (Double Anular �{fatory for Nie Experiments) [31℄ is an eletron-positronollider, designed to work at the enter of mass energy ps ' 1020 MeV,orresponding to the resonane peak of the vetor meson �, with massM� = (1019:460� 0:019) MeV [26℄, see Figure 2.1.Eletron and positron beams are stored in two separate rings, to redue beam{beame�ets. The two rings interset in two ollision points, IP, with an horizontal halfrossing angle of � 12.5 mrad, whih results in a small momentum omponent (� 13MeV in the horizontal plane) of the � mesons produed. At one the KLOE detetoris loated, while the other is alternatively oupied by two experiments: DEAR andFINUDA to study atomi and nulear physis. The DA�NE design aepts amaximum number of 120 bunhes orresponding to a bunh rossing period of 2:7 ns.The �nite rossing angle results in a small average � momentum of about 13 MeValong the transverse x{axis. The main parameters of the ollider orresponding to thelast KLOE run are listed in Table 2.1.

15
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Figure 2.1: Sheme of the DA�NE ollaider apparatus.



2.2. THE DA�NE LUMINOSITY AT KLOE 17Energy 0.51 GeVTrajetory lenght 97.69 mRF frequeny 368.26 MHzHarmoni number 120Damping time, �E=�x 17.8/36.0 msBeam urrent e�e+ 2/1.4 AmpsNumber of olliding bunhes 111Beta funtions �x=�y 1.7/0.017 mEmittane, "x (KLOE) 0.34 mm mradCoupling at 0 urrent 0.3 %Tunes �x=�y 0.091/0.166 e�0.109/0.191 e+Table 2.1: DA�NE Parameter list.2.2 The DA�NE luminosity at KLOEFirst ollisions in the KLOE interation region after the KLOE installation weredeteted on April 14, 1999. During the �rst data taking (1999� 2000), a totalintegrated luminosity of ' 2:4 pb�1 has been olleted, with istantaneous luminositypeak between 3 and 5 � 1030 m�2 s�1. This value lower than the one expeted(5 � 1032 m�2 s�1) has been improved with some hanges:� the magneti �eld of KLOE has been redued from 6 to 5.6 kGauss,� the KLOE interation region has been modi�ed in the optis and supports,� olliding urrent has been inreased due to the vauum onditioning and theontinuous improvements of the feedbak system.In the 2004� 2006 KLOE run, DA�NE has delivered an integrated luminosity inexess of 2 fb�1 on energy 1019:4 MeV see Figure 2.2 and, in the last part of the run> 0:25 fb�1 o� peak 1000 MeV.A high statisti san of the � resonane has been also performed olleting more than10 pb�1 per point at 4 di�erent energies (1010; 1018; 1023, and 1030 MeV).As shown in Figure 2.3 the mahine performane have been ontinuosly improvingduring the on-energy run. The highest peak and daily integrated luminositiesmeasured by KLOE have been Lpeak = 1:53 � 1032 m�2 s�1 and Lday = 10 pb�1,respetively.
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Figure 2.2: Integrated luminosity in pb�1 as funtion of the number of days of data taking for theyears 2001 � 2005.

Figure 2.3: Last KLOE run peak and integrated luminosity.



2.3. THE KLOE DETECTOR 192.3 The KLOE detetorThe KLOE detetor onsist of a superonduting oil able to furnish a magneti �eldup to 6 kGauss, whose iron return is designed to keep the �eld as muh as possibleuniform and parallel to the beam axis; a drift hamber, to trak the harged partiles;an eletromagneti alorimeter, to detet neutral partiles; two more tile alorimeterssurrounding the quadrupoles, to omplete the alorimetri hermetiity. A setion ofthe KLOE detetor is shown in Figure 2.3. In the following we will refer to an axessystem where the z{axis lies along the beams and the x and y{axes are the standardones, x horizontal and y vertial.Deay hannels Momenta (Mev=)KS;L ! �+�� 155 � p� � 256� ! �� p� � 280KL ! �e� p� � 300pe � 260KL ! ��� p� � 260p� � 260KL ! �0�0 160 � p�0 � 270�0 !  20 � p � 280KL ! �+���0 p� � 170�! K+K� 120 � pK � 135K� ! ��� 300 � p� � 320K� ! ���0 270 � p� � 280�0 !  20 � p � 180K� ! �0e�� pe � 300�0 !  20 � p � 325K� ! �0��� p� � 290�0 !  20 � p � 310K� ! ���+�� p� � 190K� ! ���0�0 p� � 180�0 !  20 � p � 135Table 2.2: Momenta of the partiles involved in some of the KL and K� deays.
2.3.1 The beam-pipeThe interation region onsists of a sphere (see Figure 2.6) of 10 m radius,orresponding to � 17KS deay length in order to avoid regeneration.
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Figure 2.5: 3D view of the KLOE detetor.The wall of the beam-pipe is made of AlBeMet, an alloy of beryl-aluminum 60%{40%with thikness 0.5 mm. A small layer of beryl, thik 0.05 mm guarantees ontinuityto the pipe inside the sphere. Beryl has been hosen beause of its low atominumber in order to redue multiple sattering, regeneration, energy loss of partilesand photon onversion.2.3.2 The drift hamberThe KLOE traking detetor is a ylindrial drift hamber [32℄, see Figure 2.7, whoselength is variable from 2:8 m near the beam-pipe to 3:3 m near the alorimeter walls;the outer radius is 2 m, the inner radius is 25 m. The drift hamber has thefollowing properties:� high and uniform reonstrution eÆieny over a large volume, in order toreonstrut orretly partiles that deay inside its sensitive volume (suh asKL);� very good momentum resolution (�p?=p?) for low momentum traks(50 < p < 300 MeV). In this energy range the dominant ontribution to themomentum resolution is multiple sattering:�p?p? = 0:053jBjL�r LX0where p? is the transverse momentum in GeV, � is the veloity of the partile,L is the total trak length in m, B is the magneti �eld in T and X0 is theradiation length;
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Figure 2.6: The beam{pipe.

Figure 2.7: The KLOE drift hamber at the end of the wire stringing.



2.3. THE KLOE DETECTOR 23� it is transparent to low energy photons (down to 20 MeV);� trak resolution in the transverse plane �R� ' 200 �m and a vertex resolution�vtx ' 1 mm.The hamber has a uniform ell struture. The uniform �lling of the hamber hasbeen ahieved through a struture of drift ells \almost" square shaped (seeFigure2.8), arranged in oaxial layers with alternating stereo angles whih inreasesin magnitude with radius from �60 to �150 mrad.

Figure 2.8: Drift ells on�guration at z = 0; a portion of hamber at boundary between small ells(inner layers) and big ells (outer layers) is shown. Full dots indiate sense wires, irles indiate �eldwires.The stereo angle is de�ned as the angle between the wire and a line parallel to thez{axis passing through the point on the plate of the DC, where the wire is onneted,see Figure 2.9. The ratio of �eld to sense wires (3:1) is a satisfatory ompromise inmaximizing the trak sampling frequeny, while maintaining the eletrostati stabilityof the drift ell. The sense wires are made of gold-plated tungsten and their diameteris 25 �m. The �eld wires are made of silver-plated aluminum and their diameter is 80�m; to the �eld wires are applied � 1900 V. There are 12 inner and 46 outer layers,the orresponding ell areas are 2� 2 and 3� 3 m2, respetively, for a total of 12582single-sense-wire ells and 52140 wires.Materials were hosen in order to minimize the density along the path of neutralkaons, harged partiles and photons. A arbon �ber omposite (� 0:1X0) has been
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Figure 2.9: KLOE drift hamber geometry: the z-axis is de�ned along the beam diretion. Thestereo angle "k is de�ned in suh a way that the stereo drop Æ is onstant.hosen for the hamber shell.The gas used is a 90% helium, 10% isobutane mixture. The helium is the ativeomponent of the mixture and thanks to its low atomi mass redues the e�et ofmultiple sattering and regeneration. The isobutane ats like quenher, it absorbs UVphotons produed in reombination proesses in order to avoid the prodution ofdisharges in the DC, it an't be more than 10% due to its ammability. The mixturehas a radiation length X0 ' 1300 m, while taking into aount also the presene ofthe wires, the average radiation length in the whole hamber volume is aboutX0 ' 900 m.The ell eÆieny is determined using osmi ray traks with more than 96 hits. The\hardware eÆieny" is de�ned as the ratio of the number of hits found in a ell tothe number of traks rossing the ell. This eÆieny is ' 99:6% both for small andbig ells and it is ostant over the whole drift hamber volume. The \softwareeÆieny" is de�ned requiring the hit found in the ell to be used by the trak �t andit is ' 97%. The \software" and \hardware" eÆienies are show in Figure 2.11. Asan be seen, the software eÆieny is lower for small drift distanes, this is due to theworse resolution lose to the wires due to non-linearity of spae to time (s{t)relations.Using samples of Bhabha{sattering events, the momentum resolution for 510 MeVe� has been evaluated. It an be seen in Figure 2.12 that for 50Æ < � < 130Æ (� beingthe angle between the z-axis and the diretion of the partile, polar angle of emission)the momentum resolution are �p ' 1:3 MeV and �p=p = 2:5� 10�3.
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polar angle (degrees)Figure 2.12: Momentum resolution as funtion of polar angle, using Bhabha events.2.3.3 The eletromagneti alorimeterThe KLOE EMC [33℄, is a �ne-sampling lead sintillanting-�ber alorimeter withphotomultiplier read out Figure 2.13. The alorimeter has the following properties:� a very good time resolution (' 100 ps) and a good determination (' 1 m) ofthe photon onversion point, in order to allow the K0 neutral deay vertexdetermination with an auray of few mm.The good position resolution together with the large radius (' 2m) onsent tohave a very good resolution on the angle of the photon onversion point;� an high hermetiity (98% of the solid angle), thanks to whih multiphotonproess has an aeptable geometrial eÆieny and events with di�erentnumber of photons an be separated orretly.The energy resolution is good (5:7%=pE[GeV℄) and the alorimeter is fullyeÆient over the range 20� 300 MeV;� it has also a very fast time response, that is used to trigger events at �rst stage.A lead-sintillating �ber sampling alorimeter has been designed to ful�ll theserequirements. Sintillating �bers o�er several advantages, in partiular they providegood light transmission over the required distanes, up to � 4:3 m. Superior timingauray is obtained beause of single mode propagation. The alorimeter shape isadapted to the geometrial requirements obtaining good hermetiity. The ylindrialbarrel onsists of 24 modules of trapezoidal shape 4.3 m long, 23 m thik and � 60m wide. Eah endap onsists of 32 vertial modules 0:7� 3:9 m long and 23 mthik. The modular sheme of alorimeter an be seen in Figure 2.15.The barrel overs a region between 40Æ and 310Æ, the endaps overs the anglesinluded between 9Æ and 46Æ and between 134Æ and 171Æ respetively. Theross-setion of the modules is retangular, of variable width.
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Figure 2.13: KLOE eletromagneti alorimeter.

Figure 2.14: Shemati view of the �ber-lead omposite of eah module of the eletromagnetialorimeter.
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Figure 2.15: Top: transverse ross setion of the KLOE detetor, it is possible to see the shapes ofthe endap EMC modules. Bottom: vertial ross setion of the KLOE detetor.



2.3. THE KLOE DETECTOR 29Modules are bent at the upper and lower ends to allow insertion into the barrelalorimeter and also to maintain the photo-tube axes parallel to the magneti �eld.Due to the large overlap of barrel and endaps, the KLOE alorimeter has no inativegap at the interfae between those omponents. The entral endap modules arevertially divided into two halves to allow the passage of the beam-pipe.All modules are made of 200 grooved, 0.55 mm thik lead foils alternating with 200layers of sintillating �bers with diameter 1 mm, glued in the grooves with a speialepoxy, whih is not harmful to the �ber plasti. Fibers are mostly orthogonal to theentering partiles in order to avoid hanneling. The ratio by volume of the di�erentomponent material is: lead:�ber:epoxy = 42:48:10, the high sintillator ontent isneessary to maximize the number of olleted photons per MeV released by theimpinging partile, so to optimize the energy and time resolutions. The attenuationlength of the �bers is � � 3 m, while the average density is 5 g/m3, the radiationlength is � 1:5 m and the overall thikness of the alorimeter is � 15 radiationlength.Light is olleted on both sides of eah module, via light pipes whih math almostsquare portions of the module end faes to 4880 photo-tubes. The read-out splits thealorimeter into �ve planes in depth, eah deep 4:4 m with the exeption of the lastwhih is 5:2 m deep. In the transverse diretion eah plane is subdivided into ells4:4 m wide. The set made of 5 ells lined up, one for eah transverse plane is named\olumn".The read-out r � � (x� z) granularity for the EMC is �nally � 4:4� 4:4 m2 slightlyvarying in size aross the modules. This allows a very good spatial resolution.The energy deposit in eah ell is obtained from the harge measured at eah side ofthe modules by the ADC's. The ell time is derived by time intervals measured ateah side of the modules by the TDC's. The di�erene of the signal arrival times atboth ends allows to reonstrut the oordinate along the �bers. Therefore theresolution on the z longitudinal oordinate depends on the statistis ofphotoeletrons: �z � 9 mm=pE[GeV℄.The energy resolution and the linearity of the energy response have been measuredusing photons from radiative Bhabha events and from �! �+���0 events. In bothases the photon energy E is estimated by traks momenta (reonstruted by thedrift hamber) and it is ompared with the measured luster energy ECL. Thefrational resolution �E=E and the relative deviation from linearity (E � ECL)=E ,obtained from radiative Bhabha events are plotted in �gure 2.16 as funtion of thephoton energy. Linearity is better than 1% for E > 75 MeV, while deviations fromlinearity at the 4� 5% level are observed for low energies, probably due to the loss ofshower fragments. The �t of the energy resolution to the funtion a=pE[GeV℄ + bgives a negligible onstant term, proving that the resolution is dominated bysampling utuations, and gives a stohasti term a = 5:7%:�EE = 5:7%pE(GeV) (2.1)
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Figure 2.16: Top: linearity of the alorimeter energy response as a funtion of the photon energy.Bottom: energy resolution of the alorimeter as a funtion of the photon energy. The two urves areevaluated with radiative Bhabha events.



2.3. THE KLOE DETECTOR 31Compatible results are obtained from �! �+���0.The time resolution derived by the analysis of various radiative � deays is shown inFigure 2.17.
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Figure 2.17: Time resolution of the alorimeter as a funtion of the photon energy, for radiative �deays.Good agreement between the measurements for di�erent hannels is observed downto 100 MeV. The urve in the plot is the result of a �t:�t = 54 pspE[GeV℄ � 140 ps (2.2)where the sampling utuation term is in agreement with test beam data [35℄ and theseond term is a onstant to be added in quadrature. The onstant term is given by



32 CHAPTER 2. THE KLOE EXPERIMENT AT DA�NEthe quadrature sum of two ontributions: the intrinsi time spread due to the �nitelength of the luminous point in the beam diretion, whih ontributes for � 125 ps,and the resolution of the synhronization with the DA�NE radio{frequeny, whihontribute for � 50 ps.Compatible results are obtained from �! �+���0 and from radiative Bhabhadeays.The photon detetion eÆieny is an important quantity for various analysis. Threedata samples have been used to estimate it: radiative Bhabha events and�! �+���0 deays, whih provide a soure of photons oming from the interationpoint, and KL ! �+���0 deays, in whih the photons originate from a KL deayvertex in the DC volume. The detetion eÆieny ", resulting from these threeanalysis, are shown as a funtion of the photon energy in Figure 2.18.
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Figure 2.18: Photon detetion eÆieny using: e+e� (Bhabha radiative), � ! �+���0, KL !�+���0.A onstant value of more than 98% is observed above 100 MeV, while a loss ineÆieny is evident below 100 MeV.



2.3. THE KLOE DETECTOR 332.3.4 The quadrupole alorimeters (QCAL)In order to ahieve the maximum possible luminosity, the last fousing quadru- polesare very lose to the interation point, inside the KLOE detetor. The presene ofthis quadrupoles limits the geometrial aeptane for photons oming from K0Ldeays enreasing by a fator 5 the probability to lose one single photon, then asensitive detetor overing the quadrupoles is ertainly welome.Detetor design must satisfy stringent weight and volume requirements to �t betweenthe quadrupoles and the drift hamber inner wall. The adopted solution is a samplingalorimeter made of lead and sintillator tiles see Figure 2.19.The alorimeter is divided in 16 radial setion whose light is olleted by wavelengthshifting �bers. Eah �ber urved and shared between two non adjaent setorallowing to plae the PMs only on the side far from the interation point andavoiding double hits on the same �ber.Looking from the interation point eah radial setor has a onial part (50 m long)followed by a ylindrial one (31 m long). Eah setor ontains 16 lead planes (2 mmthik) and 15 sintillator layers (1 mm thik) for a total of � 5:5 radiation lengths.PMs are of mesh-dynode type to redue the e�et of magneti �eld.1 The signaloming out from eah PMs is splitted in two: the �rst is shaped and sent to theADC, the seond is disriminated and sent to the TDC. Main request for the QCALdetetor is the photon detetion eÆieny. This an be measured using osmi raysseleted by the drift hamber. The energy released by a osmi MIP is equivalent tothat of a 75 MeV photon.The eÆieny for the single setor is 98 %, but when both signal at the �ber ends arerequested the eÆieny drop down to 75 %. The hit oordinate along the �ber isdetermined by the di�erene in the arrival time at two ends from:z = L� v t2 � t12 (2.3)where L is half of the total �ber length and v is the light speed in the �ber. Photondetetion eÆieny has been evaluated using K0L ! �0�0�0 and K0L ! �+���0samples and looking for a photon not deteted by alorimeter that intersets theQCAL region. The result for a single photon eÆieny is 92� 4%.Time resolution obtained with osmi rays events is:�(t) = 0:9� 0:2 ns (2.4)orresponding to: �(t) = 240 nspE(GeV) (2.5)Energy resolution is expeted to be larger than 40% and indiates that QCALdetetor an be used as photon ounter but not a preise alorimeter.1Nonetheless a gain redution of � 60% has been observed one the PMs have been installed insidethe KLOE magneti �eld.
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Figure 2.19: Shemati view of a quadrupole alorimeter.



2.4. THE TRIGGER SYSTEM 352.4 The trigger systemThe main goal of the KLOE trigger system [47℄ is to:� produe a trigger signal for all � events;� reognize Bhabha and osmi-ray events and aept a downsaled sample foralibration purposes;� rejet the mahine bakground.There are two main soures of bakground.One is due to Bhabha events at small angles, where eletrons and positrons hit twofousing quadrupoles loated very lose to the IP and produe showers inside thedetetor.The other soure is due to partile losses from the DA�NE beams. Theseo�-momentum partiles ome from beam-gas interations or Toushek sattering. Thetrigger is based on loal energy deposit in alorimeter and multipliity informationfrom the drift hamber. It is omposed by two levels (see Figure 2.20) in order toboth produe an early trigger with good timing to start the Front End Eletroni(FEE) operations and to use as muh information as possible from the drift hamber.Spei�ally, after the arrival of a �rst level trigger, additional information is olletedfrom the drift hamber, whih is used, together with the alorimetri information, toon�rm the former and to start the DAQ system. The alorimeter triggers on loalenergy deposits larger than a programmable threshold. Two thresholds are given foreah EMC signal, the �rst at low energy � 50 MeV in order to trigger on low energypartiles from � deays entering the alorimeter (Low Energy Threshold, LET), andthe seond at high energy � 350 MeV in order to identify and rejet (or aept asdownsaled sample) Bhabha events (BhaBha Trigger, BBT).The drift hamber triggers on the multipliity of �red wires: eah sense wire signal,after preampli�ation, is fed into the disriminator ard where signals for the TDCsand the trigger are formed; for the trigger they are formed to a width of 250 ns, i.e.the oinidene width whih optimizes both signal eÆieny and bakgroundrejetion, and produes a fast trigger signal.The �rst level trigger algorithm an be summarized as follows:� � trigger: (2 alorimeter LET hits with Barrel-Barrel, Barrel-Endap orEndap-Endap topology) OR (15 drift hamber hits within 250 ns).� Bhabha veto: 2 alorimeter BBT setors with Barrel-Barrel or Endap-Endaptopology.The level one trigger T1 sets a 2 �s long aknowledge signal, whih vetoes other �rstlevel triggers and allows signals formation from the drift hamber ells.Before being distributed to the alorimeter FEE, the �rst level trigger is synhronizedwith a resolution of 50 ps with the DA�NE radiofrequeny divided by 4 (T = 10:8
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2.5. THE DATA ACQUISITION SYSTEM 37ns). Therefore the alorimeter TDCs measure the time with respet to a bunhrossing oming n periods after the ollision that originated the event, where n has tobe determined by the o�ine reonstrution of the event. This tehnique allows us topreserve the resolution on time measurement at the level of pio-seond, whih wouldbe otherwise spoiled by the intrinsi jitter of the trigger signal formation.At the end of the dead time the trigger system asks for a on�rmation of the level 1deision. The signal from these dediated hannels are treated in the same way asthose used to de�ne the � or Bhabha alorimetri triggers but with threshold hosento be equal to the average energy released in a ell by a minimum ionizing partileMIP (40� 50 MeV). One two setors are above threshold, the osmi rays bit isativated and the event agged. To avoid rejetion of �+�� events, whih triggereasily the external planes of the alorimeter, a third level trigger (T3) has beendeveloped. Eah event deteted as osmi ray events by the seond level trigger areagged and not rejeted, then these events pass through the T3 �lter before beingwritten on tape. The T3 �lter performs a fast preliminary pattern reognition lookingfor traks oming from the interation point. If no trak is oming from the IP theevent is rejeted. The level two trigger T2 gives the stop to hamber TDCs and startsthe data aquisition.The seond level algorithm an be summarized in this way:� � trigger: (at least 1 alorimeter hit in the Barrel or 3 hit in the same Endap)OR (40 drift hamber hits integrated during 850 ns after T1).� Cosmi ag: 2 hits on the external plane of the alorimeter with Barrel-Barrelor Barrel-Endap topology.
2.5 The data aquisition systemThe KLOE data aquisition system [36℄ (DAQ) was designed to ollet data frommore than 23000 eletroni hannels (13000 DC and 10000 EmC hannels) at amaximum rate of 50 Mbytes/s. A two level onentration sheme has been adopted,Figure 2.21.In the �rst level sub{events are proessed, where a sub-event is a piee of an eventprodued by a subset of the front end eletronis (FEE). The FEE are housed inrates together with read-out ontrollers (ROCK's). The rates are organized in 10hains.A ROCK manager, the ROCKM, reads sub-events, assoiated to a trigger number,from a hain through a ustom bus, the C{bus. The ROCKM's are housed in seondlevel rates together with CPU's equipped with FDDI interfaes. The CPU's readsthe data from the ROCKM's and send it to the CPU online farms. The addresses ofthe online farm proessors is provided by a Data Flow Controller (DFC). The DFC



38 CHAPTER 2. THE KLOE EXPERIMENT AT DA�NEguarantees that all sub-events with the same trigger number are sent to the sameCPU online farm. After arriving the online farm proessor, the sub-events fromdi�erent hains, assoiated to the same trigger number, are merged together to builda whole event, and are written in YBOS format into a irular bu�er. Here theformatted events are read by the two proesses: the Reorder, whih writes events todisk, and on tapes; the Spy-Daemon, wih writes events in a spy bu�er for onlinemonitoring, eventsin a spy bu�er for online monitoring, event display, and detetoralibration.These tasks are aomplished by numerous proesses. Among these, the Trgmonproess, reading information about trigger setors, provides a fast monitor ofquantities suh as instantaneous luminosity, bakground level, and data rates. The L3proess selets Bhabha, , and CR events used for detetor online alibration andmonitoring. Finally, the Trkmon proess, alulates for eah run the average �momentum and position by using Bhabha events, and heks drift hamber wireeÆienies.
2.6 MonteCarlo: detetor simulation and physisgeneratorsThe KLOE MonteCarlo program, GEANFI, is based on the GEANT 3.21 library [37℄widely used in urrent high-energy and astropartile physis experiments. GEANFIinorporates a detailed desription of the KLOE apparatus, inluding:� the new interation region: the beam pipe, the low{beta quadrupoles, and theQCAL alorimeters;� the drift hamber;� the endap and barrel alorimeters;� the superonduting magnet and the return yoke strutureA set of speialized routines has been developed to simulate the response of eahdetetor, starting from the basi quantities obtained from the GEANTpartile-traking and energy deposition routines. Moreover the simulation of dEdXmeasurement in drift hamber and the treatment of nulear interations/regenerationin drift hamber wall and beam pipe are inserted.GEANFI ontains the ode to generate the physis of interest at DA�NE. The rosssetion for the relevant proesses in e+e� ollisions at ps = 1:02 GeV are listed inTable 2.3.A preise Bhabha-event is required for the measurement of the luminosity.



2.6. MONTECARLO: DETECTOR SIMULATION AND PHYSICS GENERATORS39

Figure 2.21: Sheme of the DAQ{system hardware.



40 CHAPTER 2. THE KLOE EXPERIMENT AT DA�NEProess Polar Angle �(�) be+e� ! e+e�() 20Æ < � < 160Æ 6.2e+e� ! �+��() 20Æ < � < 160Æ 0.085e+e� ! �+��() 20Æ < � < 160Æ 0.080e+e� ! () 20Æ < � < 160Æ 0.30e+e� ! !�0 0.008e+e� ! � 3.1Table 2.3: Cross setions for several e+e� interation proesses at ps = 1:02 GeV. For the proesse+e� ! �, the visible ross setion is listed.To reah an auray of a few per mill for the e�etive ross-setion radiativeorretions must be properly treated. BABAYAGA [39℄ generator [37, 38℄ has beeninterfaed with GEANFI. This generator is based on the appliation to QED of theparton-shower method originally developed for perturbative QCD alulations. Thegenerator takes into aount orretions due to initial-state radiation (ISR), �nal-stateradiation (FSR), and ISR-FSR interferene, and has an estimated auray of 0.5%.BABAYAGA an also be used to generate e+e� ! �+�� and e+e� ! �+�� events.The routines in the GEANT library simulate two and three body deays aording topure phase-spae distributions. Only the main deay modes of muons, pions, kaons,and mesons are simulated. We have enrihed the list of simulated partile-deaymodes to inlude rare deays and re�ned the kinemati distributions of theseondaries to inlude the orrelations expeted from the matrix elements for thedi�erent deay proesses.The generator for � events, BABAYAGA, selets the � deay hannel and delaresthe deay produts to GEANT. Initial-state radiation and the beam-energy spread ofthe mahine (�Ebeam=Ebeam = 0.05%) are taken into aount event by event in thesimulation of the deay kinematis.All deays modes of the harged and neutral kaons meson are simulated.



Chapter 3Data reonstrution and eventlassi�ation
3.1 Data reonstrutionThe reonstrution of raw data, whih are written to mass storage by the DAQsystem, starts with the translation, performed through the detetor maps, ofeletroni addresses into geographial detetor addresses: time and position of theDC hits and time, position and released energy of the EMC ells. These quantitiesare then proessed in order to reonstrut the physial quantities of the events.
3.1.1 ClusteringThe lustering algorithm for the KLOE Eletromagneti Calorimeter, has toreonstrut the energy, impat point and the arrival time of eah photons that reahthe alorimeter.Let us all ell a alorimeter segment, whih is de�ned as the smallest alorimeterphysial hannel viewed by two photo-multipliers in the plane transversal to the �brediretion. For eah ell two time signals, tA;B and two amplitude signals SA;B arereorded from the photo-multipliers on the two side of the �bre. The longitudinalposition of the energy deposit is derived from the time di�erene between the twoends of the �bre, tA � tB. Let us de�ne some useful variables:� the TDC alibration onstants A;B, in ℄textns=TDC ounts;41



42 CHAPTER 3. DATA RECONSTRUCTION AND EVENT CLASSIFICATION� the average times measured in a dediate run TA;B;� the �ne orretions to the time o�sets tA;B0 ;� the ell length L (m);� the light veloity in the �bres v (m/ns);The partile arrival time t and its oordinate z along the �bre diretion are obtainedfrom these variables as: t = tA + tB2 � tA0 + tB02 � L2v (3.1)z = v2 �tA � tB � (tA0 � tB0 )� (3.2)with tA;B = A;B � TA;B (3.3)The energy signal on eah side of a ell i is de�ned as:EA;Bi = SA;Bi � SA;B0;iSM;i � kE (3.4)where S are the ADC ounts, S0;i are the zero o�sets of the amplitude sale, SM;i isthe response for a minimum ionising partile rossing the alorimeter entre and kE isa sale fator, that gives the energy sale in MeV. The energy of the ell is obtainedas the average of the two sides weighted with a fator that takes into aount theattenuation due to the light propagation along the �bre:Eelli = EAi AAi + EBi ABi2 (3.5)The lustering algorithm works to put together ells hit by the same partile: joiningthe adjaent ells to form pre-lusters and then these pre-lusters are joined or splitusing both time and position informations.The luster time is de�ned as the energy weighted average of the times of the ellsbelonging it: tl = �ellsEiti�ellsEi (3.6)The same proedure is used for the three oordinates of the lusters:xl = �ellsEixi�ellsEi (3.7)yl = �ellsEiyi�ellsEi (3.8)zl = �ellsEizi�ellsEi (3.9)



3.1. DATA RECONSTRUCTION 43A signi�ant systemati e�et indued by the lustering is the prodution of spuriouslusters from the splitting of a unique energy deposit in the alorimeter.This e�et is strongly dependent on the energy of the partile releasing its energy andon the position of the luster in the EMC and a�ets the photon multipliityobserved by the detetor in a given event. For this reason it has been studied onwell-de�ne photons samples suh as those produed in e+e� ! e+e� events and in �radiative deays. The probability of having a luster splitting is omputed as afuntion of luster energy and polar angle, and is �nally used to unfold the truemultipliities from the observed ones.After luster reonstrution, an estimate of the referene time of the event (theabsolute T 0) is given by assuming that the �rst luster in time is due to a promptphoton oming from the origin; this photon must have at least 50 MeV and must liefarther than 60 m from the ollision axis. The hypothesis of the being a promptluster reasonably �ts a large set of events (radiative � deays, KL with at least a or a �0 produed, e+e� ! e+e�), but is inadequate to desribe K� events: in theharged kaon ase, after event lassi�ation, a new estimation of the T0 must bedone. One that the absolute T0 is determined, it is taken as referene for all thetimes of the event.
3.1.2 TrakingThe traking and vertexing proedure [41, 42℄ are based on the algorithms developedfor the ARGUS drift hamber [43℄, and are modi�ed to take into aount the stereogeometry of the KLOE drift hamber and to optimize the vertex-�nding eÆienyover all the deteting volume.The hamber operates with a helium-based gas mixture to minimize the traksmultiple sattering.Due to the large ell dimensions the drift veloity is not saturated and the ellresponse is not linear. Spei� sets of spae to time relations (s-t relations), whihallow to reonstrut the distane of losest approah of the partile to the sense wire,are omputed as funtion of the drift time. Due to the square shape of the drift elland to the deformations indued on it by the stereo geometry, the s-t relationsdepend on the spatial oordinates of the ell and on the inidene diretion of thetrak in the ell. This dependene has been parametrized aording to two variables(de�ned as shown in Figure 3.1): the trak inidene angle ~� and the shapeparameter �, whih takes into aount the peuliar geometry of the upper part of theell. It has been seen [44℄ that 232 parameterizations aounting for ell type (smallor big), trak orientation, and ell shape, are a reasonable ompromise whih allows agood desription of the s-t relations and a limited number of parameterizations.



44 CHAPTER 3. DATA RECONSTRUCTION AND EVENT CLASSIFICATION
φ

~

β

tra
ck

Figure 3.1: De�nitions of the variables used in the s-t relations lassi�ation.The s-t relations are parametrized in terms of a 5th order Chebyhev polynomial,d(Ck; t� T0), and the Ck are 6� 232 oeÆients.The trak reonstrution proedure starts with the pattern reognition. Thepattern reognition gives also a �rst estimate of the trak parameters. Owing to thestereo geometry of the drift hamber, the hits are distributed on 2 nearby urveswhen projeted onto the x{y plane. One of these urve is made up by the hits whih�re wires with the positive stereo angle and the other one by the hits of wires withnegative angle.The pattern reognition �rst ombines the hits on eah view separately. The 2Dandidates are then mathed and merged to de�ne the �nal trak andidate. Inmerging the two views the z information is also extrated and an evaluation of theparameters desribing the trajetory is made.The trak �t is a least-square �t of the trak andidates whose initial parameters aretaken from the pattern reognition results. The ultimate goal is to give the bestestimation of the partile momenta and positions. The �t yields the parameters �!qwhih minimize the quadrati form:�2 = [�!d meas ��!d �!q ℄TW [�!d meas ��!d �!q ℄where �!d meas are the measured drift distanes, �!d �!q are the distanes of the losestapproah of the trak to eah wire and W is the inverse ovariane matrix of themeasured oordinates. The minimization is performed using an iterative proedure inwhih the trak model is loally linearized. Energy loss and multiple satteringsu�ered by partiles in rossing the drift hamber are also taken in aount. Thetrak �t proedure also ontains some additional features designed to inrease the



3.1. DATA RECONSTRUCTION 45performane of the hit assignments using the parameters available at the trak �tlevel, whih are more re�ned than those available at pattern reognition level. Theseare:� Hit addition: an ansatz is made to add hits that were not assoiated to anytrak andidate by the pattern reognition. Eah hit is added or not on thebasis of its ontribution to the �2.� Hit rejetion: hits assoiated to traks by the pattern reognition may beremoved if their ontribution to the �2 is too large.� Trak joining: tries to merge two andidate traks whih ould have beenprodued by the same partile and split by the pattern reognition.� Trak splitting: it operates in the opposite way if the trak joining, it tries tosplit single traks orresponding to two di�erent physial signals.
3.1.3 VertexingAfter reonstruting traks, the vertex �t [42℄ aims to reonstrut the positions of thedeay vertexes in the DC volume.In order to reonstrut the � deay vertex traks are extrapolated toward the nominalinteration point, taking into aount the energy losses on the DC inner walls. Forthe other vertexes an iterative proedure is used to obtain the point of losestapproah for all traks. Pairs of traks are searhed, whose trajetories show anaeptable rossing point, both in the x{y plane and along the z oordinate. A �2minimization is applied in order to obtain the best possible estimate of the vertexposition, and if suh proedure onverges, the vertex is kept.Vertexes are lassi�ed aording to the quality of the �t. At this level, even morethan one vertex an belong to a given trak. A merging proedure is performed tojoin 2-traks vertexes together, so obtaining vertexes with 3 or more traks (this ispartiularly relevant for the K� ! ���+�� deay). An hypothesis test whihompares the 4-traks vertees versus the 2-traks vertees is done. On the bases ofthe �2 the two hypotheses are taped.



46 CHAPTER 3. DATA RECONSTRUCTION AND EVENT CLASSIFICATION3.2 The bakground rejetion �lter: FILFOThe bakground-rejetion algorithm is based on alorimeter lustering and DC hitounting, so that bakground events an be eliminated before DC reonstrution,whih is the most CPU-intensive setion of our reonstrution program. The mainFILFO features are the downsaling of Bhabha and osmi events, and mahinebakground rejetion.For the identi�ation of bakground events, uts are applied on the number oflusters; the number of DC hits; the total energy in the alorimeter; the average polarangle, position, and depth of the (two) most energeti luster(s); and the ratiobetween the number of hits in the innermost DC layers and the total number of DChits. These uts have been studied to minimize losses for physis hannels.Additionally, a simple ut on anomalously large energy deposits in any alorimeterregion is inluded to rejet rare mahine bakground topologies due to sporadibeam-loss events.
3.3 Event Classi�ation: EVCLEvents surviving the rejetion �lters and reonstruted by means of drift hamberinformation are �nally lassi�ed into distint ategories (data streams) by theevent-seletion algorithms, aording to the di�erent hypotheses for the �nal state.Seletion algorithms must orretly separate the various � deay hannels with thehighest possible eÆieny and minimize the ontaminations from the other streams.In order to avoid orrelations, the same event an be tagged by more than onealgorithm and saved in di�erent data streams. Moreover, biases are avoided byadopting rather loose and simple seletion riteria. This also allows to redue theCPU time needed for the event lassi�ation to a very small fration with respet tothe omplete data reonstrution hain. The main streams de�ned in the eventlassi�ation are, see Figure 3.2:� �! K+K� (KPM);� �! K0SK0L (KLS);� �! ��; �+���0 (RPI);� � radiative deays (RAD);� Bhabha and osmi events useful for detetor alibration (CLB). Alsoe+e� ! �+�� and e+e� ! �+�� events are olleted within this sample;� All events not identi�ed by any of the EvCl algorithms (UFO);
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Figure 3.2: Logi sheme of the KLOE o�ine reonstrution.� Bhabha sattering.To save spae on tape, only a little part of UFO events are kept, sine a sizableamount of suh events are unidenti�ed � deays (for instane K+K� events in whihboth kaons have deayed in the interation region without reahing the trakingvolume) or mahine bakground events.
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Chapter 4Seletion of harged kaon events�! K+K� onstitutes the most frequent deay mode of the � meson, sine thebranhing ratio for this hannel is 49.2% [26℄. In the � rest frame, the two hargedkaons have opposite momenta of 127 MeV , but due to the beam rossing angle the �is produed with a momentum of � 13 MeV . Then in the laboratory frame the kaonmomentum ranges between � 120 MeV and 135 MeV (see table 2.2).The average value of the radius of urvature in the KLOE magneti �eld (� 0:52 T )for harged kaons having pz = 0 is 81 m; onsidering also the z omponent of itsmomentum, it turns out that a harged kaon has to travel in average � 35 m fromthe interation point before reahing the drift hamber volume. Given their veloity� ' 0:25 and their mean life � = 1:2384 � 10�8s [26℄, harged kaons have deay length�� ' 95 m, so that the probability for harged kaons to reah the DC volume andrelease a suÆient number of hits to determine a reonstrutible trak does notexeed 70%. Moreover, a partile oming from the interation region, before enteringthe hamber, has to pass through the beam pipe, (see setion 2.3.1) and through thedrift hamber inner wall (see setion 2.3.2), loosing on average 25 MeV, with aorresponding shortening of the deay length to about 75 m.4.1 The KPM stream seletion algorithmsFive seletion algorithms have been developed for the identi�ation of �! K+K�events and they onstitute the oÆial proedure of the Event Classi�ation programfor the KPM stream.At the beginning of the data taking, during the mahine tuning, till year 2000, onlythe �rst three algorithms were applied. Later two more algorithms more eÆient andwith higher leaning apability have been developed.1. Algo1, based on the existene of a andidate �! K+K� vertex in theinteration region.2. Algo2, looking for events with both K+ and K� traks reonstruted withoutthe � vertex. 49



50 CHAPTER 4. SELECTION OF CHARGED KAON EVENTS3. Algo3, trying to identify a harged kaon by requiring spei� uts on a single�tted trak.4. TOPO, exploiting the typial geometrial on�guration of a K+K� event.5. TAG, founded on the kinemati reonstrution and identi�ation of a taggingK� two-body deay.The �rst three algorithms are applied in asade, aording to the diagram shown in4.1. Even if they have been replaed by the two newest algorithms we report themhere for ompleteness purposes. Eah algorithm analyzes the events by means of
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Figure 4.1: Logi sheme applied for the Algo1, Algo2 and Algo3 algorithms in the Event Classi�-ation program.suitable seletion riteria and a orresponding veto tests them against the bakgroundhypothesis: if suh onditions are ful�lled, the events are de�nitively kept and nofurther requirements are imposed, otherwise the events are left to the analysis of thenext algorithm(s). The de�nitions of the seletion riteria applied in the �rst threealgorithms are given in the following.In the Algo1 proedure vertexes with 2 traks and total zero harge are required inthe �duial volume de�ned by:� rV =px2V + y2V < 50 m;� jzV j < 40 m;



4.1. THE KPM STREAM SELECTION ALGORITHMS 51in addition, the two traks momenta �!p 1 and �!p 2 must be suh that:� 180 < j�!p 1j+ j�!p 2j < 235 MeV ;� �20 < �!p 1x +�!p 2x < 40 MeV ;� j�!p 1y +�!p 2yj < 30 MeV ;� j�!p 1z +�!p 2zj < 20 MeV .Veto1 rejet events for whih any of the following requirement is satis�ed.Veto logi: (1.and.2).or.3.or.4:1. �K+ < 0:60 rad (trak produed at small polar angle);2. �K� < 0:60 rad (trak produed at small polar angle);3. jr1PCA + r2PCAj � 16 m where riPCA =px2iPCA + y21PCA;4. jz1PCA + z2PCAj � 16 m;and where xiPCA, yiPCA, ziPCA and are oordinates of the Point of Closest Approahof the kaon trak to the IP. The Algo2 proedure asks for two traks whose innermost(outermost) DC layer hit is < 20 (< 35), orresponding to 72:5 m (117:5 m) in thex� y plane. The distane between the last hits of the two traks has to be at least88 m, the distane between the enters of the two helioidal trajetories in the x� yplane has not to exeed 25 m. Subsequently, the following uts are required:� 70 < j�!p 1j < 170 MeV ;� jz1PCAj < 70 m;� jr1PCAj < 15 m;� 50 < j�!p 2j < 200 MeV ;� jz2PCAj < 100 m;� jr2PCAj < 25 m;� 145 < j�!p 1 +�!p 2j < 260 MeV ;� jz1PCA � z2PCAj < 100 m;� jr1PCA + r2PCAj < 16 m.The de�nition of Veto2 oinides with Veto1.In the Algo3 proedure a single trak is searhed with innermost (outermost) DClayer hit < 10 (< 35), whih orresponds to 48:5 m (117:5 m) in the x� yplane.Subsequently, the following uts are required:



52 CHAPTER 4. SELECTION OF CHARGED KAON EVENTS� trak length < 150 m;� 85 < j�!p j < 120 MeV ;� rPCA < 10 m;� jzPCAj < 20 m.In order Veto3 to be satis�ed, at least one of the logial onditions is required.Veto logi: 1.or.2.or.3.or.4:1. jzPCAj > 5m;2. jrPCAj > 5m;3. j�!p j < 80 MeV ;4. j�Kj < 0:7 rad.The eÆieny of the Algo1-Algo2-Algo3 asade has been evaluated on Monte Carloand is about 26%.4.1.1 The new algorithmsA very high bakground rate in the KPM stream and a strong orrelation ineÆieny and systemati evaluation has been observed, sine the starting of theKLOE data taking in 1999, when only these three algorithms were implemented inthe Event Classi�ation program. A typial bakground was due to pionphotoprodution on the beam-pipe, see �gure 4.2 and �gure 4.3Thus two more algorithms alled TOPO and TAG have been developed in order toredue the presene of bakground in the �nally streamed data sample and to providean estimate of the systematis indued by the �rst three algorithms. Their de�nitionsare given below.The old seletion (the Algo-asade) and the new algorithms have been \OR-ed" for2001 and 2002 data.The TOPO algorithm initially requires two traks of opposite harge in the eventwhih satisfy the following seletion uts:� jzPCAj < 15m;� jrPCAj < 15m;� 70 < j�!p PCAj < 130 MeV ;� last hit in a �duial volume obtained by rotating around the beam axis theisoseles trapezium having parallel sides, 250 m and 270 m long, whosedistanes from the z axis are 40 m and 150 m respetively.
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Figure 4.2: Reonstrution of a pion photoprodution event.The angle �em between the emission line of the two kaons and the horizontal axis isthen onsidered. The two momenta �!p 1 and �!p 2 have to satisfy these two onditionssimultaneously:� (176 < j�!p 1j+ j�!p 2j < 220 MeV ) .OR. (jj�!p 1j � j�!p 2jj > 8 MeV ) ;� jj�!p 1j � j�!p 2jj > 25 � (os(�em)� 0:6).While the �rst ondition exploits the orrelation between the momenta of the twoandidate traks, the seond ondition uses the information of the boost of the �meson.The eÆieny of the TOPO algorithm has been evaluated on Monte Carlo and isabout 9%.4.1.2 The TAG algorithmThe TAG algorithm tries to identify a two-body kaon deay K ! �� or K ! ��0,whih are about 85% of harged kaon deays. It requires two traks onneted to thesame vertex. First is required a trak (kaon andidate) whih has the point of losestapproah to the IP smaller than d0 = 10 m (z0 = 20 m) along the radial(longitudinal) axis. The radial distane between the kaon andidate deay vertex andthe beam axis has to be 40 < RV < 150 m. The kaon andidate must also have
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Figure 4.3: Momentum of K+ versus the momentum of K� for data (above) and Monte Carlosimulation (below). It possible to see a large amount of bakground due to pions photoprodued onthe beam-pipe, whih are haraterized by the linear relation between the momenta of the two \kaon"andidate.



4.1. THE KPM STREAM SELECTION ALGORITHMS 5570 < j�!p j < 130 m. One the kaon andidate has been identi�ed, the andidateseondary trak must have the same harge of the kaon and momentum in thelaboratory ranging from 120 to 320 MeV and momentum in the kaon rest frame,using the �� mass hypothesis, ranging from 180 to 270 MeV .Let's see how the tag algorithm ats on the event seletion. First onsider thedistribution of d0, z0 and andidate kaon momentum before any ut (see �gure 4.4).It is possible to see a big disrepany between data and Monte Carlo espeially in thedistribution of the andidate kaon momentum mainly due to pion photoproduedontamination. Just applying the kaon preseletion a large amount of thesebakground events are disarded (see �gure 4.5).Then onsider the distribution of the variables involved in the kaon deay: distane ofthe vertex from the beam axis RV , momentum di�erene at the deay vertex �pbetween the kaon and the seondary produed in the deay, momentum of theseondary in the kaon rest frame. Begin onsidering the �rst row of �gure 4.6 whihrepresents the radial distane of the kaon vertex orreted for the harge (d0 � RV inthe �gure; RV > 0 if the kaon and the seondary have the same harge, otherwiseRV < 0). It is possible to see that there is a large amount of vertex at the interationpoint whih ome from � deay and pion photoprodution, sine the harge of thepartiles involved in the vertexes is di�erent. In the middle row is possible to see thedistribution of �p; the peak at zero orresponds to fake kaon deay vertexes whihome from kaon broken traks and the peak at 200 MeV orresponds to a seondaryreonstruted with the wrong diretion: the seondary harge is wrong and so the�rst hit is reonstruted as the last hit and vieversa. In the last raw is possible tosee the presene of three body kaon deays (around 150 MeV ) and of kaon brokentraks (near 50 MeV ). It is possible to see how suitable uts lean the data sample;see �gure 4.7 where the following ut have been applied:� 40 m < RV < 150 m;� 120 MeV < j�pj = j�!p K ��!p sej < 320 MeV .For omparison with �gure 4.3 we report in �gure 4.8 the plot of the momentum ofthe K+ versus the momentum of the K� for double tagged events: the pollution dueto pion photoprodution has disappeared.The most important feature of the Tag algorithm is that works using theinformations from only one of the two hemisphere of the event (K+ or K�). Sine atDA�NE kaons are always produed in pairs, the detetion of K� without using theinformation from the seond kaon K� allows us to onsider the tag events asreferene normalization and the kaons on the other hemisphere an be onsidered as apure K� beam. Then it allows the measurement of absolute branhing ratios.The eÆieny of the TAG algorithm has been evaluated on Monte Carlo and is about20%.
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Figure 4.4: Distribution of d0 (above) and z0 (in the middle) for the kaon andidate, before any ut.Below is shown the kaon andidate momentum. Dots represent data and the yellow shape representsMonte Carlo.
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Figure 4.5: Distribution of d0 (above) and z0 (in the middle) for the kaon andidate, after kaonpreseletion. Below is shown the kaon andidate momentum. Dots represent data and the yellowshape represents Monte Carlo.
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Figure 4.6: Distribution of d0 � RV (above), �p (in the middle) and p� (below) before any ut.Dots represent data and the yellow histogram represents Monte Carlo.
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Figure 4.7: Distribution of d0 � RV (above), �p (in the middle) and p� (below) the ut on theseondary have been applied. Dots represent data and the yellow histogram represents Monte Carlo.
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Figure 4.8: Momentum of K+ versus the momentum of K� for Monte Carlo simulation (above)and double tagged events (below). The bakground due to pions photoprodued on the beam-pipevisible in �gure 4.3 has disappeared.



4.2. RETRACKING, MERGING AND ABSOLUTE TIMING 614.2 Retraking, merging and absolute timingThe KLOE reonstrution has been oneived to trak neutral kaon deays. Thetraking proedure is performed in the pion mass hypothesis. Therefore thereonstrution is not optimized for harged kaon traks (see �gures 4.9 and 4.10). Itwas mandatory to develop a retraking and merging proedure whih takes intoaount the right mass hypothesis and the dE/dx in the hamber walls.The retraking is performed taking into aount the energy losses rossing the variousdetetor materials or between onseutive hits traveling through the gas in the DCusing the Bethe-Bloh formula under the orret mass hypothesis. It produesimprovement of all quantities involved, as an be seen in �gures 4.11, 4.12 and 4.13,where are shown respetively the improvements on the kaon momentum resolution,the improvement on the vertex resolution and the number of broken kaon traks.Also the referene time T0 must be alulated again beause the standard KLOEproedure is based on photons oming from the IP (see setion 3.1.1). The orretknowledge of the kaon momentum, obtained by the retraking, allows to re-omputethe absolute T0 of the event, and onsequently to improve the quality of thereonstrution of the whole event. The T0 �nding is based on vertex position, lustertimes, momentum of kaon and harged seondary at vertex for partiles involved inthe tag hemisphere and is performed traing bak the partiles from the alorimeterto the IP, taking into aount dE=dx for kaons.For ��0 deays it is possible to hek neutral versus harged reonstruted deaytime. Using double tag events it is possible to extrat T0 resolution from data(T0+�T0�). The T0 global algorithm has an high eÆieny � 96%, good resolution�T0 � 0:7 ns and it an be monitored from data with double tagged events.
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Figure 4.9: Reonstrution, without retraking of a K+ ! �+�, K� ! ��� event. Three fakevertexes have been reonstruted besides the two true vertexes.

Figure 4.10: Energy released in the big ells versus the momentum of the partile, it is possible tosee the big di�erene of energy released between kaons and their seondaries.
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Figure 4.11: Resolution on the kaon momentum before (above) and after (below) retraking.
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Figure 4.12: Vertex resolution before (above) and after (below) retraking.
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Figure 4.13: Number of broken kaon traks before (above) and after (below) retraking.
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Figure 4.14: A shemati piture of a double tag K ! ��, K ! ��0 event. The times of thelusters an be used for the T0 evaluation.
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Figure 4.15: T0 evaluation for Monte Carlo harged kaon events, using the photon from the IP (inblue) and with harged kaon dediated proedure (in red).
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Chapter 5The analysis
5.1 IntrodutionIn the following we desribe the measurement of the harged kaon lifetime. Thismeasurement is eagerly awaited from our ommunity in order to larify the presentsituation showing disrepanies between "in-ight" and "at-rest" measurements, sofar used in the PDG average. Moreover this quantity is a fundamental parameter forthe extration of the Vus element of the CKM matrix, together with all the otherinputs measurable at KLOE, namely the semileptoni branhing ratio and the formfator slopes.In order to ross hek systemati e�ets we developed two di�erent analysismethods: the kaon deay length and the kaon deay time measurement.The measurement of the harged kaon deay length requires the reonstrution of thekaon deay vertex using only Drift Chamber, DC, information while the kaon deayvertex reonstrution eÆieny is evaluated using a ontrol sample given byEletroMagneti Calorimeter, EMC, information only.The seond method relies on the measurement of the kaon deay time using EMCinformation only. We onsider events with a �0 in the �nal state only:K� ! X + �0 ! X +  (5.1)In this ase the kaon deay vertex reonstrution eÆieny is evaluated using aontrol sample given by DC information only.5.2 Analysis shemeThe proedure of this analysis an be summarized as follows:1. Seletion of a pure \K� beam" using the tag algorithm (see setion 5.4).2. De�nition of the two methods and for eah method:69



70 CHAPTER 5. THE ANALYSIS(a) determination of the harged kaon proper time distribution (see setions5.5.1 and 5.5.2), evaluation of the bakground events and bakgroundrejetion, (see setions 5.5.1 and 5.5.2),(b) evaluation of the eÆieny to reonstrut the harged kaon deay vertexon data. The eÆieny is orreted to take in aount a small disrepanybetween the true and the reonstruted MC eÆienies (see setions 5.6.1and 5.6.2),() measurement of the resolution urves as a funtion of the harged kaonproper time (see setions 5.7.1 and 5.7.2).(d) �t of the proper time distribution, taking into aount the orretion givenby the kaon deay vertex reonstrution eÆieny and the resolutione�ets (see setions 5.8.1 and 5.8.2),(e) evaluation of the systematis on the measurement. (see setions 5.9.1 and5.9.3).3. Evaluation of the orrelation between the two di�erent methods and of theirweighted mean (see setions 5.10).5.3 Data sampleThe sample used for this analysis has been olleted during 2002 data taking,proessed and �ltered with the KLOE standard reonstrution software and the eventlassi�ation proedure [46℄. We used about 210 pb�1 of data to evaluate the hargedkaon deay vertex reonstrution eÆieny as a funtion of the harged kaon propertime; we used 210 pb�1of data to measure the harged kaon proper time distributionand the resolution urves.We have produed about 175 pb�1 of MonteCarlo Whih were used to evaluate theharged kaon deay vertex reonstrution eÆieny as a funtion of the harged kaonproper time and to measure the harged kaon proper time distribution and theresolution urves.5.4 Seletion of the self-triggering tag eventsThe peuliarity of a �-fatory is that kaons are produed in pairs, namely K+K� andKLKS. Therefore the detetion of a K guarantees the presene of a �K on the otherside with known momentum and diretion. This feature allows the measurement ofabsolute branhing ratios. The deay produts of the K� pair de�ne two ideallyseparated regions alled hereafter the tag and the signal hemispheres.To measure the harged kaon lifetime we onsider the subsample of events seleted bythe TAG algorithm (see setion 5.4.1). One the algorithm has found a K� tag deay,it an be used as referene normalization and the kaons in the other hemisphere an



5.4. SELECTION OF THE SELF-TRIGGERING TAG EVENTS 71be onsidered as a pure K� beam. In the two-body deays the seondary traks havea well de�ned momentum in the kaon rest frame and this allows a good partileidenti�ation. To minimize the impat of the trigger eÆieny on the signal side, welook for a tag deay whih also provided by itself the EMC trigger of the event.Even if the analyzed events already belong to the harged kaons stream, it isneessary to reproess them for the following reasons: to tighten the requirements onthe tag deay, leaning the data sample, and to selet a spei� harge for theself-triggering tags (see setion 5.4.2).Hereafter we use a oordinate system with the z-axis de�ned as the bisetrix of thebeams, the y-axis vertial and the x-axis toward the enter of the ollider rings.5.4.1 The TAG algorithmThe TAG algorithm identi�es the two-body deays K ! �� or K ! ��0, whih areabout 85% of harged kaon deays. It is based on the presene of a two-traks vertexin the DC whih de�nes the K� deay.The �rst requirement is the existene of a trak (kaon andidate) with the point oflosest approah to the IP smaller than d0 = 10 m (z0 = 20 m) along the radial(longitudinal) axis. Then the radial distane between the kaon andidate deayvertex and the beam axis, RV , has to ful�ll 40 < RV < 150 m. The kaon andidatemust also have 70 < j�!p j < 130 MeV/.One the kaon andidate has been identi�ed:� the andidate trak assoiated to the harged deay partile (seondary) musthave the same harge of the kaon;� the momentum di�erene between the kaon and the seondary must ful�ll�320 < �p = j�!p Kj � j�!p sej < �120 MeV/;� the seondary harged partile momentum in the kaon rest frame, p�, using the�� mass hypothesis, must be in the range 180 < p� < 270 MeV/.The following uts are applied to distinguish between K� and K��0 deays:225 < p� < 245 MeV/ ) K�-tag (5.2)195:5 < p� < 213:5 MeV/ ) K��0-tag. (5.3)5.4.2 Self-triggering onditionsThe partiles on the tagging side are required to deposit enough energy in thealorimeter to trigger the data aquisition (self-triggering tag). The EMC trigger isgiven by two energy deposits in two trigger setors whih overome the LETthreshold [47℄, whose average values orresponds to about 50 MeV in the barrel andabout 150 MeV in the endaps.
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Figure 5.1: Shemati geometrial overview of aK� self-triggering event. Depending on the inideneangle ��, the muon an ross two trigger setors and then self-trigger the event.

Figure 5.2: Above: distribution of self-triggering muon as funtion of the energy released by themuon in the alorimeter. Below: distribution of self-triggering muon as funtion of its impinging angleon the EMC.



5.4. SELECTION OF THE SELF-TRIGGERING TAG EVENTS 73The possibility for a K� deay to self-trigger the event is due to the luster assoiatedto the seondary �� trak. The trajetory of the �� in the EMC an ross twoadjaent trigger setors. If the two energy deposits are over threshold we have aself-triggering K� deay event. The self-triggering request redues the analysissample. The yield has been evaluated on a 4:85 pb�1 data sample. The results arereported in table 5.1. The amount of self-triggering K� tag deays is about 35%.In the ase of K��0 tag deay the amount of self-triggering event is about 75%; this isdue to the fat that either the harged pion or the photons from the �0 deay anoverome the alorimeter energy threshold.Kind of tag Number of tags=pb�1 Number of self-trigger=pb�1K� ! �� �� 279� 103 95� 103K� ! �� �0 95� 103 73� 103Table 5.1: Number of self-triggering tag events per pb�1, evaluated using a data sample of about4:85 pb�1For the measurement we require self-triggering tags. It must be stressed that afterthe self-triggering tag request, we end up on the opposite hemisphere with a pure K�beam.5.4.3 Why self-triggering request?Before entering in the details of the analysis, we should omment on theself-triggering request. As shown in the previous setion this request redues theanalysis sample, in fat the amount of self-triggering K� tag deays is about 35%. Tounderstand the reason of this hoie we have to study, on MonteCarlo simulation, thetrigger eÆieny, the tag eÆieny given the trigger and the self-triggering tageÆieny as funtions of the signal kaon true proper time whih is the proper timegiven by the MonteCarlo simulation. It is de�ned as:t�true = tofKtrue �p1� �2true where �true = (�IPtrue + �V TXtrue )=2; (5.4)tofKtrue is signal kaon time of ight, in the laboratory frame, given by the MonteCarlosimulation while �IPtrue and �VTXtrue are the � values of the signal kaon at the InterationPoint, IP, and at the deay vertex, respetively. The energy loss in the DC dereasesthe beta of the kaon. This e�et leads to an underestimate of about 0.65% of the trueproper time. A orretion has been introdued to take into aount this e�et. Thetrigger eÆieny is de�ned as the ratio of the events K+K� with a trigger signal overthreshold over the total number of K+K� events, as a funtion of the true propertime: "Trig = NTrigK+K�NK+K� : (5.5)



74 CHAPTER 5. THE ANALYSISThe tag eÆieny is de�ned as the ratio of triggered events with a tagging kaon overall the triggered K+K� events, as a funtion of the true proper time:"Tag = NTrigTagNTrigK+K� : (5.6)The self-triggering tag eÆieny is de�ned as the ratio of the events K+K� in whihwe reonstrut a self-trigger tag over all the events K+K�, as a funtion of the trueproper time "StrTag = NStrTagNK+K� (5.7)
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Figure 5.6: Exempli of the di�erene between signal kaon trak and the reonstruted kaon path.trak. The vertex oordinates have to satisfy the following request:40 m < RV TX < 150 m where RV TX =qx2V TX + y2V TX ; (5.12)jZV TX j � 150 m; (5.13)The harged kaon proper time, t�, for a kaon with path length l is de�ned as:t� = p1� �2� l: (5.14)Therefore we have to aount for the hanges of the � value of the kaon due to energylosses in the DC. For this reason we divide the signal kaon trak in small steps of 5mm, �li, and we evaluate the energy loss and eah step using the Bethe-Blohformula. We alulate the harged kaon � and obtain the proper time of the kaon forevery step: �t�i = p1� �2� �li: (5.15)The sum of �t�i gives the harged kaon proper time:t� =Xi �t�i ; (5.16)its distribution is shown in �gure 5.7. This distribution has to be orreted, bin bybin, for its reonstrution eÆieny and for its resolution e�ets. The shoulder visiblein the region between 30 and 40 ns is due to events in whih the kaon deay vertexhas been wrongly reonstruted. This bakground has been evaluated and studiedusing the MonteCarlo simulation.
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Figure 5.8: Vertex obtained by a kaon broken trak..
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80 CHAPTER 5. THE ANALYSISThese e�ets an thus just be taken into aount by measuring the resolutionfuntion. The �fth family must be rejeted in order to not spoil the lifetimemeasurement.Bakground rejetionIn order to ut this bakground we an use the momentum of the harged seondarypartile (p�K) evaluated in the kaon rest frame, using the kaon mass hypothesis. Forthe verties obtained from kaon broken traks, we expet this variable to be verysmall, of the order of a few MeV/.The distribution of p�K is shown in �gure 5.11. The peak in blue is given by theevents in whih the deay verties ome from kaon broken traks.Using the ut p�K > 100 MeV/ we lose about 5.6% of signal but we disard about73:5% of this bakground. The harged kaon proper time distribution obtainedapplying this ut is shown in �gure 5.12: the shoulder between 30 and 40 nsdisappeared.5.5.2 Seond method: harged kaon deay timeFor the seond method we measure the kaon deay time obtained using EMCinformation. The kaon deay time reonstrution eÆieny is evaluated using aontrol sample given by DC information only.Charged kaon proper time distributionGiven a harged kaon ful�lling the self-triggering tag requirements our signal is givenby an opposite harged kaon deay reonstruted using EMC information only.To do this we have developed the �0 !  vertex tehnique [48℄ based on events inwhih the kaon has a �0 in the �nal state:K� ! �0X�: (5.17)The �0 is identi�ed using the �0 !  deay vertex and the alorimetri informationof the photon lusters. The kaon deay vertex oinides with the deay vertex of the�0, the �0 !  vertex.First of all we build the helix of the signal kaon as previously desribed in 5.5.1. Inthe EMC we look for lusters not assoiated to traks in the DC, aording to theKLOE trak-to-luster algorithm [46℄. Among these we selet the two (or three, ifthere are) most energeti lusters with:24Æ < �l < 156Æ (5.18)t� < tl < t� + 70 ns (5.19)where �l is the polar angle, the angle between the diretion of the luster and the zaxis, tl is the time of the luster, and t� is the � deay time evaluated onsidering
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5.5. THE EVENT SELECTION 83the K�2 deay hain on the tagging side. These uts are used to remove the mahinebakground. The request of three neutral lusters allows us to selet also the eventswith the trak of the harged deay partile not assoiated to its alorimeter lusters.Then we move along the path of the signal kaon helix with a step of 5 mm and welook for �0 !  deay vertex identi�ed by minimizing a least square funtionobtained using the following quantities:1. (�M�0)2 = (p2El1El2(1� os�)�m�0)2 (5.20)where � is the angle between the diretions of the two photons given by �0deay, El1 and El2 are the energies of the neutral lusters �red by the photonsand m�0 is the �0 mass (134.98 MeV). The diretion of the photons is de�nedas the vetor going from the andidate kaon deay vertex to the entroid of theseleted neutral luster in the EMC.2. (�t)2 = [(tl1 � �x1 )� (tl2 � �x2 )℄2: (5.21)where tli is the time of the i-th luster and �xi is the distane between theneutral luster and the andidate kaon deay vertex.3. The di�erene between the time of ight of the harged kaon, measured alongthe kaon trajetory, tof deayK , and the time of ight of the harged kaonmeasured using the EMC information of the two neutral lusters, tof deayl :(�tof)2 = (tof deayK � tof deayl )2 (5.22)The �rst one, tof deayK , is measured taking into aount the energy loss in thedi�erent materials given by the Bethe-Bloh formula;the seond one, tof deayl , is obtained from the seleted neutral lusters weightingtheir time di�erenes (tli � �xi ) with the time resolution �tli :�tli = 140 ps� 57 pspEli(GeV ) : (5.23)We de�ne a �2-like variable whih is:�2 = (�M�0)2�2M�0 + �t2(��t)2 + (�tof)2�2tdeay (5.24)where �M�0 is the resolution on the �0 mass, of about of 17 MeV. �tdeay is theunertainty on the kaon deay time obtained from the seleted neutral lusters andon the kaon deay time obtained from the kaon path, of the order of few hundreds ps.



84 CHAPTER 5. THE ANALYSISIn ase three lusters have been seleted we hoose the pair with the best �2. Theposition along the signal kaon helix that gives the minimum value of the �2 de�nesthe �0 !  vertex position. It is also required:�2 < 30; (5.25)80MeV=2 < M�0 < 200MeV=2; (5.26)j �tq�2tl1 + �2tl2 j < 5; (5.27)40(m) < R�0 < 150m where R�0 =qx2�0 + y2�0; (5.28)jZ�0 j � 150 m; (5.29)where X�0; Y�0; Z�0 are the oordinates of the �0 !  vertex. Using this proedure

Figure 5.13: The proedure to searh the �0 !  vertex along the signal kaon path.we obtain the �2 distribution shown in �gure 5.14. One the harged kaon deayvertex has been found we an estimate the kaon proper time:t� = tof deayl �p1� �2 where � = (�IP + �V TX)=2 (5.30)where tof deayl is signal kaon time of ight, obtained from the seleted neutral lustersin the laboratory frame, while �IP and �V TX are the � values of the signal kaon atthe interation point and at the deay vertex, respetively. The kaon � hanges dueto the energy loss in the di�erent materials and we have estimated that, with theapproximation in equation(5.30), we have a systemati underestimate of the order of.65% on the proper time. The beta of the kaon is saled by a fator 1.0065 aordingto what has been said in setion 5.4.3We obtain the distribution shown in the �gures 5.15 and 5.16. It has to be orretedbin by bin for its reonstrution eÆieny and for resolution e�ets.
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88 CHAPTER 5. THE ANALYSISwhih the signal is given by events obtained by DC information only, the signal of theseond method, obtained using EMC information only; for the seond method, inwhih the signal is given by events obtained by EMC information only, our ontrolsample is given by the signal of the �rst method.5.6.1 First method: DC eÆieny evaluationThe total reonstrution eÆieny of the kaon deay vertex in the DC is given by theprodut of the reonstrution eÆienies of the harged kaon trak, of the hargedseondary partile trak and of the deay vertex given the two traks.Two tehniques to evaluate the total reonstrution eÆieny an be used. Thereonstrution eÆieny an be obtained either evaluating the global eÆieny (kaontrak + seondary trak + vertex), or evaluating eah separately and then multiplyingthem. In any ase only information from the EMC and from the tagging hemisphereare used and the normalization sample is given by events with a �0 !  vertex.Global kaon deay vertex eÆienyThe global kaon deay reonstrution eÆieny, the global reo eÆieny, is de�nedas: "Greo = N�0&vN�0 : (5.31)where N�0 are the events in whih a �0 !  vertex has been reonstruted andN�0&v are the events in whih a �0 !  vertex and a harged vertex, a vertex in theDC, have been reonstruted.The proedure used to selet the normalization sample has been desribed in thesetion 5.5.2.Within the normalization sample we look for a signal kaon trak and its deay vertexapplying p�K ut the previously disussed, see se 5.5.1.The eÆieny has to be evaluated as a funtion of the signal kaon proper time,measured along the signal kaon path going from the IP to the �0 !  vertexposition and aounting for the energy loss in the beam pipe, in the air, in the DCwall and in the DC.This has been done measuring the eÆieny on a MonteCarlo sample treated likedata (data-like) of about 175 pb�1 and using a bin size of 1 ns, see piture 5.18.In order to hek the reliability of the method, the eÆieny has to be ompared withthe one obtained using the MonteCarlo simulation, the global true eÆieny:"Gtrue = NvNTag : (5.32)
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92 CHAPTER 5. THE ANALYSISThe 5% underestimate of the reonstrution eÆieny is due to the ut in p�K ; itse�et on K� ! ��(�)�� events is not properly evaluated using the �0 !  vertextehnique. Restriting ourselves to events with a �0 in the �nal state the twoeÆieny are in perfet agreement see �g. 5.22 and 5.23. Anyhow the ratio of the
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5.6. EFFICIENCY EVALUATION 93eÆienies is important for the measurement beause only the shape of the eÆienyis relevant.One the reliability of this method has been heked on MC, it is possible to measurethe eÆieny on data. Using a sample of about of 210 pb�1 we obtain the distributionshown in �gure 5.24.The agreement between the eÆieny evaluated on data and the eÆieny evaluated
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0 25 50Figure 5.24: Comparison between the global reo eÆieny of reonstruting the deay vertex of theharged kaon evaluated on data (blue) and on MonteCarlo data-like (red) as funtion of the hargedkaon proper time.on MonteCarlo data-like is good exept for the region between 8 and 20 ns. This isdue to imperfet simulation of the so-alled orrelated bakground in the �rst ells ofthe DC. In the �rst 12 layers of the DC a harged kaon loses so muh energy that it�res more than a single ell. This sort of bakground is not well simulated and givesproblems in the measurement of the reonstrution eÆieny of the kaon trak. Thise�et is shown when we measure the eÆieny of reonstrut the trak of the hargedkaon, see setion 5.6.1.Separated traking and vertexing eÆienyThe seond tehnique is based on the evaluation of eah eÆieny (the reonstrutioneÆieny of the harged kaon trak, traking eÆieny, and the reonstrution



94 CHAPTER 5. THE ANALYSISeÆieny of the harged kaon deay vertex given the kaon trak, vertexing eÆieny)separately. The produt of these two eÆienies gives the reonstrution eÆieny ofthe harged kaon deay vertex.Traking eÆienyThe kaon traking eÆieny, the traking reo eÆieny, is de�ned as:"Trkreo = N�0&TrkN�0 : (5.37)where N�0&Trk are the events in whih a �0 !  vertex and the signal kaon trakhave been reonstruted.The �0 deay is identi�ed as desribed in setion 5.5.2. The signal kaon trak isidenti�ed as desribed is setion 5.5.1.The traking eÆieny is evaluated on a MC data-like sample of about 175 pb�1using a bin size of 1 ns.Also the method has been validated after the omparison with the true trakingeÆieny, de�ned as: "Trktrue = NTrkNTAG : (5.38)where NTrk are the events in whih the kaon trak has been reonstruted. Theagreement between these two eÆienies is remarkable (see �g. 5.25) as an be seenalso in the ratio of the true and reo eÆienies (see �g. 5.26). A linear �t to theratio, in the region between 12 and 40 ns, gives the following values for the interept,aTrk, and slope, bTrk: aTrk = (99:62� 0:13)� 10�2; (5.39)bTrk = (�0:3� 5:4)� 10�5: (5.40)The agreement is very good with a residual slope of the order of 10�5 for a region of30 ns (more than two lifetimes). In the region between 15 and 35 ns we obtain (see�gure 5.27): aTrk = (100:0� 0:2)� 10�2; (5.41)bTrk = (�0:13� 0:08)� 10�3: (5.42)
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98 CHAPTER 5. THE ANALYSISThis garantees the reliability of the method, and allows its use on data.Using a sample of about 210 pb�1 we obtain the distribution shown in �gure 5.28.The agreement between the eÆieny evaluated on data and the eÆieny evaluatedon MonteCarlo data-like is good, exept for the region between 8 and 20 ns. Thereason for this disrepany is the same of the analogous disrepany for the globaleÆieny and has been disussed at the end of setion 5.6.1.Vertexing eÆienyFor the measurement of the reonstrution eÆieny of the kaon deay vertex wehave to relay on the DC for the determination of the kaon trak. This is the maindi�erene with respet to the other tehnique.The vertexing reo eÆieny is de�ned as:"Vtxreo = N�0&vNTrk&�0 : (5.43)where N�0&v are the events in whih a �0 !  vertex and a harged vertex havebeen reonstruted and NTrk&�0 are the events in whih a �0 !  vertex and aharged kaon trak have been reonstruted.For the reonstrution of the �0 !  vertex we use the same proedure desribed inthe setion 5.5.2, but we start from the Last Hit of the reonstruted kaon trakinstead of starting from the IP. The DC information we use are then the kaonposition and momentum at the Last Hit. We have also to measure the tofdeayK for the�0 deay reonstrution, then we measure the time of ight of the harged kaon alongthe trak, from the IP to the Last Hit, tofFhLh. Then we extrapolate the signal kaontrak up to a maximum value of one meter, bakward and forward, looking for the �0deay vertex and using the following relations:tof deayK = tofFhLh � tofbwd (5.44)ortof deayK = tofFhLh + toffwd: (5.45)We use this tofdeayK in eq 5.22 for the searh of the �0 !  vertex. Sine theeÆieny has to be funtion of the harged kaon proper time, we have to measure thekaon proper time along the trak, from the IP to the Last Hit, t�FhLh. Therefore if weextrapolate the signal kaon trak bakward or forward, looking for the �0 ! vertex, we have: t� = t�FhLh � t�bwd (5.46)or



5.6. EFFICIENCY EVALUATION 99t� = t�FhLh + t�fwd: (5.47)To evaluate the vertexing eÆieny we have used a MonteCarlo data-like sample ofabout 175 pb�1, using a bin size of 1 ns. As usual the eÆieny is ompared with theone obtained on MC truth.This is de�ned as the ratio of the events in whih the kaon deay vertex has beenreonstruted (NV tx) over the events in whih the kaon trak has been reonstruted(NTrk): "Vtxtrue = NVtxNTrk : (5.48)In this ase we have evaluated the eÆieny as a funtion of the proper time given bythe MonteCarlo simulation, the true proper time.The omparison between these two eÆienies is shown in �gure 5.29. As an be seen
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5.6. EFFICIENCY EVALUATION 101The agreement is �ne with a residual slope of the order of 10�4 for a region of 30 ns,more than two lifetimes.Restriting the linear �t to the region between 15 and 35 ns we obtain (see �gure5.31): aV tx = (106:8� 1:0)� 10�2; (5.51)bV tx = (�6:� 4:)� 10�4: (5.52)
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104 CHAPTER 5. THE ANALYSISWe obtained good result also on the data sample, as shown in �gure 5.35. It is
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20 30Figure 5.36: Ratio of the global reo eÆieny of reonstruting the deay vertex of the hargedkaon and eÆieny given by the produt of the kaon traking eÆieny and kaon vertexing eÆieny,as funtion of the harged kaon proper time, evaluated on the data sample.5.6.2 Seond method: �0 !  vertex eÆieny evaluationIn order to measure the kaon deay vertex reonstrution eÆieny, using EMCinformation only, the �0 reo eÆieny, we have used as normalization sample theevents in whih the harged deay vertex, the vertex given by two traks in the DC,has been reonstruted. The normalization sample is given by the signal sample forthe �rst method, see setion (5.5.1).The �0 reo eÆieny is de�ned, bin by bin, as the ratio between the number ofevents with the kaon harged deay vertex (Nv) as denominator and the number ofevents in whih the �0 !  vertex has been reonstruted, given the existene of theharged vertex, (Nv&�0), as numerator:"�0reo = N&v&�0Nv : (5.61)In order to hek the reliability of the desribed method, this eÆieny has to beompared with the true one de�ned as the ratio of the events with a reonstruted�0 !  vertex, (N�0) over the �! K+K� self-triggering tag events:"�0true = N�0NTag : (5.62)In this ase the eÆieny is measured as a funtion of the true proper time, theproper time given by the MonteCarlo simulation. We measured the �0 ! 
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5.6. EFFICIENCY EVALUATION 107eÆieny on a MonteCarlo data-like sample of about 175 pb�1 using a bin size of 1 ns.The distributions of the expeted and measured eÆienies as a funtion of theproper time of the kaon are shown in �gure 5.38. There is a good agreement between
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5.6. EFFICIENCY EVALUATION 109sample is given by the number of events in whih a harged vertex has beenreonstruted without any information on the partiular �nal state. Indeedrestriting ourselves only to events with a �0 in the �nal state the two eÆieny arein perfet agreement: the shape and the overall sale of the eÆienies are orretlyevaluated, see �gure 5.41.
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110 CHAPTER 5. THE ANALYSISHaving demostrated with the MonteCarlo simulation the reliability of this method formeasuring the eÆieny, we an proeed in measuring it on data. We used a sampleof 210 pb�1 and we obtain the distribution shown in �gure 5.42. The agreement
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5.7. RESOLUTION EFFECTS 1115.7 Resolution e�etsSo far we have obtained the proper time distribution and evaluated the eÆieny ofreonstruting the kaon deay vertex as funtion of the proper time, for both themethods. In order to perform the exponential �t to the proper time distribution, weneed to take into aount the resolution e�ets. Some events in the proper timedistribution are generated with a given value but are reonstruted with another onefor resolution e�ets.We need to evaluate these resolution e�ets and then we an perform the �t using afuntion given by the onvolution of the exponential deay behavior and theresolution funtion.5.7.1 First method: evaluation of resolutionWe have to determine the resolution urves for the signal sample of the �rst method.These are evaluate with the MonteCarlo simulation and are de�ned as the di�erenebetween the true proper time, see setion 5.4.2, and harged kaon proper time. Firstof all we have to emphasize that also the resolution urves are funtions of theharged kaon proper time. For example the resolution urve for harged kaon propertime between 8 and 10 ns is di�erent from the one for harged kaon proper timebetween 20 and 21 ns, as shown in �gure 5.43. In order to be less sensitive to the
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112 CHAPTER 5. THE ANALYSISthe helixes built starting from the two traks and aounting for the energy loss inthe DC: the kaon helix is built using the kaon last hit position and momentum, theharged seondary helix is built using its last hit position and momentum. Tovalidate this tehnique we use the MonteCarlo simulation. We an evaluate with thistehnique the position and momentum of thekaon at the deay vertex and omparethese values with the true ones givenby the simulation. As we an see in the �gures5.44 and5.45, we obtain very good results. Therefore we an estimate the harged
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5.8. THE FIT OF THE PROPER TIME DISTRIBUTION 119the di�erene between the harged kaon proper time evaluated on MonteCarlodata-like and the harged kaon proper time given by the MonteCarlo true;Res(data) and Res(MC) are the  resolution urves evaluated on data and onMonteCarlo data-like respetively; t��0 � t�v(data) is the di�erene between the propertime given by the �0 !  vertex tehnique and the proper time given by theharged vertex tehnique evaluated on data and t��0 � t�v(MC) is the same di�ereneevaluated on MonteCarlo data-like.5.8 The �t of the proper time distributionThe last step is to obtain the harged kaon lifetime �tting the proper timedistribution. For both the methods we use a funtion given by the onvolution of theexponential deay funtion and the resolution funtion, estimated bin by bin. Wenotie anyhow that the measured distributions, orreted bin by bin for the eÆienyexhibits a niely exponential behavior, even with no smearing orretion for both themethods (see �gures 5.52 and 5.53). To �t to the proper time distribution, obtainedon MonteCarlo data-like or on data, we use an histogram, the expeted histo. This isbuilt in the following way. The number of entries in eah bin of the expeted histo isgiven by the integral of the exponential deay funtion, whih depends on oneparameter only, the lifetime, and orreted for the eÆieny urve and for all theorretions to the eÆieny urve, self trigger tag eÆieny or MonteCarlo true vsMonteCarlo reo orretion. Then a smearing matrix aounts for the e�et of theresolution. For eah bin, j , we obtain a �2-like variable whih is so de�ned:�2j = (Nobservedj �N expetedj )2(�fitj )2 (5.70)where Nobservedj is the number of entries in the j-th bin of the proper time histogram,N expetedj is the number of entries in the j-th bin of expeted histo and �fitj is thestatisti utuation in the j-th bin of the expeted histo. The �2 variable to beminimized is:
�2 = NbinsXj=1 �2j : (5.71)We an build our expeted histo in the more onvenient range, given by the one inwhih we have a good agreement between the true and the reo eÆienies. To takeinto aount the resolution e�ets, we have allowed the migration from/to the binsused in the �t for a slightly larger range.
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5.8. THE FIT OF THE PROPER TIME DISTRIBUTION 121
Entries         1206292

t*(ns)

E
ve

nt
s/

ns

1

10

10 2

10 3

10 4

10 5

0 25 50

Entries         1206362

t*(ns)

E
ve

nt
s/

ns

10

10 2

10 3

10 4

10 5

0 25 50

Entries         1099458

t*(ns)

E
ve

nt
s/

ns

1

10

10 2

10 3

10 4

10 5

0 25 50

Entries         1099528

t*(ns)

E
ve

nt
s/

ns

10

10 2

10 3

10 4

10 5

0 25 50Figure 5.53: Seond method:above on the left the proper time distribution in logarithmi sale,evaluated on a MonteCarlo data-like; above on the right the same distribution divided, bin by bin, byits eÆieny evaluated on a MonteCarlo data-like sample; below on the left the proper time distributionin logarithmi sale, evaluated on a data sample; below on the right the same distribution divided,bin by bin, by its eÆieny urve evaluated on a data sample.



122 CHAPTER 5. THE ANALYSISThe range have to be divided in slies of the order of few nanoseonds in whih weevaluate the resolution funtions. The hoie of the bin size is done in order to reduethe statistial utuation of the resolution measurement.Using these resolution funtions we an build the n� n smearing matrix, Snn, with nequal to the number of bins in whih we have divided the proper time distribution.Eah element of Snn, sji, gives the fration of events generated in the i-th bin butreonstruted in the j-th bin. Therefore the ontent of the j-th bin of the expetedhisto, (N expetedj ), is: N expetedj = NbinsXi=1 sji � �i � �orri �N theoi ; (5.72)where �i is the measured reonstrution eÆieny and �orri the tiny orretion ofO(10�3) to be applied to the eÆieny aounting for the ratio between theMonteCarlo data-like and MonteCarlo true eÆienies. The statistial utuations ofthe expeted histo are given by the sum of the statistial utuation of the eÆieny,the statistial utuation of its orretion and the poissonian utuation of theexpeted histo:
�fitj =vuutNbinsXi=1 (sji � ��i � �orri �N theoi � sji � �i � ��orri �N theoi )�qN expetedj :(5.73)Now we are ready to �t the proper time distribution, for both the methods. We use abin size of 1 ns in order to redue the statistial utuations and the relativeimportane of the smearing orretions. We perform the �t on a MonteCarlodata-like sample to hek the reliability of the proedure.5.8.1 Fit of the proper time distribution obtained from thekaon deay lengthWe build the expeted histo in the region between 12 and 40 ns.The �t range has been divided in resolution bins of the order of 1 ns for a total of 28di�erent resolution funtions.On MonteCarlo data-like we made the �t in the region between 15 and 35 ns and weobtained:�+ = (12:39� 0:04) ns �2=ndf = 0:46 Phi2 = 97:5% : (5.74)



5.8. THE FIT OF THE PROPER TIME DISTRIBUTION 123For the K�, in the region between 15 and 35 ns, we obtained:�� = (12:36� 0:04) ns �2=ndf = 0:85 Phi2 = 63:5% : (5.75)
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Figure 5.54: Fit to the K+ proper time distribution: in blue the MonteCarlo data-like distribution,in pink the expeted histo distribution.These values have to be ompared with the one used by the simulation �� =12.36 ns.As shown in the previous �gures 5.54 and 5.55 the agreement between data-like
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Figure 5.55: Fit to the K� proper time distribution: in blue the MonteCarlo data-like distribution,in pink the expeted histo distribution.



5.8. THE FIT OF THE PROPER TIME DISTRIBUTION 125distribution and expeted histo distribution is very good for both the harges and thevalues obtained are in agreement with the MonteCarlo simulation input.It is interesting to look at the plot of the residuals and of the normalized residuals, �g5.56. The �rst ones are de�ned as the bin by bin di�erenes between the entries ofthe proper time histogram and the entries of expeted histo, the seond ones are theresiduals divided by �fit. As shown in the previous �gures 5.56 and 5.57, �tting the
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Figure 5.56: K+ residuals and the normalized residuals, in the region between 15 and 35 ns, �ttedwith a onstant, are shown.
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Figure 5.57: K� residuals and the normalized residuals, in the region between 15 and 35 ns, �ttedwith a onstant are shown.



5.8. THE FIT OF THE PROPER TIME DISTRIBUTION 127residuals and the normalized residuals plots with a onstant funtion we obtain avalue ompatible with zero:onst+res = �19:� 60: P�2 = 97% (5.76)onst+norm res = �0:05� 0:22 P�2 = 97% (5.77)onst�res = �75:� 88: P�2 = 68% (5.78)onst�norm res = �0:08� 0:22 P�2 = 64%: (5.79)(5.80)We also use a toy MonteCarlo to generate data with di�erent lifetimes for both theharges. In partiular we generate about 60 pb�1 of MonteCarlo data-like withlifetimes equal to 11, 12, 13 and 14 ns.Fitting the histograms obtained with these MonteCarlo data-like samples, the resultsare: �+11 = (10:98� 0:08) ns (5.81)��11 = (11:02� 0:08) ns (5.82)�+12 = (11:98� 0:09) ns (5.83)��12 = (12:02� 0:09) ns (5.84)�+13 = (12:97� 0:09) ns (5.85)��13 = (13:02� 0:09) ns (5.86)�+14 = (13:97� 0:10) ns (5.87)��14 = (14:01� 0:10) ns (5.88)(5.89)These are indiator of the goodness of our method and make us on�dent about itsappliation for the �t of the proper time distribution obtained on data. On data,onerning the K+ lifetime, we made the �t in the region between 15 and 35 ns andwe obtained:�+ = (12:338� 0:042) ns �2=ndf = 1:01 P�2 = 44:7% : (5.90)While for the K� we �t in the range between 15 and 35 ns and we obtained:�� = (12:395� 0:045) ns �2=ndf = 1:42 P�2 = 10:8% : (5.91)As shown in the previous �gures 5.58 and 5.59 the agreement between datadistribution and expeted histo distribution is very good for both the harges.For both the harges the distribution of residuals and of the normalized residuals isvery good and ompatible with a onstant funtion equal to zero. As shown in the
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Figure 5.58: Fit to the K+ proper time distribution: in blue the data distribution, in pink theexpeted histo distribution.
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Figure 5.59: Fit to the K� proper time distribution: in blue the data distribution, in pink theexpeted histo distribution.
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Figure 5.60: K+ residuals and the normalized residuals, in the region between 15 and 35 ns, �ttedwith a onstant.
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Figure 5.61: K� residuals and the normalized residuals, in the region between 15 and 35 ns, �ttedwith a onstant.



132 CHAPTER 5. THE ANALYSISprevious �gures, �tting the residuals and the normalized residuals with a onstant thevalues obtained are in agreement with zero:onst+res = 0:0� 1:4 P�2 = 45:% (5.92)onst+norm res = �0:06� 0:22 P�2 = 45:% (5.93)onst�res = �25:� 80: P�2 = 11:% (5.94)onst�norm res = �0:05� 0:22 P�2 = 11:%: (5.95)(5.96)The measurements obtained for the di�erent harges are in agreement with eahother. Their weighted mean is:� = (12:364� 0:031) ns: (5.97)5.8.2 Fit to the proper time distribution obtained from thekaon deay timeWe build the expeted histo in the region between 10 and 50 ns.The �t range has been divided in bins of the order of few nanoseonds for a total of17 di�erent resolution funtions. In partiular the interval between 10 and 40 ns hasbeen divided in bins of 2 ns. The last two resolution funtions have been obtained inthe intervals between 40 and 45 ns and between 45 and 50 ns.On MonteCarlo data-like we made the �t in the region between 13 and 40 ns and weobtained as best value:�+ = (12:39� 0:04) ns �2=ndf = 0:43 P�2 = 99:4%: (5.98)For the K�, in the region between 12 and 40 ns, we obtain as best value:�� = (12:30� 0:04) ns �2=ndf = 0:81 P�2 = 73:%: (5.99)As shown in the previous �gures 5.62 and 5.63 the agreement between data-likedistribution and expeted histo distribution is very good for both the harges and thevalues obtained are in agreement with the MonteCarlo simulation input, �� =12.36ns.
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Figure 5.62: In the piture the �t to the K+ proper time distribution is shown: in blue theMonteCarlo data-like distribution, in pink the expeted histo distribution.
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Figure 5.63: In the piture the �t to the K� proper time distribution: is shown in blue theMonteCarlo data-like distribution, in pink the expeted histo distribution.



5.8. THE FIT OF THE PROPER TIME DISTRIBUTION 135Fitting with a onstant the residuals and the normalized residuals, �gures 5.64 and5.65, we obtain values ompatible with zero:onst+res = �15:� 28: P�2 = 99:% (5.100)onst+norm res = �0:06� 0:19 P�2 = 99:% (5.101)onst�res = �37:� 39: P�2 = 77:% (5.102)onst�norm res = �0:08� 0:19 P�2 = 73:%: (5.103)(5.104)Also for this method, looking at the MonteCarlo data-like results, we are on�dentabout its appliation for the �t of the proper time distribution obtained on data. Ondata, onerning the K+ lifetime we made the �t in the region between 13 and 42 nsand we obtained:�+ = (12:315� 0:042) ns �2=ndf = :98 P�2 = 49:%: (5.105)Also for the K� we �t in the range between 12 and 42 ns and we obtain as best value:�� = (12:360� 0:043) ns �2=ndf = 0:85 P�2 = 69:%: (5.106)As shown in the �gures 5.66 and 5.67 the agreement between data distribution andexpeted histo distribution is very good for both the harges.For both the harges the distributions of residuals and of the normalized residuals isvery good and ompatible with a onstant funtion equal to zero. Fitting theresidual plots and the normalized residual plots with a onstant the value obtainedare in agreement with zero:onst+res = (0:� 7:)� 10�7 P�2 = 49:% (5.107)onst+norm res = �0:07� 0:18 P�2 = 50:% (5.108)onst�res = �19:� 32: P�2 = 70:% (5.109)onst�norm res = �0:06� 0:12 P�2 = 69:%: (5.110)(5.111)The measures obtained for the di�erent harges are in agreement with eah other.Their weighted mean is: � = (12:337� 0:030) ns: (5.112)
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Figure 5.64: The K+ residuals and the normalized residual plots, in the region between 13 and 40ns, �tted with a onstant are shown.
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Figure 5.65: The K� residuals and the normalized residuals, in the region between 13 and 40 ns,�tted with a onstant are shown.
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Figure 5.66: Fit to the K+ proper time distribution: in blue the data distribution, in pink theexpeted histo distribution.
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Figure 5.67: Fit to the K� proper time distribution: in blue the data distribution, in pink theexpeted histo distribution.
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Figure 5.68: K+ residuals (up) and the normalized residuals (down), in the region between 12 and42 ns, �tted with a onstant.



5.8. THE FIT OF THE PROPER TIME DISTRIBUTION 141

20 30 40

-1000

-500

0

500

1000

t* (ns)

residuals/ns

20 30 40

-4

-2

0

2

4

t* (ns)

normalized residuals/ns

Figure 5.69: K� residuals (up) and the normalized residuals (down), in the region between 12 and42 ns, �tted with a onstant.



142 CHAPTER 5. THE ANALYSIS5.9 Study of the systematisFor both the methods we used the same data sample for the evaluation of thereonstrution eÆieny of the kaon deay vertex and for the evaluation of the propertime distribution. In order to determinate any possible orrelation between themeasurement of the eÆieny and the proper time distribution we divided the datasample into two subsamples. For both these subsamples we evaluate thereonstrution eÆieny of the kaon deay vertex and the proper time distribution.We measured the harged kaon lifetime for the four possible ombinations (1-1, 1-2,2-1, 2-2) for the two di�erent methods. Results do not hange using the proper timedistribution evaluated in the �rst (seond) subsample and the eÆieny evaluated inthe same subsample or in the other.We an say that no one orrelation is introdued by the use of the same data samplefor the evaluation of the reonstrution eÆieny of the kaon deay vertex and for theevaluation of the proper time distribution.In order to hek the goodness of the equation 5.73, used for the evaluation of thestatistial utuations of the expeted histo, we developed a MonteCarlo toy. For eahbin j we generate poissionian random numbers with mean given by:N rndj = NbinsXi=1 sji � �rndi � �orr rndi �N theoi ; (5.113)where �rndi is a random number generated using a gaussian whose mean and sigma arethe value of the reonstrution eÆieny, �i, and its error, ��i, evaluated in the i-thbin respetively; �orr rndi is a random number generated using a gaussian whose meanand sigma are the value of the orretion to the reonstrution eÆieny, �orri , and itserror, ��orri , evaluated in the i-th bin respetively.For eah bin j the Root Mean Square of the random poissionian numbers generatedwith mean N rndj are used as statistial utuations of the expeted histo. The resultof the �t using this formula for the error doesn't hange.5.9.1 Length measurementWe have studied the following soures of systemati unertainties for the:1. �t stability as a funtion of the range used;2. �t stability as a funtion of the bin used for the proper time distribution;3. �t stability as a funtion of the eÆieny orretion;4. orretion due to a not orret evaluation of the Beam Pipe and DC wallsthiknesses;



5.9. STUDY OF THE SYSTEMATICS 1435. �t stability as a funtion of the p�K ut.A more detailed disussion of the systematis studiy follows.Fit rangeWe �tted the distribution using various di�erent ranges in the golden region between15 and 35 ns. The maximum utuation of the results is about 10 ps, whih we takeas systemati unertainty.BinningWe made the �t also using a bin size of 500 and 250 ps (one half and one third of thenominal bin size respetively). The maximum utuation of the result is of the orderof 10 ps for both the harges whih we take as systemati unertainty.EÆieny orretionWe made the �t also without the eÆieny orretion. The maximum utuation ofthe measure is of the order of 15 ps for both the harges. Therefore we onservativelyestimate the systemati error given by the eÆieny orretion to be about 15 ps .Beam Pipe and DC wall thiknessesWe evaluate the proper time distribution without taking into aount the energy lossin the Beam Pipe and in the DC walls. The maximum utuation of the result is ofthe order of 100 ps for the Beam Pipe and 150 ps for the DC walls. But theunertainty on the Beam Pipe and DC walls thiknesses is about 10%. Therefore weonservatively estimate the systemati error given by unertainty on the Beam Pipethikness to be about 10 ps and the one given by unertainty and DC wall thiknessto be about 15 ps.P�K utWe made the �t with di�erent p�K uts between 50 and 150 MeV/. The maximumutuation of the measure is of the order of 15 ps for both the harges. Therefore weonservatively estimate the systemati error given by the eÆieny orretion to beabout 15 ps .5.9.2 Total systemati unertaintyThe total systemati unertainty evaluated is of the order of 31 ps.� = (12:364� 0:031stat � 0:031syst) ns: (5.114)



144 CHAPTER 5. THE ANALYSISSoures of systemati unertainties Systemati unertainties (ps)Fit range � 10binning � 10eÆieny orretion � 15Beam Pipe thikness � 10DC wall thikness � 15P�K � 15Table 5.2: Soures of systemati unertainties evaluated.5.9.3 Time measurementWe have studied the following soures of systemati unertainties on the measuredbranhing ratio:1. �t stability as a funtion of the range used;2. �t stability as a funtion of the bin used for the proper time distribution;3. �t stability as a funtion of the eÆieny orretion;4. orretion due to a not orret evaluation of the Beam Pipe and DC wallsthiknesses;5. �t stability as a funtion of the eÆieny uts;6. �t stability as a funtion of the T0�;A detailed disussion of the systemati studies follows.Fit rangeWe evaluated the �t in the whole region between 13 and 42 ns. The maximumutuation of the measure is of the order of 10 ps for both the harges. Therefore weextimate the systemati error given by the range stability to be about 10 ps.BinningWe made the �t also using a bin size of 2 ns (two times nominal bin sizerespetively). The maximum utuation of the result is of the order of 10 ps for boththe harges whih we take as systemati unertainty.EÆieny orretionWe made the �t also without the eÆieny orretion. The maximum utuation ofthe measure is of the order of 10 ps for both the harges. Therefore we estimate thesystemati error given by the eÆieny orretion to be about 10 ps.



5.10. CORRELATION AND WEIGHTED MEAN 145EÆieny utsWe made the �t applying di�erent p�K uts to the eÆieny, between 50 and 150MeV/. The maximum utuation of the measure is of the order of 10 ps for both theharges. Therefore we onservatively estimate the systemati error given by theeÆieny orretion to be about 10 psBeam Pipe and DC wall thiknessesWe evaluate that the utuation of the measurement, if we assume an unertainty ofthe order of 10% on the thiknesses of the Beam Pipe and DC walls, is negligible.This unertainty is a onstrution parameter.T0�Using the two di�erent tag, K ! �� and K ! ��0, we estimate that utuation ofthe measurement, as a funtion of the T0� is negligible.5.9.4 Total systemati unertaintyThe total systemati unertainties evaluated is of the order of 20 ps.� = (12:337� 0:030stat � 0:020syst) ns: (5.115)Soures of systemati unertainties Systemati unertainties(ps)Fit range � 10binning � 10eÆieny orretion � 10EÆieny uts �10Table 5.3: Soures of systemati unertainties evaluated.5.10 Correlation and weighted meanIn order to evaluate the weighted mean between the two methods we alulate thestatistial orrelation between the two methods. Therefore we divide the data sampleinto �ve subsamples. For eah subsample, and for eah method, we evaluate theproper time distribution and its eÆieny.Then we evaluate, for eah subsample and for eah method, the value of the hargedkaon lifetime, see table 5.4. The orrelation is given by:



146 CHAPTER 5. THE ANALYSISsubsample length �t(ns) time �t(ns)1 12.368 12.3072 12.393 12.3123 12.389 12.3624 12.351 12.3015 12.330 12.326Table 5.4: In the table the weighted mean for the di�erent tehniques and for the di�erent subsamplesare shown.
� = 1N � 1PNi=1(�l � � il )(�t � � it )�l�t (5.116)where N is the number of subsample, � il is the value of the lifetime for the �rstmethod evaluated on the i-th subsample, �l is the mean of the values of the lifetimefor the �rst method evaluated on the di�erent subsamples, � it is the value of thelifetime for the seond method evaluated on the i-th subsample, �t is the mean ofvalues of the lifetime for the seond method evaluated on the di�erent samples,�l and�t are the standard deviation of the measurements evaluated on the �ve subsamplefor the �rst and the seond method respetively.The value of the statistial orrelation is:� = 0:307 : (5.117)The weighted mean between the two methods and its error is given by followingequations:� = (�2t tot � � �t stat�l stat)� �l + (�2l tot � � �l stat�t stat)� �t�2t tot + �2l tot � 2� �t stat�l stat (5.118)�� =s �2l tot�2t tot � �2�2l stat�2t stat�2l tot + �2t tot � 2� �2l stat�2t stat (5.119)where �l tot and �t tot are the total errors on the length and the time measurement�l stat and �t stat are the statistial errors on the length and the time measurement,respetively. The orresponding result is:� = (12:347� 0:030) ns (5.120)



5.11. CPT TEST 1475.11 CPT testThe omparison of K+ and K� lifetimes is a test of CPT invariane whih guaranteesthe equality of the deay lifetimes for partile and antipartile.For the positive kaons the average of the two methods, taking into aount theorrelation of the statistial errors, and the systemati errors is:�+ = (12:325� 0:038) ns (5.121)and for the negative kaons is: �� = (12:374� 0:040) ns (5.122)From these we obtain: �� � �+ = (49� 50) ps (5.123)���+ = 1:004� 0:004 (5.124)The result agrees well with CPT invariane at the 4 per mil level.
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Chapter 6ConlusionsWe have done a diret measurement of the K� lifetime tagged by K� ! ��(�)��events. Using a data sample of 210 pb�1 we obtained� = (12:347� 0:030) ns: (6.1)The value obtained agrees, within the errors, with the result given by Ott et al., [28℄:� = (12:380� 0:016) ns (6.2)and with the PDG �t, [26℄: � = (12:384� 0:024) ns (6.3)For the positive kaons the average of the two methods, taking into aount theorrelation of the statistial errors, and the systemati errors is:�+ = (12:325� 0:038) ns (6.4)and for the negative kaons is: �� = (12:374� 0:040) ns (6.5)From these measurement we obtain: 149



�� � �+ = (49� 50) ps (6.6)���+ = 1:004� 0:004 (6.7)It has to be ompared with the previous measurement made by Lobkowitz et al. [27℄:���+ = 1:0009� 0:0008 (6.8)The result agrees well with CPT invariane at the 0.4% level and with the previousresult [27℄. If we average this result with the Fith one [29℄ and the ones given in eq.1.23 and 1.22 we obtain: �(K+) = (12:387� 0:018) ns : (6.9)The entral value is the same one given by the PDG �t [26℄ with an improvement onthe unertainty of the order of 25% without any sale fator, see �g 6.1.

150



KLOE

Koptev

Ott

Fitch

τ (ns)

τ (ns)

PDG fit

Average

12.3 12.4 12.5

12.3 12.4 12.5

Figure 6.1: Charged kaon lifetime average using the orret values given in the text.
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