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RESULTS ON CP VIOLATION FROM NA48�Bertrand Vallageon behalf of the NA48 CollaborationCagliari, Cambridge, CERN, Dubna, Edinburgh, Ferrara, Florene, Mainz, OrsayPerugia, Pisa, Salay, Siegen, Torino, Vienna, WarsawDAPNIA/SPP CEA Salay91191 Gif-sur Yvette Cedex, Frane(Reeived April 10, 2001)The main goal of the NA48 experiment at the CERN SPS aeleratoris the measurement of the diret CP violation parameter Re("0=") in theK0 ! 2� deays, with an auray lose to 2 � 10�4. The preliminaryresult obtained from 1998 data is reviewed. The use of intense K0S andK0L beams allows in parallel the investigation of rare CP violating deays.The future projet aiming to study diret CP violation with harged kaonbeams is brie�y disussed.PACS numbers: 11.30.Er, 13.25.Es, 29.40.�n1. IntrodutionCP violation was disovered in 1964 by Christenson, Cronin, Fith andTurlay [1℄, in the deay of the long-lived neutral kaon (alled until then `K02 ')in two harged pions, with a branhing ratio lose to 2 � 10�3: `Evidenefor the 2�-deay of the K02 meson'. This disovery showed that thelong-lived neutral kaon ould not be a pure CP eigenstate. As soon as 1964,Wu and Yang [2℄ introdued a new formalism to desribe the neural kaonsystem, with K0S and K0L states, and the `impurity parameter' "K :CP symmetry being not onserved, the Hamiltonian eigenstatesK0S(S=Short) and K0L (L=Long) are no more pure CP eigenstates (K01 resp.K02 ), but ontain a small ontribution of the opposite CP eigenstate (K02� Presented at the Craow Epiphany Conferene on b Physis and CP Violation,Craow, Poland, January 5�7, 2001. (1953)



1954 B. Vallageresp. K01 ), parametrized by "K (in the hypothesis of CPT invariane):jK0Si = 1p1 + j"K j2 (jK01 i+ "K jK02 i) ;jK0Li = 1p1 + j"K j2 (jK02 i+ "K jK01 i) :It then learly appears that the parameter "K desribes the CP violationresulting from an asymmetri mixing between the K0 and K0 states, thedeay proess itself being CP onserving. This kind of CP violation in themixing is alled indiret CP violation.CP violation an also arise as a onsequene of the deay into two pionsof the K02 omponent of the K0L. This kind of CP violation in the deayis alled diret CP violation. It is linked to the phase di�erene betweenweak transitions amplitudes of the jK0i and jK0i to a two pions �nal stateof de�ned isospin I, and the relevant parameter in the kaon system is "0whih an be written as:"0 = "Kp2�h��I=2jHjK0Lih��I=0jHjK0Li � h��I=2jHjK0Sih��I=0jHjK0Si�:This expression immediately shows the smallness of "0, sine " = (2:28�0:02) � 10�3 and beause of the empirial �I = 1=2 seletion rule, andthe value of Re("0=") is expeted in the O(10�3) range. The smallness ofdiret CP violation e�ets reated a tremendous experimental e�ort overthe last 2 deades to establish whether or not "0 was di�erent from zero aspredited by the superweak model [3℄. The theoretial interest is twofold:�rst assert whether a CP odd state an deay to a CP even �nal state, whihwould immediately rule out the superweak model, and seond put onstraintson the parameters of the Cabibbo�Kobayashi�Maskawa V CKM matrix [4℄ inthe framework of the Standard Model (Fig. 1). A `pedagogial' formula(Buras [5℄) shows how "0=" is related to the V CKM oe�ients:"0" � Im�t1:34 18�110 MeVMS(MC)�2 "0:75B6 � 0:4B8 � MT165 GeV�2:5# �MS340 MeVwith Im�t = jVubjjVbj sin Æ. The theoretial unertainties on the matrixelement B6 � re�eting the e�et of the EletroWeak penguins, and B8 �orresponding to the strong penguins, are suh that no quantitative estimateof Im�t an presently be extrated from the measurement of "0=".The ratio of the CP violating to the CP onserving kaon deay ampli-tudes to a �� �nal state is di�erent for �nal states �0�0 and �+��, beause
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Fig. 1. Contributions to the determination of the unitarity triangle (from Buras).of their di�erent deomposition on isospin eigenstates of I = 0 and I = 2.In other words, the two CP violating neutral kaon deay amplitudes intotwo pions: �+� � A(K0L ! �+��)A(K0S ! �+��) ' "+ "0and �00 � A(K0L ! �0�0)A(K0S ! �0�0) ' "� 2 "0ontain di�erent admixture of the two CP violating proesses in harged andin neutral mode. This small di�erene is used by the �xed target experimentsto searh for diret CP violation in a signi�ant di�erene from 1 of thedouble ratio of deay rates R:R � � (K0L!�0�0)� (K0S!�0�0)� (K0L!�+��)� (K0S!�+��) = ���� �00�+� ����2and derive "0=" as: Re�"0" � ' 1�R6 :



1956 B. VallageTen years ago, the NA31 experiment at CERN reported a �rst evideneof diret CP violation: Re("0=") = (23 � 6:5) � 10�4 [6℄. The result ofthe ompetitor experiment E731 at Fermilab was in marginal agreement:Re("0=") = (7:4� 5:2� 2:9)� 10�4 [7℄. Clarifying the situation with a muhbetter auray was one of the main motivations of new experiments inboth laboratories. The methods of NA31 and E731 were radially di�erent,as well as their limitations. E731 was statistially limited, and thereforeused at best the statistial power of K0L deays, at the prie of a strongdependene upon the Monte Carlo simulation. On the other hand, the si-multaneous olletion of K0L and K0S deays allowed natural anellations insingle ratios of deay rates. NA31 appears more systematially limited, be-ause of distint K0L and K0S data taking periods, resulting in quite di�erentaidental ativities. Among the strong points of NA31, we have to quotethe absene of bakgrounds for K0S deay modes due to the use of a targetunlike E731 whih uses a regenerator, and the similarity of the energy andvertex position distributions, resulting in a very small di�erential aeptaneorretion and Monte Carlo dependene.The NA48 experiment at CERN was primarily designed to measureRe("0=") with a preision of 2 � 10�4, taking advantage of the experieneaquired with the previous generation of experiments. The use of intensekaon beams allows this experiment to be sensitive to rare K0L andK0S deays.Its ompetitor, KTeV at Fermilab, aims at a similar auray on Re("0=")(E832 [8℄) and has a dediated experimental setup for rare kaon deay studies(E799-II). 2. The NA48 beams and detetorsThe extration on Re("0=") is based on the double ratio tehnique sket-hed in the previous setion. The NA48 beam line was designed having inmind the minimization of the orretions to the double ratio of number ofevents from the four deay modes in a ommon �duial region. Two quasi-olinear K0L and K0S beams are formed, and their 2� deays are olletedsimultaneously in order to maximize the anellations of beam �uxes, e�-ienies, experimental aeptanes and losses due to aidental ativity inthe double ratio.K0L are produed by the interation of the SPS 450 GeV proton beamon a beryllium target loated � 240 m from the detetors, with a 2.4 mradtargeting angle optimizing the kaon over neutron ratio in the neutral beam,and a typial intensity of 1:4�1012 protons per 2.5 s spill every 14.4 s. Partof the remaining protons are hanneled by a bent silion rystal and putbak in the neutral beam, then direted to a seond `near' target loated� 120 m from the detetors. Typially, 3�107 protons hit this so-alled K0S
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Fig. 2. The NA48 K0L and K0S beams.target separated from the K0L beam axis by 7.2 m in the vertial plane, witha targeting angle of 4.2 mrad whih makes the K0S deay spetrum similar tothe K0L one. The resulting neutral beam is direted to the NA48 detetorsso that K0L and K0S beam are onvergent at the eletro-magneti alorimeter120 m upstream the K0S target (Fig. 2).This onvergene at the detetors makes it impossible to reognize thebeam origin of 2�0 deays. Therefore a tagging ounter is plaed in theattenuated proton beam just after the bent rystal in order to identify thebeam from whih a deay originates by a time of �ight tehnique betweenthe protons and the kaon deay produts.The former CERN experiment NA31 mimiked the `�at' K0L vertex dis-tribution with a movable K0S target, to get similar energy and longitudinalvertex distributions, and therefore minimize the e�et of the K0L vs K0S life-time di�erene whih populates quite di�erently the deay region. In thesame spirit, NA48 applies lifetime weighting to theK0L events to make similardistributions and therefore minimize the di�erential aeptane orretionin both neutral and harged modes. As a onsequene, the deay region islimited to 3:5 �s from the K0S target orresponding to � 40 m, and about2/3 of otherwise good K0L deays are rejeted online by a lifetime ut. Anadditional inrease of the statistial error of � 40 % is due to the weightingproedure, so that 3 years of high intensity proton beams are required toreah the aimed auray of � 2� 10�4 on "0=".



1958 B. VallageThe main NA48 detetors are a magneti spetrometer for the �+��mode, and an eletromagneti spetrometer for the �0�0 mode (Fig. 3).The spetrometer onsists of four high resolution drift hambers plaed oneither sides of a dipole magnet with a pT kik of 250 MeV/, the spaeresolution is �X;Y = 90 �m and the �+�� invariant mass resolution is2.5 MeV/2. The 27X0 long liquid krypton eletromagneti alorimeter hasa 2 � 2 m2 granularity, a position resolution better that 1.3 mm, and agood energy resolution resulting in a �0 mass resolution of 1.1 MeV. Thesetwo detetors, as well as the harged trigger hodosope and tagging detetor,have time resolutions better than 1 ns to ful�ll the K0S tagging requirements.Further details on the experimental setup will be found in [9℄.
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Fig. 3. The NA48 detetors.The experiment was designed to be deadtimeless, all data being bu�eredfor 204:8 �s, with synhronous neutral trigger and asynhonous level 2harged trigger performing the online reonstrution of �+�� andidatesin less than 100 �s. The versatility of these programmable triggers and thehigh data aquisition apabilities allow the reording of large samples ofontrol triggers as well as various trigger topologies for both the "0 analysisand the rare deays or hyperon deays studies.



Results on CP Violation from NA48 19593. The diret CP violation parameter Re("0=")The �rst data taking for "0=" took plae in 1997, with the olletion of0:5� 106 K0L ! 2�0 at a redued beam intensity. This modest data sampleallowed a �rst determination of Re("0=") with an auray of 7:3 � 10�4[10℄. A trigger/DAQ upgrade was performed before the 1998 data takingwhih provided a sample of 1:1� 106 K0L ! 2�0. This dataset was used forthe preliminary result presented in this setion [11℄. The 1999 run, longerand more e�ient owing to improved readout and overall DAQ/aeleratore�ieny, allowed the reording of 2:0�106 K0L ! 2�0. The implosion of thearbon-�ber beam-pipe during the winter shutdown damaged the four drifthambers of the spetrometer, and data taking with restrung drift hambersis foreseen to resume in July 2001 for 90 days at redued proton intensityand longer spill in order to ollet 1:5�106 K0L ! 2�0. Altogether, � 5�106of this more statistially limited mode will be olleted, the statistis of anyother 2� deay mode being at least four times higher.Relying on events ounting, the extration of "0=" is in prinipal straight-forward. The main di�ulty is the preise de�nition of the deay vol-ume, whih requires an exellent knowledge of both neutral and hargedenergy sales. The high resolution detetors of the experiment allow asubstantial redution of the physis bakground whih mainly a�et theK0L deay modes: in harged mode the Ke3 + K�3 bakground aountsfor (19 � 3) � 10�4, whereas the K0L ! 3�0 bakground is estimated to(7� 2)� 10�4. We will simply emphasize two key points of the NA48 anal-ysis method: the tagging and the events weighting.The tagging onstitutes the K0S=K0L identi�ation. In harged modes,the deay vertex spaial resolution in the transverse plane is suh that de-ays originating from the K0S beam are easily identi�ed from those of theK0L beam. Beause of the onvergene of the two beams at the alorimeter,the 4 enter of gravity distributions will be idential for K0S an K0L deays.Therefore the beam origin of the deay will be attributed on the basis of atime-of-�ight oinidene between the event time of the deay and the (non-)ourrene of a proton in the tagging station, and this for both neutral andharged deays. The width of the oinidene window of �2 ns (Fig. 4) hasbeen hosen to minimize the systemati unertainty oming from mistag-ging. Mistagging an our from two soures: �rst the ine�ieny of thetagging ounters, whih will ause K0S events to be identi�ed as K0L. Whatreally matters is the di�erential ine�ieny between neutral and hargeddeays, and the tagging ounters are highly symmetri to that respet. Anine�ieny of (1:97 � 0:05) � 10�4 is diretly measured in harged mode,whereas using 2�0 and 3�0 events ontaining a onversion, the omparison ofthe harged hodosope and eletromagneti alorimeter times allows to put
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nsFig. 4. Time distribution of the di�erene between K0S;L events and the time of thenearest proton seen by the tagging ounter.a bound of 0:5�10�4 on the di�erential ine�ieny. The seond mistagginge�et is the aidental tagging of K0L as K0S, due to aidental oinidenesin the 4 ns wide window, and is as big as (11:05�0:01) % diretly measuredin harged mode. Using 2�0 events in `sides bands' of the time of �ightdistribution to estimate the ativity in the tagging window, as well as 3�0events to determine the di�erene of ativity between the tagging windowand the sides bands, a harged-neutral di�erential e�et of (0:3�3:9)�10�4is found and used to orret the double ratio R.The main originality of the NA48 analysis is theK0L weighting. It aims toompensate for the large K0S to K0L lifetime di�erene whih populates quitedi�erently the longitudinal deay volume. In fat, K0L and K0S deays aredeteted in di�erent transverse positions of the experimental setup, whihreate a strong di�erential dependene on the experimental aeptane andloal ine�ienies. In order to avoid a large orretion to the double ratio,K0L events are weighted roughly speaking by the ratio of K0S to K0L deayrates as a funtion of their proper time � :Weight(�) = �2�(� from K0S target)�2�(� from K0L target) � exp��� � 1�S � 1�L�� :



Results on CP Violation from NA48 1961The beginning of the deay region is de�ned by the K0S anti-ounter posi-tion, 6 m from the K0S target. A ut on the reonstruted Zvertex position isapplied on K0L events, whereas the anti-ounter itself is used for K0S events.The ost of the weighting proedure is an inrease of the statistial uner-tainty by 36 %, and the gain is that allK0L distributions beome quite similarto the K0S, up to small irreduible residual di�erenes showing the di�erenebetween the K0S and K0L beams. A full Monte Carlo simulation is then ne-essary to estimate the di�erential aeptane orretion to the double ratio,whih aounts for (31�8:5)�10�4 with this weighting proedure althoughit would be as high as � 200�10�4 otherwise (Fig. 5). This aeptane or-retion is the largest ontribution to the overall orretion of (37�24)�10�4applied on the double ratio of raw number of events, the e�et on "0=" being6 times smaller, and illustrates the robustness of the NA48 analysis method.
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Fig. 5. Aeptane orretion vs kaon energy with and without K0L weighting.For the � 1� 106 K0L ! 2�0 olleted in 1998 by NA48, the preliminaryresult reads: Re�"0" � = (12:2 � 2:9stat � 4:0syst)� 10�4 :It is quite ompatible with the earlier result on 1997 data [10℄, and onsti-tutes in itself a 2:5� signal of diret CP violation. The agreement with the



1962 B. VallageKTeV result is not quite perfet, but one has to wait for �nal results of bothollaborations before drawing onlusions on the exat level of diret CPviolation and its ompatibility with the Standard Model predition whihrequires an improvement of the theoretial unertainties. The analysis ofboth 1998 and 1999 NA48 data is being �nalized with a threefold inreasein data statistis, while the systemati unertainty goes below the 3� 10�4level, and will be in shape for the summer 2001 onferenes.4. CP violating rare kaon deaysUnlike its KTeV ompetitor, the hyperons and rare kaon deay studiesin NA48 were performed during the standard "0 running, with the parasitireording of events satisfying a wide variety of trigger onditions. Amongthose, we will onentrate here on the deays losely related to CP violation.4.1. KS;L ! �+��e+e�The deay K0L ! �+��e+e� is expeted to proeed mainly througha �+��� state. Two dominant omponents ontribute to the amplitude:an indiret CP -violating K0L ! �+�� with inner bremsstrahlung, and aCP -onserving photon M1 diret emission followed by internal onversion.The interferene of these two amplitudes results in a CP -violating irularpolarization of the �, whih an be probed by studying the orrelation ofthe e+e� plane relative to the �+�� plane: the � angle between these planesis a T odd variable. In the model of Sehgal and Wanniger [12℄, a non-zerovalue of the �3 term of the � angular distribution:d�d� = �1 os2 �+ �2 sin2 �+ �3 os� sin�onstitutes an unambiguous sign of indiret CP violation. The e�et is thenpartiularly visible in the CP -violating asymmetry de�ned as:A� = Nos� sin�>0 �Nos� sin�<0Nos� sin�>0 +Nos� sin�<0for whih the theoretial predition of [12℄ is 14.4 %.A dediated 4-traks trigger was implemented in the ourse of the 1998NA48 "0 data taking. A total of 1337 signal events was seleted from 1998and 1999 data, with 35 bakground events oming mainly from K0L !�+�� with onversion  ! e+e�, overlayed K0L ! ��e+�e and K0L !�+e���e, and K0L ! �+���0D with �0D ! e+e�. The main K0L ! �+���0Dbakground is suppressed utting on the P 020 kinemati variable:P 020 � �M2K �M2�0 �M2���2 � 4M2�0M2�� � 4M2K(P 2T )��4 �(P 2T )�� +M2���
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1964 B. Vallageusing K0L ! �+���0D as normalization hannel, whih is in good agreementwith the theoretial predition of � 3� 10�7 (Sehgal and Wanniger) and infair agreement with the similar number from KTeV [14℄.The CP -violating asymmetry is maximal where the interferene of theM1 diret emission and the inner bremsstrahlung is the biggest. The experi-mentally observed asymmetry is the onvolution of this interferene with thedetetor aeptane, whih enhane the observed e�et. On the other hand,full simulation of the detetor shows that in the absene of interferene theobserved asymmetry is zero, and that no asymmetry is generated by appa-ratus e�ets. Fig. 7 shows the observed angular distribution together withthe Monte Carlo simulation before and after unfolding of the experimentalaeptane. The asymmetry is found to beAL = (13:9 � 2:7� 2:0) %in agreement with the reently published value from KTeV [13℄ as well aswith the theoretial predition of [12℄.
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Results on CP Violation from NA48 1965NA48 o�ers the unique opportunity of exploiting an almost pure K0Sbeam from the near target. The K0S ! �+��e+e� hannel was lookedfor, beause the deay amplitude is dominated by the CP even inner brem-sstrahlung omponent and the expeted asymmetry of the � angular distri-bution is AS = 0.The �rst observation of K0S ! �+��e+e� was reently reported [15℄based on 56 events normalized to 105 fully reonstruted K0L ! �+���0Devents originating from theK0S target. The analysis of this deay mode reliesboth on the good vertex resolution for K0S=K0L identi�ation and on the useof the tagging ounter to provide an extra fator 20 in rejeting bakgroundfrom the K0L beam.At the end of the 1999 "0 data taking period, 2 days were devotedto a high intensity K0S test in order to estimate the rates for the futureNA48 program [16℄. The proton beam intensity was inreased by a fator� 200, yielding a sensitivity equivalent to several years of operation with thestandard K0L +K0S beam setup. In partiular, 724 K0S ! �+��e+e� signalevents were olleted, whih add up to 921 events when ombined with 1998and 1999 data. Fig. 8 shows the �+��e+e� invariant mass distribution ofthe andidates for the omplete sample. The branhing ratio:BR(K0S ! �+��e+e�) = (4:3 � 0:2� 0:3) � 10�5translates to the inner bremmstrahlung omponent part ofK0L!�+��e+e�:BR(K0IBL ! �+��e+e�) = (1:3 � 0:1) � 10�7 in good agreement withtheoretial expetations. The � angular asymmetry an also be auratelymeasured: AS = (�0:2� 3:4� 1:4)%, ompatible with zero, whih on�rmsthat the CP violating asymmetry AL observed in K0L ! �+��e+e� is notan artefat of either apparatus or �nal state interations.4.2. KS;L ! �0e+e� and K0S ! 3�0The high intensityK0S test desribed in the previous setion was also usedto searh for K0S ! �0e+e�, whose branhing ratio an be related to theindiret CP violation ontribution to the K0L ! �0e+e� deay. Indiret CPviolation was also looked for in the K0S ! 3�0 deay during a dediated 2000running period. These two deays are among the main goals for the future2002 physis program [16℄ reently aepted at CERN and are desribed inmore details in these proeedings [17℄
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Fig. 8. Top: �+��e+e� invariant mass distribution; bottom: � angular distribu-tion, ompared to K0S ! �+��e+e� Monte Carlo.5. Diret CP violation in K� deaysNow that Diret CP violation is established in K0 ! 2� deays, mea-suring its emergene in other proesses is of great importane in order tobetter understand the origin of this e�et.The NA48 ollaboration has proposed to look for a manifestation of CPviolation through the measurement of the Dalitz plot deay parameters inK� ! �+���� using an extended NA48 setup [18℄ also aepted at CERN.The matrix element for the deays K� ! �+���� an be parametrizedby: jM(u; v)j2 / 1 + gu+ hu2 + kv2 ;



Results on CP Violation from NA48 1967where u=(s3-s0)/m2�, v=(s1-s2)/m2�, s0=(s1+s2+s3)=3 and si = (PK�Pi)2,PK and Pi are the four-momenta of the kaon and of the pion (i = 3 for theodd pion).If CP onservation holds, then the oe�ients g, h and k are the same forK+ and K� deays. A measurement of diret CP violation an be obtainedthrough the observation of a non-zero value for the asymmetry:Ag = (g+ � g�)=(g+ + g�) :Theoretial preditions for Ag in the framework of the Standard Modelare in the O(10�6 � 10�4). However, theoretial preditions in the frame-work of the Standard Model depend strongly on the value of "0=", and somesupersymmetri models ould give a value as high as 10�4 [19℄. The bestmeasurement of Ag omes from an old experiment performed in 1970 [20℄whih obtained Ag = (�7:0 � 5:3)� 10�3.The proposed experiment will use simultaneous K+ and K� beams witha entral momentum value of 60 GeV/ and a momentum bite �P=P =20 %. Both harged beams would be seleted with the same geometrialaeptane and direted along a ommon line pointing towards the NA48detetor. To aommodate these features, a modi�ation of the presentNA48 beam elements downstream of the present K0L target is neessary toimplement two `ahromats' and the ollimators. A kaon beam spetrometerinstrumenting the seond ahromat is under study, in order to allow themeasurement of both the harged kaon sign and its momentum to � 1%, andtherefore put additional kinematial onstraints on the deay. The foreseenkaon �uxes are 4:4 � 106 K+ and 2:5 � 106 K�/yle, yielding 12:7 � 1010K+ and 7:1� 1010 K� deays/year for a deay region of 50m and 120 daysrunning time per year at 50 % e�ieny. This would allow NA48 to reah anauray of � 1:4�10�4 on Ag per year, where the limitation is of statistialnature. 6. Summary and outlookCombining 1997 and 1998 preliminary result, the NA48 experiment hasmeasured Re("0=") = (14:0 � 4:3) � 10�4 more than 3 � from zero, andtogether with KTeV establishes the existene of diret CP violation. The"0 program will be ompleted in 2001 with a rebuilt spetrometer, yieldinga �nal statistis of � 5 � 106 K0L ! �0�0. The improved systematis onthe tagging, trigger e�ieny, aeptane determination and aidentals willlead to a �nal unertainty � 2:5 � 10�4, lose to the design goal.The investigation of rare deays onurrently with the measurement of"0=" allowed the measurement of theK0L ! �+��e+e� BR and CP violatingangular asymmetry, as well as the �rst observation of K0S ! �+��e+e�.
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