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AbstratIn this note we make an experimental determination of the ratio K+K�/�+��in Ni 2001 pionium data sample, by measuring the time of ight between upstreamdetetors and vertial hodosopes, at low momentum.
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1 K+�� and K��+ signals from Time-of-Flightounters onlyIt is well known that in a V-shaped spetrometer like DIRAC a preision mea-surement of the di�erene �t between the arrival time of positive and negativepartiles to a given detetor (the TOF or Vertial Hodosopes VH), ensuresgood disrimination for unequal mass pairs. Suh a measurement is insensi-tive to the time origin, sine pair prodution is assumed to be simultaneous,and therefore it does not require any time measurement upstream the dipolemagnet.In fat, even with 120 ps single-hit preision [1℄, a good mass disrimination ofindividual harged partiles an only be ahieved under the assumption thatthe mass of the aompanying partile is known. If we assume a leading partilein the pair to be a pion (the negative, for instane), then the squared mass ofthe other partile (positive) an be measured aording to the expression:M2+ = p2+ 2640�L�L+vuut1 + M2�p2� � �tL+ 1A2 � 1375 (1)where �t = t� � t+ is the delay in arrival time with respet to the lead-ing partile, L+� and p+� being the respetive pathlengths and momenta.Conversely, M2� an be obtained by sign ipping, and �gure 1 shows the or-responding spetra for Ni 2001 data. A lear signal is seen for the K+�� andp�� �nal states, as well as for K��+, the latter being signi�antly suppressedwith respet to its harge onjugate. No antiproton (�p �+) signal is observed.A low-momentum ut for the test partile 1.4 GeV/ < p+� < 1.5 GeV/ isimportant. The standard prompt pair ut (�t < 0.5 ns) has been removedhere in order to see the proton signal, so that a large fration of the bak-ground data are atually aidental pairs. Please note that the K��� signalswould be totally suppressed for prompt pairs. It is also worth noting that thestandard 5.5 ns time oinidene for upstream traks (with respet to VH)leaves the K��� signals pratially unhanged.2 Measurement of K+K� from TOF ountersand upstream detetorsWhen the positive and negative partiles aepted by the spetrometer haveequal mass, the previous method does not allow mass disrimination, despite2
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Fig. 1. Negative (M2�) and positive (M + �2) squared mass spetra aording toexpression (1). Pion mass hyptothesis has been made at the opposite branh. Noteno upstream TDCs are used in these measurements.the exellent resolution of Time-of-Flight (TOF) hodosopes. This is beauseof the narrow QL aeptane for normal physis triggers, whih makes bothpartiles reah the hodosopes at pratially the same time.However, upstream traks ontain time information from SFD and IonizationHodosope (IH) TDCs. We have up to 6 independent TDC measurements(SFD-X, SFD-Y, IH-XA, IH-XB, IH-YA, IH-YB) for eah harged trak, so thatthe time of ight �t between upstream detetors and vertial hodosopes anbe measured with improved statistial preision. A similar method was usedto analyze the p�� bakground in aidental pairs [2℄.For equal-mass pairs, harge ambiguity in the mathing proedure does notimpeed a lear determination of �t. This is partiularly important for the IH,3



where the probability that both partiles hit the same 6 mm slab is high. Inthis ase, only one TDC will be retained, whih is perfetly adequate for themeasurement.The time delay �t an in general be de�ned as �t = tV H � tup , where theupstream time an be onstruted by averaging N measurements among the6 available detetors tup = (1=N)Pi ti.It is however more onvenient to measure squared invariant masses M2i ofindividual time measurements �ti = tV H � ti assoiated by the upstreamtraking to a given harged partile in one arm, with momentum p and pathlength L: M2i = p2(2�ti2L2 � 1) (2)The partile M2 is then obtained by averaging the appropriate N individualmeasurements M2 = (1=N)PiM2i .All IH detetor TDC signals assoiated to upstream traks are time-alignedwith respet to eah other, taking into aount propagation time betweendi�erent layers, as a neessary �rst step. Despite the exellent detetor al-ibration work available [3℄ , we have notied that the IH-XB detetor has awider TDC distribution and slightly di�erent properties than the others. As aonsequene, no attempt has been made to inlude this detetor in subsequentanalysis, in order to avoid any doubts.Searhing for a K+K� signal implies to suppress a huge bakground from�+��. The most general way to ahieve this goal is to use a ertain numberof detetors to veto the pion signal and a di�erent detetor set to performthe mass measurement. Aording to this, we have developped two extrememethods. The �rst (method A) is use the three IH detetors to veto andthe two SFD's to perform the measurement. The seond (method B) is toperform an unbiased measurement (no pion veto) and onentrate all detetormeasurements to improve mass resolution at the distribution tail.In both ases, partile veloity has been redued by a momentum ut 1:4 <p < 1:5 GeV/ applied for every harged trak.2.1 Results from method APairs were seleted by requiring that M2L < M2i < M2H for all IH hits i asso-iated to traks by upstream traking (6 measurements), for di�erent hoies4



of the lower ut M2L, and the squared mass distributions were analysed usingSFD X and Y (4 measurements).A lear signal is observed at the kaon squared-mass, of about the same sizeas that observed for the pion. As expeted, lowering the ut M2L results ininreasing pion bakground, and the opposite e�et is observed by settinghigher values of M2L, as shown in �gure 2. The K+K� signal is however notuna�eted by the M2L values either, due to the aeptane variations impliedby the pion veto, whih will be studied below.
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Fig. 2. Average squared invariant mass of partile pairs measured from TDCs of SFDX-Y aording to expression (2). All individual hit measurements M2i assoiated toany of the two upstream traks in IH detetors have been restrited to the indiatedlimits M2L < M2i < M2H . The results of the maximum likelyhood �t are shown ineah ase, indiating the progression of the �+�� (green), K+K� (red) signals, andof the sum (blue), with dereasing lower limit M2L. �2 values are indiated only forreferene. 5
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Fig. 3. Contents are the same as in �gure 2, the progression ontinues fromM2L = 0:14 GeV 2=4 (top) to M2L = 0:10 GeV 2=4 (bottom) .In order to measure this signal we have �rst determined the pion squared-mass resolution funtion R(x), whih is a ontinuous urve (normalized toone) peaked at x = 0 , with x = M2 �M2� and M2� the observed pion mass1 . We determine this urve with high statistial preision by going to lowervalues of M2L, and apply the same resolution funtion for the kaon, sine allinstrumental e�ets are idential in both ases 2 .1 the analytial expression and parameter values of this funtion will be reportedin the next subsetion.2 a partial derivative analysis of expression (2) reveals that a resolution fator�(M2�)=�(M2K) = pM2� + p2=qM2K + p2 is expeted from the slightly di�erent masssale. This aounts for a 5% e�et only, and its e�et is negligible.6
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Fig. 4. Contents are the same as in �gure 2, the progression ontinues fromM2L = 0:08 GeV 2=4 (top) to M2L = �0:10 GeV 2=4 (bottom) .A maximum likelyhood �t is then performed to the entire mass spetra for 8di�erent hoies of M2L, having a generi number of events N in the �t. Theprobability density for an event with mass M2i is given by :Li = (1� �)R(M2i �M2�) + �R(M2i �M2K) (3)where the M2� value is left free to allow for small biases as funtion of pionveto. The kaon mass M2K is however a �xed parameter, with its value beingalibrated by the observed pion mass M2� without pion veto, after adding thedi�erene M2K �M2� given by PDG values.Maximization ofQNi=1 Li as funtion of � , under the onstraint R C�C R(x)dx = 1with C = 0:4GeV 2=4, provides the number of K+K� pairs as N(K+K�) =�N . 7



Beause of the fat that the kaon resolution funtion is not entirely ontainedwithin the bias interval (M2L,M2H), the K+K� signal eÆieny will be a alu-lable funtion of the lower limitM2L. Note that the relevant resolution funtionR(x) here involves the measurement with a single generi IH detetor 3 , andit an be easily determined with pions. Its parametrization is given in table 2(see next subsetion). If we all � = R1M2L R(x)dx then the K+K� aeptaneprobability is given by :A(M2L) = �6�3s(1�s)2�2[3s2(1�s)℄�3s3 (4)where s is the average probability that both partiles interset the same IHslab. The last three terms in the exponent are related to the probability ofsingle, double and triple same-slab oinidenes among the three ative oun-ters, respetively. They an easily be determined from real data by using theupstream trak extrapolations. The above expression takes into aount thefat that rather than having 6 independent detetor measurements, there areatually a redued number of them, due to same-slab intersetions. The e�e-tive exponent is aurately determined from the real data to be 5.14, whihorresponds to s = 0:30.In �gure 5 we show that the funtion A(M2L) provides a good desription ofthe K+K� signal data found from the 8 maximum likelyhood �ts. Errors in� are given by MINOS variation with aount taken of the orrelation withM2� . These are onverted into N(K+K�) = �N errors, where the observednumber of events N is also subjet to error. A line for a 0:5% ontaminationhypothesis is also shown in �gure 5 for referene.The platteau value indiates 61 � 10 K+K� events, where the 1� error anbe determined from any of the M2L hoies without signi�ant variation (0.15GeV 2=4 is hosen for referene). It should be noted that this platteau is ratherinsensitive to small variations of the exponent, ompatible with the data. Asa matter of fat, a hange of � 0.2 (ontraditing measured values) produesonly � 1 events in the platteau, still having a good desription of the data in�gure 5.It is lear that the observed K+K� signal is genuine and it an by no meansbe explained as a onsequene of the applied bias. This point has been hekedby applying an opposite bias aording to the mirror-symmetri ut 2M2� �M2L < M2i < 2M2� �M2H for all ative IH detetors i. The result are shownin �gures 6 and 7 for 6 di�erent values of M2L. In fat, the K+K� signalis totally removed, and in addition no signi�ant signal is generated in thebias region, whih shows that orrelation between IH and SFD measurements3 the average is taken between the three ative detetors, whih di�er very littleamong themselves 8
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is atually quite small. A signi�ant orrelation ould only be indued bythe presene of bakground traks rossing all upstream detetors, whih isstrongly suppressed by the timing requirements (5:5ns) of upstream traking.When the total number of �+�� pairs is taken into aount, the previous resultan be onverted into a measurement of the ratio �K = N(K+K�)=N(�+��) =0:238� 0:035 % . 9
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Fig. 8. Squared invariant mass for partile pairs, measured from the average of alldetetors hits assoiated with (positive and negative) upstream traks in IH andSFD. No attempt has been made to redue the �+�� bakground (red), whih isdesribed by the parametrization (5). Fit results, indiated in table 1, are shown forthe K+K� signal (blue) and for the sum (purple).The �t has atually been done in two steps: �rst determine the 7 parametersof the resolution funtion (ai; bi and M2�) for M2 �M20 (M20 = 0:135 GeV 2=4has been hosen), and then extend the �t to the full region IC , keeping theR(x) parametrization �xed. Results an be appreiated in �gure 8 and in table1. The �tted number of K+K� pairs is 65� 10.For the sake of simpliity, we have refered throughout this note to a generipion resolution funtion R(x), due to the fat that all parametrizations of itdo have the same funtional form. However, the parameter values are di�erentin eah ase, depending upon whih (and how many) detetors are used forthe measurement. We give in table 2 the �tted parameters when SFD X and12



Table 1Parameter values for parametrization (5) obtained for mass measurement using all(IH+SFD) upstream detetors (left), and �t results for method B desribed in thetext (right). The variation of the likelihood is also indiated for two hypothesis: 0.5% K+K� signal, and no signal at all.M� 0.0188 � 0.0014 GeV 2=4a1 201 � 18a2 -462 � 181a3 511 � 508b1 199 � 8b2 -137 � 46b3 -650 � 92
� 0.9975 � 0.0004Nk 65� 10�k(%) 0.253 � 0.038�2=ndf 69.57 / 55�L(no signal) 38�L(signal 0.5%) 17Y detetors are used in method A, and also those orresponding to a single(generi) IH detetor, as it was used for the aeptane � alulation.Table 2Parameter values for the pion squared-mass resolution funtion aording to expre-sion (5), from minimun-�2 �ts for measurements using SFD X and Y without pionveto (left), and using a single generi IH detetor (right). For the latter, the averagebetween the three ative detetors has been taken, as desribed in the text.SFD IHM�(GeV 2=4) 0.0114�0.0004 0.0378 � 0.0007a1 103 � 8 66.8�3.4a2 -216 � 12 105.�13a3 258 � 24 47.5�12.6b1 131 � 10 43.0�5.4b2 39.7 � 33.3 5.79�29.97b3 -713 � 29 -85.4� 44.5�2=ndf 9.3 / 11 23.3/25
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3 SummaryThe fat that two radially di�erent methods as those reported A and B givepratially the same results for the number of K+K� pairs is, in our opinion,a strong indiation that systemati e�ets are under ontrol, and that thestatistial errors of the maximum likelihood analysis an be trusted.Clearly many other intermediate analysis are possible, although they will notimprove the result. For example, one an measure invariant masses separatelyfor the positive (M2+) and negative (M2�) arms, using all available upstreamdetetors in (2). The satter plotM2+ versus M2� is presented in �gure 9, whihshows a lear orrelated signal for K+K�.Note that this partiular method is well suited for equal mass pairs, but it isnot adequate to disentangle the K+�� and K��+ signals, whih are random-ized by the harge ambiguity in the low-angle mathing, whih takes plae inonjuntion with the IH segmentation e�et 4 .Our �nal result is that the ratio �K = K+K�=�+�� has been measured atp=2.90 GeV/, with idential uts as those used for pionium lifetime analysis[4℄, and the result is �K = 0:238� 0:035%. A value �K > 0:308 % is exludedat 95 % on�dene level.Referenes[1℄ B. Adeva et al., The time-of-ight detetor of the DIRAC experiment, Nul.Instr. Meth. A491 (2002) 41.[2℄ DIRAC Note 02-10: Proton to pion ratio in aidental oinidenes, S. Trusov.[3℄ DIRAC Note 02-09: New ionization hodosope: design and harateristis, V.Brekhovskikh, M. Jabitski, A. Kuptsov, V. Lapshin, V. Rykalin, L. Tausher.[4℄ DIRAC Note 06-03: Measurement of pionium lifetime, B.Adeva, A.Romero,O.Vazquez Doe.
4 TOF ounters only should be used for this purpose, as demonstrated in setion1. 14
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