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Measurement of the Dipion Mass Spetrum in the DeayX(3872)! J= �+�� at the CDF II ExperimentbyAlexander RakitinSubmitted to the Department of Physison June 27, 2005, in partial ful�llment of therequirements for the degree ofDotor of PhilosophyAbstratWe present a measurement of the dipion mass spetrum in the deay X(3872)! J= �+�� usinga 360 pb�1 sample of p�p ollisions at ps = 1:96 TeV olleted with the CDF II detetor at theFermilab Tevatron Collider. As a benhmark, we also extrat the dipion mass distribution for (2S) ! J= �+�� deay. The X(3872) dipion mass spetrum is ompared to QCD multipoleexpansion preditions for various harmonium states, as well as to the hypothesis X(3872) !J= �0. We �nd that the measured spetrum is ompatible with 3S1 harmonium deaying toJ= �+�� and with the X(3872) ! J= �0 hypothesis. There is, however, no 3S1 harmoniumstate available for assignment to the X(3872). The multipole expansion alulations for 1P1 and3DJ states are in lear disagreement with the X(3872) data. For the  (2S) the data agrees wellwith previously published results and to multipole expansion alulations for 3S1 harmonium.Other, non-harmonium, models for the X(3872) are desribed too.We onlude that sine the dipion mass spetrum for X(3872) is ompatible with J= �0hypothesis, the X(3872) should be C-positive. This onlusion is supported by reent resultsfrom Belle Collaboration whih observed X(3872) ! J=  deay. We argue that if X(3872)is a harmonium, then it should be either 11D2�+ or 23P1++ state, deaying into J= �+�� inviolation of isospin onservation. A non-harmonium assignment, suh as DD� moleule, is alsoquite possible.Thesis Supervisor: Christoph M. E. PausTitle: Assoiate Professor
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Chapter 1Introdution: What is the X(3872)?One of the interesting problems in ontemporary Heavy Quark physis is to determine the prop-erties of newly disovered partiles. It beomes espeially aptivating when suh a partile doesnot �t into the existing sheme, and many new hypotheses are reated to interpret this fat.The disovery of the state X(3872) with unexpeted properties reported by the Belle Col-laboration [1℄, and on�rmed by CDF [2℄, D0 [3℄ and BaBar [4℄, gave rise to many hypothesestrying to explain the nature of this new state. The original, and most natural, interpretation ofthe X(3872) was a new � state, but the X(3872) does not seem to �t into the onventional �framework. So, many other theories ame forth | moleular models, more general 4-quark in-terpretations inluding a diquark-antidiquark model, hybrid models et | to explain the natureof the X(3872). We will review these ideas, inluding the simple � options, in the subsequentsetions.One of the ways to gain insight into the nature of the X(3872) is to investigate its deays.Originally the X(3872) was found through its deay into J= �+��, but other deay modes werealso investigated. No evidene was found for X(3872) deaying into �1 [1℄, �2 [5℄, J= � [6℄,D+D� [7℄, or D0D0 [7℄. Also, there are no traes of the X(3872) found in e+e� ollisions [8℄,nor in  fusion [9℄. Charged partners X� are also not observed [10℄. The Belle Collaborationhas reported an ostensible signal in the X(3872) ! J= �+���0 deay mode, interpreted asJ= ! [11℄. More information about these searhes will be given in Setion 1.1.Another way to investigate the X(3872) is to look at the distributions of di�erent parametersof its deay. This approah has the merit of diretly studying a property of the X(3872) ratherthan making inferenes based on what one does not see, as is the ase for null searhes of deaymodes. As was pointed out in the literature [1, 12, 13℄ the shape of the distribution of theinvariant mass, m��, of the two pions oming out of the deay X(3872)! J= �+�� may shedlight on the properties of the X(3872). For example, if these two pions are onsistent with omingfrom a virtual �0, then the C-parity of the X(3872) should orrespond to it deaying into J= �0.Figure 1-1 shows a �+�� invariant mass distribution obtained by Belle. It is �tted withtwo theoretial urves, orresponding to two di�erent quantum states of the dipion. Based onthe results of suh �ts one ould distinguish between these states and, therefore, help extratinformation about the X(3872) properties. We will disuss this in more detail in Chapter 6. Dueto the small data sample, the points on the plot have large errors that make it hard to determinethe true shape of the m�� distribution. Only the general inlination for high dipion masses isobserved. The m�� spetrum reported by BaBar [16℄ is shown in the top plot in Figure 1-2. Ithas the same drawbaks | a small data sample and, therefore, large error bars. Beause of this,it is hard to draw any de�nite onlusions about the dipion mass shape from this plot. One an9



not even judge if the dipion system favors high or low masses.

0.40 0.50 0.60 0.70 0.80

M(π+π-) (GeV)

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

N
um

be
r 

of
 e

ve
nt

s/
M

eV

Figure 1-1: A modi�ed version (sideband-subtrated and rebinned) of Belle's dipion invariant mass spetrumfor the X(3872) [14℄. The solid line is a multipole expansion predition [15℄ for a D-wave harmonium statedeaying into J= �+��, and the dashed-dotted line is for an S-wave state.This thesis is a measurement of the dipion invariant mass distribution inX(3872)! J= �+��deays at CDF. We use the large X(3872) sample available at CDF to obtain the X(3872) m��distribution with greater preision, i.e. a better onstrained shape. The thesis is organized asfollows: in this hapter a general overview of di�erent X(3872) models is given. The seond andthird hapters are devoted to the desription of the CDF detetor and the data sample seletion.The atual measurement of the dipion invariant mass spetrum m�� is desribed in Chapter 4.Chapter 5 disusses the systemati unertainties. After that, in Chapter 6, the m�� spetrum isompared to di�erent theoretial models. The onlusions ome last, in Chapter 7.
1.1 Established Fats About the X(3872)The X(3872) was �rst announed by the Belle Collaboration in August 2003. It was found in anexlusive deay B+ ! K+X(3872)! K+J= �+�� [1℄. Figure 1-3 shows the mass distributionof J= �+�� from Belle's report. One an see a quite sharp peak in the middle of the plot, tothe right of the larger peak, orresponding to the  (2S). The smaller peak orresponds to theX(3872). As we will see later, the small width of this peak may help to identify the X(3872)or, at least, provide grounds for exluding some hypotheses about its nature. Belle observed asignal of 34:4� 6:5 events and measured mass:m(X(3872)) = 3872:0� 0:6(stat:)� 0:5 MeV=2(syst:); (1.1)10
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Figure 1-2: The m�� spetrum from BaBar [16℄: a) for the X(3872) and b) for the  (2S).and set a quite tight limit on its deay width:�(X(3872)) < 2:3 MeV (at on�dene level (CL) 90%): (1.2)Also, the relative branhing ratio is given:Br(B+ ! X(3872)K+)� Br(X(3872)! J= �+��)Br(B+ !  (2S)K+)� Br(X(3872)! J= �+��) = 0:063� 0:012(stat:)� 0:007(syst:):The CDF [2℄ and the D0 [3℄ Collaborations later on�rmed this disovery in proton-antiprotonollisions and measured the X(3872) mass. The BaBar Collaboration [4℄ also found the X(3872)in B-meson deays and obtained its mass. All the four mass measurements are summarized inFigure 1-4.Belle has performed a few more searhes for di�erent X(3872) deay modes, mostly withnull results. One of the searhes, for the X(3872)! J= �+���0 [11℄, showed an enhanementin the yield whih was interpreted as J= !. The ! signal obtained by Belle is depited inFigure 1-5 [11℄. The left plot displays the distribution of the \beam-onstrained" mass Mb,whih is alulated as a di�erene between the energy of the beam and the 3-momentum of thereonstruted B-meson in quadrature. The enter plot shows the distribution of �E, i.e. thedi�erene between the energy of the beam and the energy of the reonstruted B-meson. Theright plot gives the tripion mass from the Mb-�E signal region. The tripion mass peaks at theupper kinemati limit, as one would expet for the J= ! hypothesis.The relative X(3872) width for this deay is found to be:�(X ! J= !)�(X ! J= �+��) = 0:8� 0:3(stat:)� 0:1(syst:): (1.3)11
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Figure 1-4: The X(3872) mass measurements from Referenes [1, 2, 3, 4℄. The D0-D�0 and D+-D�� thresholdsare shown. The unertainty bands around the mass values are given too.The BaBar Collaboration performed a searh for X(3872)! J= � deay, whih yielded [6℄:Br(B+ ! X(3872)K+)� Br(X(3872)! J= �) < 7:7� 10�6 at 90% CL: (1.10)As mentioned earlier, BaBar also looked for harged ompanions of the X(3872) with negativeresults [10℄: Br(B0=B0 ! X�K�; X� ! J= ���0) < 5:8� 10�6 at 90% CL; (1.11)Br(B� ! X�K0S; X� ! J= ���0) < 11� 10�6 at 90% CL: (1.12)The BES Collaboration ontributed to this list by setting a strong limit on the relative widthof X(3872)! e+e� deay [8℄:�(X(3872)! e+e�)� Br(X(3872)! J= �+��) < 10 eV at 90% CL: (1.13)CLEO III on�rmed that this branhing ratio is very small [9℄:�(X(3872)! e+e�)� Br(X(3872)! J= �+��) < 8:3 eV at 90% CL: (1.14)J=  [17℄: �(X(3872)! J= )�(X(3872)! J= �+��) = 0:14� 0:05:Also they now laim to see X(3872)! D0D0�0. The disussion of the possible impliations of these results hasbeen added to Chapter 7. 13
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Figure 1-5: The X(3872)! J= �+���0 signal from Belle. The tripion invariant mass (right plot) peaks nearthe upper kinemati limit [11℄.They also looked for the prodution of a C-positive X(3872) via two-photon fusion and set thelimit [9℄:(2J + 1)�(X ! )� Br(X(3872)! J= �+��) < 12:9 eV (at 90% CL); (1.15)where J stands for the (unknown) spin of the X(3872).We an see that the �nal states searhed for by Belle, BaBar, BES and CLEO III are notamong the preferred X(3872) deay hannels. Based on all the listed fats we will make a fewonlusions about the properties of the X(3872) in the subsequent setions, but �rst we reviewsome basi features of quantum numbers of partile states.1.2 Review of C- and P -parity, and IsospinBefore proeeding further, we remind the reader about the onepts of C- and P -parity andisospin. An important harateristi of any quark state is the behavior of its wave-funtion underertain transformations. One very important transformation is the replaement of all partileswith their anti-partiles, so-alled C-onjugation. Another one, alled P -transformation, is theswithing the signs of all oordinates. Many, but not all, quark states are eigenstates of thesetransformations. This means that for suh states the wave-funtion �0 after the transformationis proportional to the wave-funtion � before the transformation: �0 = C� = �C � �, and�0 = P� = �P � �. These numbers, �C and �P , are alled the C-parity and P -parity of thepartiular quark state and are usually referred to simply as C and P . Both these transformationshave a speial property: being applied twie to the wave-funtion � they return it into theoriginal ondition. From mathematial point of view this means that C2� = � and P 2� = �.It immediately follows that C2 = P 2 = 1, i.e. that the partiular quark state may have C orP -parity either \+1" or \�1". For example, the P -parity of �-meson family is known to be �1:P�0 = ��0; P�+ = ��+; P�� = ���. The symbol � here stands for the wave-funtion of the�-meson. As for the C-parity, it is \+1" for �0, C�+ = +�0; but �+ and �� do not have de�nite14



C-parity. Under the C-transformation they turn into eah other, C�+ = ��, C�� = �+, but notinto themselves.The C- and P -parity of a system of a quark and an antiquark with half-integer spins (fermions)depend on its orbital angular momentum L and spin S as follows:P = (�1)L+1; C = (�1)L+S: (1.16)For partiles with an integer spin (bosons) these formulae look di�erently. For example, for asystem of �+ and �� mesons: P = C = (�1)L: (1.17)It is ommon pratie to talk about the JPC ombination for a partiular system, denoting it as,for example, 0++, 1�� et. This ombination is referred to as a spin-parity of a partile.An important property of C and P parities is that they are onserved in strong and eletro-magneti interations [18℄. This means that C and P parities of a partile may be determinedvia the C and P parities of its deay produts, if the deay ours via strong or eletromagnetiinterations. We will use this property when disussing possible C and P assignments for theX(3872). Though we do not know the nature of the X(3872) and, therefore, the exat meha-nism of its deay, we may assume that it deays via strong or eletromagneti interation. Hadthe X(3872) been deaying via the weak interation into a �nal state ontaining  and � quarks,it should have ontained at least one b quark and, therefore, have a mass muh larger than whatis observed. We, therefore, assume that the X(3872) does not deay weakly and that both Cand P parities are onserved in its deays.Another important harateristi of any quark-antiquark state is its isospin, I. This is aquantum number whih is \almost" onserved in strong interations and whih obeys the samealgebrai rules as the regular spin S. It is onvenient to haraterize a quantum state by theombination of the isospin itself and its third projetion, I3, in omplete analogy with regularspin states jS; Szi. The sets of states having equal or lose masses, and equal isospin, but di�eringby the values of I3 or, equivalently, by the eletri harges2, are alled isospin multiplets. TheI3-omponent is stritly onserved in both strong and eletromagneti interations. The isospinitself is not onserved in the eletromagneti interations, as demonstrated in the following deay:�0jI = 1; I3 = 0i ! � jI = 0; I3 = 0i:Neither isospin nor its third omponent is onserved by the weak interation, as exhibited in thedeay: �j0; 0i ! p ��j1;�1i��12 ;�12� =r13 ��32 ; 12��r23 ��12 ;�12�:We said that the isospin is \almost" onserved in strong interations meaning that its on-servation is atually an approximate law. This law holds with the same preision with whihthe mass di�erene between u and d quarks is negligible ompared to the energy sale in theexperiment E: mu � md << E, so that mu � md << E. This equality of the quark massesis often referred to as \isospin symmetry". The higher the masses and energies we are dealingwith, the more exat this symmetry beomes. In the realm of low energies, of order of mu or md,the isospin is not onserved. The isospin symmetry is said to be \broken". The isospin of u and2The eletri harge is related to I3 so that the members of the isospin multiplet with di�erent I3 have di�erenteletri harges. 15



d quarks is equal to 12 , with u-quark having positive isospin projetion I3 = +12 , and d-quark anegative one, I3 = �12 . The isospins of all the other quarks are zero. In partiular, the isospinof any harmonium state is zero. We will often refer to isospin onsiderations when disussingpossible assignments for the X(3872).In the following we derive the relationship between C-parity and isospin I of �+�� system.This relationship will be important in our analysis. Let us fatorize the total dipion wave-funtioninto spatial, spin and isospin omponents. The spin omponent is irrelevant, beause pions havezero spin. If we swap the pions, the spatial omponent of the total wave-funtion aquires a fatorof (�1)L. As for the isospin omponent, it behaves just like the normal spin and is symmetriunder swapping of the pions if I is even and antisymmetri if I is odd. This is easy to see,for example, from the Clebsh-Gordan oeÆients for addition of two states with spin one [19℄.Thus it obtains a fator of (�1)I . Sine the total wave-funtion of two pions (bosons) must besymmetri under their swapping, the total obtained fator must be +1, i.e. (�1)L+I = +1. Thismeans that even I must orrespond to even L, odd I to odd L. From Equation 1.17 it followsthat the C- and P -parity of the �+�� system are equal toP = C = (�1)I : (1.18)Using this knowledge let us onsider the C-parity and isospin of the X(3872).1.3 Experimental Evidene for the C-parity and Isospinfor the X(3872)We do not know a priori the C- and P -parity of the X(3872), but there is some evidene of itsdeay into J= �+���0, interpreted as a deay into J= ! [11℄, leading to the impliation thatX(3872) should have positive C-parity, beause of negative C-parities of both J= and !. If thedeay X(3872)! J= ! is on�rmed, the positive C-parity of the X(3872) will be established.The same impliation does not hold for P -parity, beause J= and ! after the deay may havean orbital angular momentum L with respet to eah other and then P -parity of the X(3872) isdetermined as PJ= � P! � (�1)L.The observation of the deay X(3872)! J= �0�0 would also help resolve the question aboutits isospin and C-parity. For the �0�0 system the C-parity is always positive, sine the pions inthis system are idential and the total wave-funtion does not aquire a (�1)L fator under theirswapping. So that the deay X(3872)! J= �0�0 is only possible for C-negative X(3872). Thedipion �0�0 (i.e. the sum of two jI = 1; I3 = 0i states) ontains only the jI = 0; I3 = 0i andjI = 2; I3 = 0i omponents and has zero ontribution from the jI = 1; I3 = 0i omponent [19℄.Negleting the I = 2 possibility for the X(3872), we see that the observation of the deayX(3872) ! J= �0�0 is only possible if the X(3872) has isospin I = 0 and I3 = 0. This statejI = 0; I3 = 0i is deomposed into the sum of the three statesjI = 1; I3 = +1i jI = 1; I3 = �1i(�+��);jI = 1; I3 = 0i jI = 1; I3 = 0i(�0�0);jI = 1; I3 = �1i jI = 1; I3 = +1i(���+)in suh a way that the partial width �(X(3872)! J= �0�0) is two times smaller than the partialwidth �(X(3872)! J= �+��) [19℄. So, the observation of the X(3872)! J= �0�0 deays in16
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Figure 1-6: Belle's searh for: a)  (2S)! J= �0�0; b) X(3872)! J= �0�0 [11℄.
the omparative rate of 50% to the X(3872)! J= �+�� deays would selet negative C-parityfor the X(3872). If the X(3872)! J= �0�0 deay rate is negligible with respet to X(3872)!J= �+��, it would selet positive C-parity [20℄. Belle searhed for X(3872) ! J= �0�0 andmeasured the ratio of the widths of X(3872)! J= �0�0 and X(3872)! J= �+��. Figure 1-6 [11℄ displays the main distributions for this searh. The Mb in this plot stands for beam-onstrained mass whih is desribed in Setion 1.1. The result�(X(3872)! J= �0�0)�(X(3872)! J= �+��) < 1:3 �( (2S)! J= �0�0)�( (2S)! J= �+��) (at 90% CL)is not suÆiently stringent to distinguish between the I = 0 and the I = 1 hypotheses.The C-parity of the X(3872) an also be determined from the C-parity of the �+�� systemin the deay X(3872)! J= �+��. Equation 1.17 gives the possible values for the JPC for thedipion: 0++, 1��, 2++ et. The orresponding C-parity of theX(3872) is opposite to the C-parityof the dipion beause of the negative C-parity of the J= (JPC = 1�� [21℄). The determinationof the C-parity of the dipion system will also help to obtain its isospin, sine these quantitiesare related as C = (�1)I (Equation 1.18). Thus, C-positive dipion (JPC = 0++; 2++ et) wouldimply isospin I = 0, while C-negative one (JPC = 1�� et) isospin I = 1. One should mentionan important fat here: dipions in the mass range of interest with JPC = 1�� and isospin I = 1ouple to a (virtual) �0-meson, beause the �0 has the same JPC and I. Even though the X(3872)is nominally too light to deay via J= �0, the broad width of the �0 easily extends down into theallowed range. This feature would ause the dipion system to favor high masses. This prefereneis seen in Belle's Figure 1-1, whih may atually mean that the X(3872) really deays via J= �0and has positive C-parity. In Chapter 6 we will apply this J= �0 hypothesis to our dipion massspetrum. 17



1.4 Charmonium HypothesesThe fat that the X(3872) deays to J= �+�� suggests that it ontains  and � quarks, andthe most obvious and natural hoie would be to try to interpret the X(3872) as a so-far unseenharmonium state.The � system is very similar to a regular hydrogen atom, or better yet to positronium3.Thus, to haraterize the harmonium quantum state, one an use the same quantum numbersas for the hydrogen atom: the radial quantum number n, the orbital angular momentum L, thetotal spin S and the total angular momentum J . The quantum states are lassi�ed using thespetrosopi notation n2S+1LJ . The states with di�erent orbital quantum number L are usuallydenoted with letters: S, P , D, F . . . for L = 0; 1; 2; 3. . . For example, the state with L = 0 isalled S-state or S-wave. Sometimes it is onvenient to ombine the n2S+1LJ notation with thespin-parity JPC to give a fully expliit haraterization of a quantum state: n2S+1LJPC .The lightest harmonium state is alled �. This is the S-state in whih the spins of the  and� quarks are antiparallel, so that the total spin S = 0 and the total angular momentum J = 0.The radial quantum number of the � is n = 1, so that the spetrosopi notation for this stateis 11S0 and the JPC is 0�+. The next, a bit heavier, state is the J= . It di�ers from the � bythe fat that the spins of both  and � quarks are parallel to eah other, so that the total spinS = 1, the total angular momentum J = 1 and the spetrosopi notation is 13S1. The JPC forthe J= is 1��. The next � state is alled the �0. It is a P -wave, more exatly 13P0, with JPCbeing 0++. This is a part of a triplet | three partiles with the same L and S, but di�erent J .The other two partiles in the triplet are alled �1(13P1++) and �2(13P2++). Another partilewith the same L = 1, but di�erent S = 0 is alled h, and has the spetrosopi notation 11P1and JPC = 1+�. These states, as well as a few of their higher radial and orbital exitations,are shown in Figure 1-7. The lowest line in this �gure gives the spetrosopi notations of thestates, and the lines above it display L, S and JPC for them. The arrows shematially show thediretions of the spins of individual quarks and the orbital momentum of their relative motion.The states themselves are represented by horizontal bars. The long thin arrows between themindiate possible strong (denoted as hadrons) or eletromagneti (via real , radiative, or viavirtual �) deays of the harmonium states into lighter states. We disuss the upper part of thispiture later.Most of the low-lying states, suh as �(1S), J= (1S), �0(1P ), �1(1P ), �2(1P ) and  (2S),have been disovered and their properties are well established. Some others, like �(2S) or h(1P ),were seen, but were on�rmed only very reently. The �(2S) was �rst reported by the Crystal BallCollaboration over 20 years ago [23℄, but just a few years ago it was re-disovered at a di�erentmass by the Belle Collaboration [24℄, and was so on�rmed by the BaBar Collaboration [25℄.The h(11P1) state is less well investigated. Even though some observations of this state havebeen made [26℄, none of them were very onvining. Only reently the Fermilab experiment E835observed a few �  andidates [27℄, and another reent observation of h was made by CLEOCollaboration [28℄.Only a few of the harmonia states with masses above the DD threshold are identi�ed. InFigure 1-7 the higher states are plotted by \spread" retangles whih symbolize their substantialwidths. The expeted (i.e. not forbidden by spin-parity onservation) deays of these statesinto DD are shown too. The rapid deays via this hannel (so-alled open-harm or double-harm hannel) should make these harmonia states very broad and diÆult to �nd, e.g. the3Positronium is a bound state of eletron and positron e+e�, disovered by Martin Deutsh of MIT in 1951 [22℄.18
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Figure 1-7: The lower mass part of the harmonium spetrum. The known states with masses below theDD threshold are shown with horizontal lines. The arrows denote the hadroni and eletromagneti transitionsbetween the states. The most of the states above the DD threshold are not observed. Four of them an beandidates for the X(3872) | see text for a detailed disussion. (3770) (3D1) lies just above DD, and yet it has width of about 20 MeV. The heavier harmoniastates should have a width of the same order or even larger. There are a few interesting exeptions,e.g. 1D2 and 3D2 states. The deay of these states into DD is forbidden beause of their spin-parity JPC = 2��. Indeed, both D and D have zero spin and the spin-parity of the DD systemis determined by Equation 1.17, the same way as for two pions: JPC = J (�1)L(�1)L = J (�1)J (�1)J .Therefore, the even total angular momentum J of DD system onstrains the C- and P -paritiesto be positive. Sine J , C and P must be onserved in the deay, the states 1D2 and 3D2 annotdeay into DD and are, therefore, expeted to have small widths.The E705 Collaboration o�ered evidene for 13D2 at 3836 MeV=2 [29℄ but this laim hasbeen disputed by the higher statistis result of the E672/E706 Collaborations [30℄, and by theBES Collaboration [31℄.As mentioned earlier, initially the X(3872) was expeted to be one of the so far unknownhigher-mass harmonium states. However, interpreting the X(3872) as suh a onventional stateis problemati. Let us go through all the � states whih are not yet identi�ed and evaluate theirsuitability for the X(3872).The list of all the � states onsidered is given in the form n2S+1LJPC in the �rst olumn of19



Table 1.1. The seond olumn of this table ontains the name of this � state, if the partile hasbeen observed. The mass of this partile, or its predited value for yet unobserved partiles, areshown in the third olumn. The fourth olumn gives the width for the known partiles. Thenext two olumns are related to the possibility for a given partile to deay into J= �+��. The�fth olumn represents the JPC of the dipion system in this deay. We ignore the possibility ofD-wave dipions. Last omes the main objetions against interpreting X(3872) as this partiularstate.We need not onsider 1S, 1P and 2S states, beause they are unambiguously identi�edalready. The states 2D, 3P , 3D and higher are expeted to be too heavy to be assoiated withthe X(3872). The same statement is true for the states with L > 2 [32℄. Ten states remain. Twoof them are known: 13D1�� is  (3770) and 33S1�� is  (4040), so we will not onsider them asserious andidates for the X(3872). Furthermore, had the X(3872) been one of these states, itwould have JPC = 1��, would deay eletromagnetially to e+e� via a virtual photon, whih hasthe same JPC = 1��, and would therefore have likely been disovered in e+e� ollisions already.Now we disuss the eight remaining states.11D2�+ StateAs was mentioned earlier, the state 11D2�+ annot deay to the open-harm hannel DD, sothat it must deay through the weaker short-distane � annihilation proesses, radiative deaysand losed-avor hadroni transitions. All these deays lead to a predited total width of about1 MeV [13℄, whih makes this state a plausible andidate for the X(3872). The loseness of thepredited [32℄ mass to the observed one is also favorable to this hypothesis.The positive C-parity of this state and negative C-parity of the J= (JPC = 1��) fores thepions in the deay 11D2�+ ! J= �+�� to have a negative C-parity, i.e. odd L. As we saw inSetion 1.2, this leads to a neessity of having isospin I = 1 in the �nal state. The harmoniumin the initial state, though, has isospin I = 0. So that, the deay of 11D2�+, or any otherharmonium state, into a 1�� dipion state breaks the onservation of isospin. As was mentionedearlier, the isospin onservation is an approximate law of nature. This means that suh deayis possible, but should normally be highly suppressed. A quantitative example of an isospin-violation suppression omes from  (2S)! J= �0 deay. Its width is 0:3 keV, whih is 200 timessmaller than the width of a similar isospin onserving deay  (2S)! J= �0�0 [21℄. Therefore,the 11D2�+ should have a very small partial width to J= �+��. The isospin-onserving deayto � �+�� should have a muh larger partial width [13, 32℄, but it has not yet been observed,though Belle is searhing for this mode. This fat makes the interpretation of the X(3872) as11D2�+ state questionable4.On the other hand, a large isospin violation ould be explained by the fat of the proximity oftheX(3872) mass to the mass ofD0D�0 system, making the virtual oupling between theX(3872)and D0D�0 possible. The D0D�0 system is not an isospin eigenstate, so that the X(3872), evenbeing a onventional harmonium, may \bypass" the isospin onservation law and deay into1�� dipions via the virtual oupling to this system.The 11D2�+ state an be produed in the  fusion. The X(3872) was not seen in thishannel by CLEO III [9℄, but they did not have enough sensitivity to exlude the X(3872). Thepredited [33℄ partial width to  for this state is nearly six times smaller than the limit from4The same reasoning applies to all C-positive harmonium states beause all of them must deay into a 1��dipion. We will disuss this again in Setion 6.7.1. 20



1 2 3 4 5n 2s+1`JPC Known Mass, Width, �+�� Main objetions for the X(3872) assignmentStates MeV=2 MeV JPC1 1S0�+ �(1S) 2980 [21℄ 17 [21℄ |1 3S1�� J= 3097 [21℄ 0:1 [21℄ |1 1P1+� h(1P ) 3526 [21℄ 0++1 3P0++ �0(1P ) 3415 [21℄ 10 [21℄ 1��1 3P1++ �1(1P ) 3511 [21℄ 1 [21℄ 1��1 3P2++ �2(1P ) 3556 [21℄ 2 [21℄ 1��1 1D2�+ � 3838 [32℄ 1�� expet � �� � J= �� [32℄1 3D1��  (3770) 3770 [21℄ 25 [21℄ 0++1 3D2�� � 3830 [32℄ 0++ not seen deay to �1  [1℄1 3D3�� � 3868 [32℄ 0++ not seen deay to �2  [5℄2 1S0�+ �(2S) 3654 [21℄ 17 [25℄ 1��2 3S1��  (2S) 3686 [21℄ 0:3 [21℄ 0++2 1P1+� � 3968 [32℄ 0++ wrong os �J= distribution [5℄2 3P0++ � 3932 [32℄ 1�� DD not suppressed ! broad [13℄not seen in  fusion [9℄2 3P1++ � 4008 [32℄ 1�� too large expeted width to J=  [5℄2 3P2++ � 3966 [32℄ 1�� DD not suppressed ! broad [13℄not seen in  fusion [9℄3 1S0�+ 1�� mass expeted to be lose to 3S13 3S1��  (4040) 4040 [21℄ 52 [21℄ 0++Table 1.1: Summary of onventional harmonium states and the main objetions for assigning them to the X(3872).
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Equation 1.15.The evidene of the deay X(3872) ! J= ! (Equation 1.3) implies positive C-parity ofX(3872), and, therefore, is onsistent with 11D2�+ assignment.Overall we onlude that 11D2�+ is a possible, though a bit problemati, harmonium inter-pretation of the X(3872).13D2�� StateSimilar to 11D2�+, this state is expeted to have a narrow width about 1 MeV [13℄ due to abseneof an open-harm deay mode. One of the objetions for the interpretation of the X(3872) asthis state is that it should have a substantial radiative width to J= , muh larger than Belle'slimit from Equation 1.4. Though, this predition may su�er from inaurate estimation of theX(3872)! J= �+�� deay rate [13℄.The evidene of the deay X(3872) ! J= ! (Equation 1.3) also plays against the 13D2��interpretation of the X(3872) beause of the negative C-parity of this state. But overall weonsider 13D2�� state as a plausible assignment for the X(3872).13D3�� StateThe state 13D3�� does have an open-harm deay mode (DD), but due to the large (L=3)entrifugal barrier5 it should have a small width, maybe a few MeV [13℄. Referene [32℄ arguesthat the open-harm deay should be a dominant one for this state, and that its partial widthat mass 3872 MeV=2 should be even less than 1 MeV. The predited [32℄ mass of this state islose to 3872 MeV=2.The problem with this assignment, is that the 13D3�� partial width to �2  is expeted tobe of the same order or larger than to J= �+��, opposing Belle's results from Equation 1.5 [32℄.The evidene for X(3872)! J= ! deay does not support the C-negative 13D3�� assigment forthe X(3872) either. But overall we will still onsider this state as a possible X(3872) andidate.21P1+� StateAssigning the observed mass of the X(3872) to the 21P1+� state would result in a total preditedwidth of this state to be about 1-2 MeV [13℄. This is onsistent with the observed width for theX(3872). But the predited mass of this state is about 80 MeV=2 higher than the X(3872)'sobserved mass [12, 13, 34, 35℄. This state should prefer to deay into �  and �(2S) , and thepartial width to 21P1+� ! J= �+�� is predited to be small [13℄, whih does not support theX(3872) assignment.The main obstale for interpreting the X(3872) as this state an be inferred from Belle's Fig-ure 1-8 [36℄. This plot shows the angular distribution of the J= in the deays B+ ! K+X(3872).If we denote �J= the angle between the momentum of J= and the negative momentum of K+5In systems with entral symmetry the energy onservation law an be written as: m2 �drdt �2 + L22mr2 + V (r) =onst, where L2 is the square of the orbital angular momentum. The term L2=(2mr2) is alled entrifugal barrier.In quantum mehanis it remains almost the same, only the operator of the square of total angular momentumL̂2 gets replaed with its eigenvalue L(L+1). The DD system oming from the 13D3�� harmonium state musthave orbital angular momentum L = 3 (beause the intrinsi spins of both D and D are equal to zero). Thusthe entrifugal barrier for this system is large. For the deay of, for example, 13D1�� harmonium state the DDorbital momentum equals L = 1, the entrifugal barrier is small, the deay is not suppressed and, therefore, thisstate has a large width into DD. 22



in the X(3872) rest frame then the measured distribution of j os �J= j is in lear disagreementwith the expetation for the 21P1+� state. The �2 per degree of freedom for the omparison ofthe measured and the expeted distribution is 75/9 [36℄.

0.00 0.50 1.00
|cosθJ/ψ|

0

4

8

12
E

ve
nt

s/
bi

n

Figure 1-8: The j os �J= j distribution for X(3872)! J= �+�� events from Belle [36℄. The histogram showsthe expetations for a 1+� hypothesis.The evidene for the X(3872) ! J= ! deay also does not support assigning 21P1+� stateto the X(3872) beause of C-parity.23P0++ StateThe 23P0++ state is allowed to deay into open harm hannels and has a predited total widthan order of magnitude larger than 2:3 MeV [13℄, whih makes the X(3872) interpretation as23P0++ unlikely.Another point against suh interpretation is that the X(3872) was not seen in  fusion byCLEO III [9℄. The partial width into  of the lighter ompanion of 23P0++ state, the �0(13P0++)state, is almost 4 times greater than the limit in Equation 1.15. Assuming that the partialwidths of 23P0++ and 13P0++ states into  are of the same order we an dismiss hypothesis ofthe X(3872) being 23P0++ state.23P1++ StateAording to Referene [13℄ the 23P1++ state, similar to the 21P1+� state, should have a narrowwidth of about 1-2 MeV, if its mass is set to be equal to the observed mass of the X(3872).This is onsistent with the observed narrow width for the X(3872). The predited value ofthe 23P1++ state's mass, though, is about 80 MeV=2 higher than the observed mass of theX(3872) [12, 13, 34, 35℄.Other shortomings of 23P1++ assignment inlude a small partial width to J= �+�� anddominant deays to J=  and  (2S) , in ontradition with Belle's result (Equation 1.6). Butdespite all these diÆulties we onsider the 23P1++ state as a possible � andidate for X(3872).23



The lak of X(3872) being seen in  fusion is not a problem for this assignment. Two photonswith J = 1 an produe a state with J = 0 or J = 2 but not with J = 1 beause the produtionross-setion in  fusion is normally proportional to the partial width of the deay into , andthe latter must vanish for mesons with J = 1 aording to Yang's theorem [37℄.23P2++ StateThe state 23P2++, just like the state 23P0++, is allowed to deay into open harm and should havea large width. Referene [13℄ predits its total width to be an order of magnitude larger than2:3 MeV. These preditions make this state a poor andidate for the X(3872).Another point against the X(3872) assignment is that CLEO III did not see the X(3872) in fusion [9℄. This reasoning is similar to that for the 23P0++ state. The lighter ompanion of23P2++ state, the �2(13P2++) state, has the partial width into  almost 4 times greater thanthe limit in Equation 1.15. Assuming that the partial widths of 23P2++ and 13P2++ states into are of the same order, we an dismiss the 23P2++ hypothesis for the X(3872).31S0�+ StateThe state 31S0�+ is a part of 3SJ doublet. Its mass is pegged by  (4040), whih is interpretedas the 33S1��-state. From the 1S and 2S states we know that the mass splitting between 1S0�+and 3S1�� is about 120 MeV=2 and about 50 MeV=2 respetively, i.e. it is relatively small andgets smaller as one goes further up the potential well | a pattern also seen in the � family. Thismakes it diÆult to imagine how the normal 1S0-3S1 splitting ould be so badly orrupted as tobring the 31S0 anywhere near the X-mass.Also, the X(3872) as the 31S0�+ would require a severe violation of the pattern observed for� widths: � � 17 MeV for both the �(11S0�+) [21℄ and �(21S0�+) [25℄, whih is muh largerthan the observed X(3872) width.SummaryIn onlusion, we found four more or less reasonable � andidates for the X(3872): 1D2�+,3D2�� , 3D3�� and 3P1++. The C-positive ones, 1D2�+ and 3P1++, deay into J= �+�� with the�+�� system having JPC = 1��. The other two deay into 0++ dipion. We will onsider thetheoretial models for the shapes of the dipion mass distribution for both types of the dipionsystem in Chapter 6.1.5 Weakly BoundD-D� State and Other 4-Quark StatesConventional harmonium is not the only possible interpretation of the X(3872). The mostpopular non-harmonium hypothesis is that of a weakly bound deuteron-like \moleule" madeof D0 and D�0 mesons. The weighted-average mass of the X(3872) from Referenes [1, 2, 3, 4℄m(X) = 3871:9� 0:5 MeV=2is equal, given the unertainties, to the sum of the masses of D0 and D�0 mesonsm(D0D�0) = 3871:2� 1:0 MeV=2 (Ref: [21℄);24



as shown in Figure 1-4. This fat suggests that the X(3872) may be some kind of D0-D�0ompound.The general possibility of meson-meson moleules within QCD is quite old. It started in thelate-sixties with the attempt to explain a low mass I = 1 enhanement in p�p! K �K� [38℄ by aK- �K bound state. Later, in the mid-seventies, the light salar mesons a(980) and f(980) wereonsidered as andidates for K- �K moleules [39℄. At the same time the onept of \moleularharmonium" was proposed [40℄. This hypothesis was applied, for example, to the  (4040)state [41℄ to explain the anomalously high deay rate of DD� ompared to DD. Later thisphenomenon was explained without moleular hypothesis, and the onventional harmoniuminterpretation of  (4040) prevailed.The binding fores in the DD� and BB� systems, desribed by the pion-exhange interation,are investigated in Referenes [42, 43℄. There is no attrative fores in the DD and BB systems.It an be shown that the DD� moleule an only be loosely bound, if at all, while the BB� anbe bound more tightly [42℄.A very important feature of the moleular model is that the D0-D�0 system is not a pureisospin eigenstate and the isospin onservation does not forbid it to deay into 1�� dipion states.This deay proeeds via an intermediate �0-meson (whih also has JPC = 1��), just like for theharmonium ase. Of ourse, the deays of suh moleules into dipions with other JPC are alsopossible.If the moleular interpretation of the X(3872) is orret, one ould as well expet there to beharged analogs of the X(3872). The searh for them performed by the BaBar Collaboration gavenegative results. This ould be explained by the fat that the binding by pion exhange fores isexpeted to be three times stronger for isosalar (I = 0) moleules, than for the moleules omingin isospin triplets (I = 1). Referene [42℄ argues that in the limit of omplete isospin symmetryonly isosalar moleules an be bound. Referene [44℄ adds that this onlusion should hold evenin the ase of broken isospin symmetry. The symmetry must be broken beause the bindingenergy of the DD� moleule (about 8 MeV) is of the same order as the isospin mass splittingbetween D0 and D+ mesons (about 5 MeV). This symmetry breaking results in more tightlybound D0D�0 and less tightly bound D+D�0 and D+D�� moleules. This gives us a reason asto why the harged DD� moleules need not exist.It is hard to bind harm mesons with high orbital momentum, therefore the D and D� in theweakly-bound moleule are most likely to be in S-wave. The total angular momentum of DD�moleule is J = 1 and the P -parity is P = PD � PD� � (�1)L = (�1) � (�1) � (+1) = +1. EitherC-parity is possible [13℄. Referene [20℄ points out that C-positive D0D�0 moleules shouldpreferentially deay into D0D0�0, while C-negative ones { into D0D0. Many other authorspredit the ratio of the width for the deays into D0D0�0 and D0D0 to be approximately 3:2,and their sum to be about 60-100 keV [13, 42, 44, 45℄. This is onsistent with the small observedtotal X(3872) width < 2:3 MeV [1℄.Referene [42℄, onsidering pion-exhange interations, suggests that not only S-wave, but alsoP -wave moleules an be bound. It onsiders models with 0�+ and 1++. The positive C-parityforbids the deay into J= plus S-wave dipion with JPC = 0++ and I = 0 (see Setion 1.4), so,Referene [42℄ onludes, suh moleule should deay via a 1�� dipion with I = 1, i.e. via J= �.The preferred deay mode for this model, though, is D0D0�0. The total width of suh moleule isestimated to be �50 keV, whih is also onsistent with the upper limit on the observed X(3872)width [1℄.An interesting moleular model is proposed in Referene [46℄. It assumes that the mesonsin the moleule are bound not only with pion-exhange fores, but also with quark-gluon fores.25
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Figure 1-10: The full spetrum of \X" partiles predited by the diquark model of Referene [48℄.by Belle [49℄ and D�sJ(2632) laimed by the SELEX Collaboration [50℄. The model predits two0++ states, two 1+�, one 1++ and one 2++. The 1++ state is proposed for the X(3872), beauseit explains many of its properties. In partiular, the 1++ state is predited to be narrow, justlike all the other low-lying diquark-antidiquark states. Its deay to DD is forbidden by parityonservation. The deay into � + mesons is also forbidden. The deays into both J= � andJ= ! are allowed. All these features are onsistent with the observations of the X(3872).The states in Equation 1.19 an mix with some angle � forming the mass eigenstates:Xlow = Xu os � +Xd sin �;Xhigh = �Xu sin � +Xd os �:The mass di�erene between them is predited to beM(Xhigh)�M(Xlow) = (7� 2)= os(2�) MeV=2: (1.20)This model onsiders the deays of both B+ and B0 into Xu;d. From the limit on the X(3872)width [1℄ the authors infer that one of these states, Xu or Xd, should dominate in B+ deays andanother one in B0 deays. The mass di�erene in Equation 1.20 an be observed by separatelyreonstruting B+ ! X(3872) K+ and B0 ! X(3872) KS deays. In CDF's inlusive samplebothXu and Xd would be produed equally. Our inlusive J= �+�� mass histogram in Figure 3-1 shows no \double-hump" struture in the X(3872) peak, unless we see an unresolved mixtureof both Xu and Xd.Also, this model possesses harged members of an X multiplet, in addition to Equation 1.19:X+ = [u℄[� �d℄; X� = [d℄[��u℄:27



The limits on the prodution of these states in B deays from BaBar [10℄ are not in ontraditionwith this model.1.6 Hybrid HypothesisThere are a number of other exoti models onsidered for the X(3872) | neither simple �, norDD� moleules, even inluding general 4-quark states. One of these models is a \hybrid meson".It interprets the X(3872) as a �g system, i.e. harmonium with a valene gluon [13, 44, 51℄.Suh states were proposed bak in 1978 [52℄. The question about the existene of these gluoniexitations is one of the most important in the ontemporary hadron physis. The bona �dedisovery of suh a state would open an entirely new domain of QCD to explore [53℄. The maindrawbaks for the hybrid interpretation of theX(3872) is that the expeted masses for the hybridsare higher than 3872 MeV=2. The so-alled ux tube model predits eight low-lying hybrid statesin the mass region between 4 and 4.2 GeV=2 [54, 55, 56, 57℄ with JPC = 0��; 1��; 2��; and1��. Three of these states have non-q�q quantum numbers, inompatible with Equation 1.16:0+�, 1�+ and 2+�. The mesons with non-q�q spin-parity JPC , also known as unnatural spin-parity, are important beause they must have an exoti, non-q�q, ontent. Referene [55℄ preditsthe masses of these states to be 4:7 GeV=2, 4:3 GeV=2, 4:9 GeV=2, respetively. Other lattieQCD preditions [56, 57℄ for the mass of the lightest 1�+ state are between 4:04 GeV=2 and4:4 GeV=2. These results put the 1�+ state lose to DD�� threshold of 4:287 GeV=2 [53℄.There is a possibility though, that this state ould lie lose to the observed mass of the X(3872),i.e. below DD�� and therefore have a relatively small width [53℄. This would then make it apossible andidate for the X(3872). The observed X(3872) properties are onsistent with 2+�and 0+� hybrids, but the mass disrepany makes these assignments unlikely.The width for the hadroni transitions hybrid! �+light mesons an be obtained with theaid of the multipole expansion model. onventional quarkonia may in some ases be viewed as atransition via an intermediate hybrid state [58℄. Thus, the matrix elements for the onventionalquarkonia interations and for hybrid{onventional onversions are related. This failitates thepredition of the hybrid widths to onventional �nal states. These widths turn out to be of theorder of 10-100 keV for transitions like 1�+ ! �+(��; �; �0) and (0+�; 2+�)! J= +(��; �; �0).BaBar found no evidene of X(3872)! J= � deay (Equation 1.10), whih puts restritions onthe hybrid hypothesis for the X(3872).There are no diret alulations for the radiative widths of harmonium hybrids, but similaralulations for hybrids with light quarks [59, 60℄ suggest that the partial widths for 1�+ ! + (J= ; h) and (0+�; 2+�) !  + (�; �J) are of the same order of magnitude as for theonventional harmonium: 1-100 keV. This is onsistent with the observed narrow width of theX(3872).Referene [51℄ predits that a hybrid X(3872) should be seen in the photon fusion:  !X(3872) + �+��, though CLEO's searh gave negative results (Equation 1.15).1.7 Glueball{Charmonium MixtureReferene [61℄ suggests an interesting idea that the X(3872) ould be a glueball | a bound stateontaining no quarks, but only gluons | with a small (about 3%) admixture of �. A lattieQCD alulation [62℄ predits a 3-gluon vetor glueball with mass 3850� 50� 190 MeV=2 and28



JPC = 1��. The pure glueball does not ouple to e+e�, whih explains why the X(3872) wasnot found in e+e� ollisions long time ago despite the suitable spin-parity.This model supposes that the � admixture is the  (2S) state and that it is responsible forthe observed deay X(3872) ! J= �+��. The model predits deays X(3872) ! J= � andX(3872)! J= �0�0, but it is unable to say anything about X(3872)! D0D0 or X(3872)!D+D�. The deays of X(3872) to J= , J= � and to J= ! are forbidden beause of negativeC-parity of the X(3872) in this model.1.8 Dynami \Cusp" HypothesisIn the dynami \usp" model [63, 64℄ the X(3872) arises as a dynamial e�et of the D andD� interation. Cusps an appear in the ross-setion for any proess at the threshold whereoupled hannels are open and where there is an e�etive attration between the partiles [65℄.The resattering ross-setion is proportional to 1=k, where k is the momentum of the omponentsin their enter-of-mass referene frame. It ompetes with the available phase-spae and produesa peak in the resattering amplitude, but not a true resonane.Referene [63℄ laims that this model an explain the threshold p�p peak observed by theBES Collaboration in J= !  p�p [66℄, the low mass p�p peaks in B+ ! K+p�p [67℄ and B0 !D0 p�p [68℄, reported by Belle, the peaks in p�p! ���, reported by the PS185 Collaboration [69℄,�N threshold in K�d! ��(�p) [70℄ and other similar observations, inluding the X(3872).The proximity of the X(3872) mass to the DD� threshold is an implied feature of this model,while in some other models (harmonium, hybrid, glueball) this is just an e�et to be aommo-dated. A large isospin violation is an inherent part of the model, whih allows the deays intoJ= �. The favorite deay, though, is to D0D�0. The author suggests that the observation ofD-wave deays for X(3872) with JPC = 1++ would be a sign that this is a bound state and theirabsene would indiate a usp.1.9 SummaryAs we saw in this hapter, the nature of the X(3872) is an open question. It ould be a on-ventional harmonium (with 1D2�+, 3D2�� , 3D3�� and 3P1++ being the most viable options), aDD� moleule, a hybrid meson or some other exoti objet. These hypotheses do not exludeeah other. The X(3872) an be some mixture of any of them [12, 14, 71℄. This would be themost ompliated senario, and, probably, even more diÆult to identify.Our goal is to measure the distribution of the dipion invariant mass m�� in the deayX(3872) ! J= �+�� and ompare it to various theoretial hypotheses, with the intentionof shedding light on the X(3872) puzzle.
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Chapter 2The Experimental Apparatus
2.1 Tevatron Overview A partile Z, a partile Y ,Travel fast in onrete tubeUnderground, ride mile after mile...Partile Song, \Army of Lovers".The Tevatron [72℄ is a large (2 km in diameter) partile ollider, loated at Fermilab. It isdevised to aelerate protons and ollide them with antiprotons at the enter-of-mass energyps = 1:96 TeV=2. This is the highest partile ollision energy available in the ontemporaryworld. This fat makes Tevatron a unique researh instrument at the frontier of the modern highenergy physis.The Tevatron omplex is shown in Figure 2-1. The protons are produed from gaseousnegatively ionized hydrogen in a Cokroft-Walton eletrostati generator, where it is aeleratedto a kineti energy of 750 keV. Then, the H� ions are fed into a linear aelerator, the Lina [73℄,where they are aelerated up to an energy of 400 MeV. The Lina onsists of two parts: the drifttube Lina, aelerating the ions to 116 MeV, and the side-oupled avity Lina, whih pushestheir kineti energy up to 400 MeV. The bunhes of protons in the Lina output are usuallyabout 40 ms long. This means that it takes 40 ms for the whole bunh to go past a spei�point. After the Lina, the H� ions pass through a arbon foil, whih strips the eletrons, andthe remaining protons are injeted into a synhrotron aelerator alled Booster. There theirenergy is pushed up further until 8 GeV. The Booster's radius is 74:47 m [74℄ and the revolutiontime is about 2:78 ms. It takes 13 turns in the Booster to �ll the main injetor [75℄, in whihthe protons enter after leaving the Booster. The main injetor is a new part of the aelerator,ompleted in 1999 for Run II. It has four di�erent funtions:1. It inreases the energy of the protons from 8 GeV to 150 GeV.2. It produes 120 GeV protons, whih are used for the antiproton prodution in the antiprotonsoure.3. It reeives antiprotons from the antiproton soure and aelerates them to 150 GeV.4. It injets protons and antiprotons into the Tevatron itself.31



Figure 2-1: The Fermilab's aelerator hain.To produe antiprotons, the main injetor sends 120 GeV protons to the antiproton soure,where they hit a nikel target. These ollisions produe a lot of seondary partiles inludingmany antiprotons. The antiprotons are foused, olleted and then stored in the aumulatorring. To fous them a Lithium lens (a high-urrent magnet) is used. Another magnet separatesthe antiprotons from the other partiles using the mass-spetrometer priniple. The antiprotonsoure produes about 20 antiprotons for eah million protons on target. When a suÆientnumber of antiprotons has been olleted, they are sent to the main injetor for aeleration andinjetion into the Tevatron.Another important part of the failities in the Tevatron omplex is an antiproton reyler.Initially it was designed to store the antiprotons returning from a store in the Tevatron andto re-injet them after ooling, hene the name. But urrently the reyler only reeives theantiprotons from the aumulator, fouses them even better, and stores them. It serves as anadditional storage ring.The Tevatron reeives 150 GeV protons and antiprotons from the main injetor and aeleratesthem to the energy 980 GeV. The protons and antiprotons irle the Tevatron in oppositediretions. During Run I there were 6 proton bunhes and 6 antiproton bunhes in the Tevatronring during normal operation. For Run II this number is 36 bunhes of eah kind. The bunhesross eah other every 396 ns. During the bunh rossing, a few atual ollisions between theprotons and antiprotons may our.The bunhes ross eah other in two points in the ring. The point of proton-antiprotoninteration is alled primary vertex. They are surrounded by the detetors { CDF and D0 (seeFigure 2-1). The detetors are arranged in suh a way that the primary verties are loated nearthe geometrial enters of the detetors. 32



Figure 2-2: Cutaway view of the CDF detetor.The next setion will be devoted to the desription of the CDF detetor. Similar desriptionould be found in Referenes [76, 77℄.2.2 CDF Detetor2.2.1 General OverviewThe CDF detetor is a multi-purpose solenoidal detetor, whih inludes a preision trakingsystem and �ne-grained muon detetion. These are the parts whih are the most important forthis analysis. The other parts of the detetor inlude eletromagneti and hadroni alorimeters,a Time-of-Flight system and a Cherenkov Luminosity Counter. They will be desribed in furthersetions.The detetor's utaway view is shown in Figure 2-2 and its elevation view in Figure 2-3. Theydepit the main parts of the detetor { the innermost silion system, surrounded by the entraldrift hamber, the Time-of-Flight system, the magneti solenoid, alorimeters and outermostmuon detetors.The niobium-titanium magneti solenoid has a radius of 1:5 m and a length of 4:8 m. Itgenerates a 1:4 T magneti �eld, parallel to the beam axis. The urrent in the solenoid is4605 A, whih is regulated by a feedbak loop monitoring an NMR probe. The magneti �eldurves the partiles' traks, and the measured urvature allows us to obtain the traks' momenta.It is important to know the magneti �eld preisely, beause the auray of the trak parametersdepends on it.It is onvenient to use Cartesian (x; y; z), ylindrial (r; �; z) or polar (r; �; �) oordinates todesribe the detetor. The origin of the CDF oordinate system lies in the enter of the Central33



Figure 2-3: Elevation view of the CDF detetor.Outer Traker. The z axis is direted horizontally along the beamline, the positive diretion isto the east. The protons move in the positive diretion, the antiprotons in the negative one. Thex axis is also direted horizontally, pointing towards the outside of the main ring, and the y axisis upwards. The � angle is alulated from the x axis in the x-y plane. It ranges from 0 to 2�.The azimuthal angle � measured with respet to the positive diretion of the z axis.The protons and antiprotons in the detetor travel along the z axis of the detetor's refereneframe. It is often onvenient to desribe their motion in their own referene frame. To do soone should perform a Lorentz boost of the partiles momenta and energy along the z axis. The� oordinate is not invariant under these boosts what makes it somewhat inonvenient to use.The quantity y = 12 log E + PzE � Pz ;alled rapidity, is invariant under suh boosts. Here E is the energy of a partile and Pz is itsmomentum along the z axis. In the ultrarelativisti (massless) limit the energy E an be replaedwith the momentum P of the partile, and the rapidity turns into the pseudorapidity� = 12 log P + PzP � Pz = � log tan �2 :This purely geometrial quantity is used instead of y. The oordinates (r; �; �) are usually hosento desribe the detetor. The omponents of the detetor are usually partitioned in � and �. Inthe following setions we will use these oordinates.With this oordinate system it is often more onvenient to express the distane between twodi�erent diretions (e.g. two di�erent traks) not in terms of an opening angle between them,but in terms of a quantity �R =p��2 +��2. Though, the shape of a surfae desribed by an34



equation �R = onst around some diretion is not really a ylindrial one, it is still referredto as a one.2.2.2 Traking SystemsWhen harged partiles pass through matter, they ionize the atoms and moleules of the mediumnearby their trajetories. By deteting this ionization the traks of the partiles reonstruted.This proess is alled traking.The traking systems in the CDF detetor are loated inside the homogeneous solenoidalmagneti �eld parallel to the z axis. The harged partiles inside suh a �eld move along helieswith axes parallel to the magneti �eld. For this reason the traks at CDF are desribed by �veparameters: urvature C, the angle ot � in the r-z plane, the oordinates of the point of thelosest approah of the trak to the primary vertex �0 and z0, and the distane from this pointto the primary vertex d0, alled impat parameter.The urvature and the impat parameter an be positive or negative. They are de�ned bythe relations: C = q2R; d0 = q(px2 + y2 � R);where q is the harge of the partile, (x; y) is the enter of the projetion of the helix onto ther-� plane, and R is the radius of the helix.The momentum omponents of the trak are expressed in terms of the �ve trak parametersas follows: pt = onst � B2jCjpx = pt � sin�0py = pt � os�0pz = pt � ot �The partile's prodution point annot be determined from only these 5 parameters, beausethe de�ned helix extends to in�nity in both diretions. We only an say that the partilewas reated somewhere on the helix. To determine the plae of the partile prodution morepreisely we need to �nd another partile whih, presumably, originated from the same spaepoint. Generally more than two partiles ome from the same plae. The point of intersetionin spae of the partiles' traks gives us the vertex for all of them. The proess of �nding thispoint is alled vertexing. The determination of the vertex oordinates with good preision is veryimportant for this analysis.The traking system in CDF detetor onsists of two main parts: the Silion VerteX detetor(SVX) and Central Outer Traker (COT). There are two additional parts: the IntermediateSilion Layer (ISL) and Layer 00 (L00). Figure 2-4 gives the shemati view of the CDF trakingvolume. The alorimeters are also shown in this piture.Below is a short desription of all of the traking systems.Silion Vertex DetetorThe Silion VerteX detetor (SVX) is the innermost part of the CDF detetor serving for a preisedetermination of the position of the seondary verties. SVX onsists of 720 silion mirostripdetetors, also alled wafers. The mirostrip detetors are assembled in so-alled ladders, 4 wafers35
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Figure 2-5: The side view of the SVX system.
# Desription Radius, m1 Beam pipe outer radius 1.67002 Beam pipe ange outer radius 1.85423 Inner sreen inner radius 2.05004 Bulkhead inner radius 2.100015 Bulkhead outer radius 12.900016 Outer sreen inner radius 12.900017 Outer sreen outer radius 13.250018 Port ard inner radius 14.100019 Cables 16.100020 Half ylinder inner radius 16.300021 Half ylinder outer radius 17.3000Table 2.1: The desription of di�erent parts of Figure 2-5.37



Figure 2-6: Side perspetive views of r-� side (top) and r-z side (bottom) of Layer 0 ladder in the SVX system.
38



Layer Radius, m # of strips Stereo Ladder ative, mm Strip Pith, �mstereo r-� stereo r-� angle width length stereo r-�0 2.55 3.00 256 256 90Æ 15.30 4� 72:43 60 1411 4.12 4.57 576 384 90Æ 23.75 4� 72:43 62 125.52 6.52 7.02 640 640 +1:2Æ 38.34 4� 72:38 60 603 8.22 8.72 512 768 90Æ 46.02 4� 72:43 60 1414 10.10 10.65 896 896 �1:2Æ 58.18 4� 72:38 65 65Table 2.2: The summary of SVX mehanial parameters.the SVX would oinide with the beam axis, rather than with the axis of the detetor. TheSVT trigger relies on the impat parameter of the trak, d0, measured by SVX, and it must bemeasured with respet to the beamline. It turns out to be more onvenient to store the loationsof the primary verties throughout the run, then �t all these loations with a straight line anduse this �tted beamline rather than the primary verties in the physis analyses. Atually, due tomisalignment the beamline in the CDF detetor is a few millimeters away from the geometrialentral line of the detetor. This shift is taken into aount in the SVT trigger and in the trakreonstrution.Intermediate Silion Layer and Layer 00The Intermediate Silion Layer (ISL) and Layer 00 (L00) were introdued in Run II. Togetherwith the SVX they omprise the CDF silion traking system, shown in Figure 2-7 [77℄. The ISLand L00 were integrated into the detetor system relatively late and the latter did not beomefully operational for the data in this thesis.The L00 is a silion detetor inside the SVX. It onsists of 6 narrow and 6 wide groups of themirostrip detetors, alled \wedges". Six of them are plaed at radius 1.35 m and the other sixat the radius 1.62 m. There are 6 modules in z of a total length of 95 m. The sensors in L00 aresingle-sided and made of more light-weight and radiation-hard silion than the SVX. They aremounted on a arbon-�ber support struture, whih also provides ooling. L00 helps to overomethe multiple sattering e�ets for traks passing through the high-density SVX material. Thisresults in the d0 resolution being as small as 25 �m.The ISL onsists of three layers of silion plaed outside of SVX. The region 0 < j�j < 1 isovered by a single layer of radius of 22 m, and the region 1 < j�j < 2 is overed by two layers,at the radii 20 and 28 m. The layers onsist of the double-sided silion mirostrip detetors,similar to that of SVX, with 55 �m strip pith on the axial side and 73 �m strip pith on thestereo side with a 1:2Æ stereo angle. Only every other strip is readout, whih makes the singlehit resolution about 16 �m on the axial side and 23 �m on the stereo side. ISL improves thetraking in the entral region and allows (together with SVX) for the silion standalone trakingin the region 1 < j�j < 2. The shemati view of the ISL system is represented in Figure 2-8.Central Outer TrakerThe Central Outer Traker (COT) is a ylindrial drift hamber with inner radius of 40:6 m,and outer radius of 137:99 m, and length of 310 m. It is �lled with a 50:50 mixture of Argon39
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Figure 2-9: A quarter of the COT sense wires.and Ethane plus trae amounts of alohol. The information about the partile traks is obtainedfrom the wires. The wires are subdivided into two lasses: sense wires, whih are atually used toollet the information about the partile traks, and the potential wires, on�guring the eletri�eld in the COT. When a partile passes through the gas, it exites and ionizes gas moleules.Under the inuene of the eletri �eld the released eletrons start drifting towards the sensewires. In lose viinity of the wire the 1=r eletri �eld aelerates the eletrons, ausing themto produe more eletrons when hitting the gas moleules. These seondary eletrons form an\avalanhe", whih is registered by the sense wire. The time di�erene between the original p�pollision and the ourrene of the hit gives us r-� position of the trak with respet to the sensewire.The eletrons in the COT do not drift along the eletri �eld diretion beause of the preseneof the magneti �eld. In suh rossed �elds, a harged partile, initially at rest, moves at anangle � with respet to the eletri �eld lines. At COT this angle is � = 35Æ [78℄.The sense wires are subdivided into 96 layers, whih are organized into 8 superlayers, on-taining 12 wire layers eah. The view of a quarter of the COT is shown in Figure 2-9. One ansee the 8 superlayers and the end slots for the potential (�eld) wires and for the sense wires. Foursuperlayers have the wires parallel to the axis of the detetor. They are alled axial superlayersand give us the information about r-� position of the trak. The hits in them are alled axialhits. The other four superlayers are tilted with respet to the axis of the detetor and are alledstereo superlayers and they provide stereo hits. The tilt angle of the stereo wires, 35Æ, is hosen sothat the drift of the ions would be in the diretion perpendiular to the wire, whih ensures thebest resolution. The sense wire planes are separated by gold-plated Mylar athode �eld sheets.41



Two suh sheets together with a sense wire plane in the middle are alled a drift ell. The elllayout for superlayer 2 is shown in Figure 2-10. Other superlayers have similar layout.The relative preision with whih the COT determines the transverse momenta of the traks,i.e. the raw momentum resolution, is given by:�(pt)pt = 0:7� 0:1 ptGeV=%Trak reonstrutionTwo di�erent algorithms are used to reonstrut the traks from the hits in the COT { segmentlinking and histogram linking. The �rst one looks for 3-hit seeds in eah axial superlayer. Thehits are �t with a straight line and all the other hits within a given distane from this line areadded to the segment. The segments are linked to eah other by a simple irle �t. After ther-� projetion of the trak is found, the stereo information is added, and then the �nal helix �tis performed.The histogram linking algorithm also uses the 3-hit seeds. For eah new hit we determiningthe radius of a potential trak from the positions of the 3-hit seed, the new hit itself, and thebeamline. All these radii for all the hits are histogrammed and the position of the highest binin the histogram is taken as the radius of the trak helix.The hits from the SVX are added to the traks, found in COT by using the so-alled \Outside-In" proedure [79℄. The COT trak is extrapolated inside the SVX and all the silion r-� hitsfound within the one of a given size around the trak are progressively added to the trak. Everytime a new hit is found, the ovariane matrix of the trak is updated. After all the r-� silionlayers are taken into aount, the z information from the silion stereo layers is added.If there is more than one trak andidate found, with di�erent ombinations of SVX hitsattahed to the same set of COT hits, then the trak andidate with the largest number of SVXlayers is hosen.Beause the energy losses are not aounted for in the traking algorithms we have to re-�tthe reonstruted traks during the analysis with the partile hypothesis of interest. The re-�tproedure is desribed in Setion 3.1. During the re-�t we drop the hits found by L00, beausethis system has not been fully alibrated yet.2.2.3 Muon SystemsMuons do not interat hadronially so that they do not have to loose their energy interating withnulei. Muons are about 200 times heavier than eletrons and their bremsstrahlung radiation istherefore about 40000 times smaller. Thus, muons an travel inside material further than anyother harged partile and the muon hambers an be plaed in the outermost loation of thedetetor.There are four systems of sintillators and proportional hambers used in CDF for muondetetion: the Central MUon detetor (CMU), the Central Muon uPgrade (CMP), the CentralMuon eXtension (CMX) and the Intermediate MUon detetor (IMU). They over the regionj�j < 2:0. The muon hambers in the CMP and CMX are plaed together with sintillators, whihare used to suppress the bakgrounds oming from the interations in the beampipe material.The sintillator systems are alled CSP and CSX, orrespondingly. The tehnial spei�ationsof all these systems are given in Table 2.3. The pion interation lengths and multiple satteringare quoted for a referene angle of � = 90Æ in CMU and CMP/CSP, for an angle of � = 55Æ in42
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CMX/CSX and show the range of values for IMU. The Figure 2-11 displays how the overage ofthe muon detetors was extended from the Run I to Run II.CMU CMP/CSP CMX/CSX IMUPseudorapidity overage j�j < 0:6 j�j < 0:6 0:6 < j�j < 1:0 1:0 < j�j < 2:0Drift tube ross-setion 2:7� 6:4 m2 2:5 m2 2:5 m2 2:5:4 m2Drift tube length 226 m 640 m 180 m 363 mMaximum drift time 800 ns 1:4 �s 1:4 �s 800 ns# of drift tubes 2304 1076 2208 1728Sint. ounter thikness 2:5 m 1:5 m 2:5 mSint. ounter width 30 m 30� 40 m 17mSint. ounter length 320 m 180 m 180m# of ounters 269 324 864Pion interation length 5.5 7.8 6.2 6.2-20Minimum muon pt 1:4 GeV= 2:2 GeV= 1:4 GeV= 1:4� 2:0 GeV=Multiple sat. resolution 12 m=pt 15 m=pt 13 m=pt 13-25 m=ptTable 2.3: The tehnial spei�ations of the CDF muon systems.Muons are deteted in the muon hambers by leaving small trak segments, alled muonstubs. Not all the stubs atually ome from muons, some may be due to hadroni punh-throughs(hadrons getting beyond the hadroni alorimeter) or beause of the eletronis' noise. The stubsfound are mathed to the traks previously found in COT. To do so for eah stub we extrapolateall the traks with pt > 1:3 GeV= to the radial position of the stub. If the distane betweenthe trak and the stub in the CMU or CMP is smaller than 30 m (50 m for CMX), this trakis added to the andidate list for the stub. Then, the stub-trak pair with the smallest relativedistane is hosen as a muon andidate, and this trak is removed from the andidate lists forall other stubs. The proedure is repeated while the stub-trak pairs are available.The shielding, provided by the parts of the detetor on the way of the muons, plays bothpositive and negative roles. The positive e�et is that it gives us \lean" muons, removing allthe other partiles oming from the primary vertex. Among the negative e�ets is the fat thatit does not allow muons below ertain pt threshold to reah the muon hambers. But this not abig problem, beause the interesting muons, i.e. the muons whih we are triggering upon, shouldhave a large pt anyway. Another negative issue is the multiple Coulomb sattering whih mayrandomly deet the muons from their initial trajetory. It ompliates a little the proedure ofstub-trak mathing, but the roughly gaussian and narrow mismath an be taken into aount,as desribed in Setion 2.2.6.Below, eah of the muon systems desribed in more detail.CMUThe Central MUon (CMU) detetor is plaed at the radius 347 m around the hadron alorimeter.Only muons with pt greater than about 1:4 GeV= an reah it. The CMU is divided into 24 �wedges overing 15Æ eah. The working part of the wedge overs only 12:6Æ, so that the CMUhas 24 gaps, 2:4Æ eah. Also, there is about an 18 m gap between the East and the West halvesof the CMU. 44
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Figure 2-11: Muon overage for Run I (left) and Run II (right).A wedge onsists of three hambers of angular overage 4:2Æ. Eah of them has 16 retangulardrift ells, arranged into 4 layers, as shown in Figure 2-12. The ells are �lled with same Argon-Ethane gas mixture as the COT. The voltage on the aluminum athodes of the ells is is �2500 V,while the stainless steel sense wires are kept at +2325 V. Two of the four ell layers are orientedalong a radial plane passing through the z axis, while the other two are laid along the parallelplane, o�seted by 2 mm from the �rst one. The o�set is measured at the midpoint of the hamber.This arrangement allows us to know on whih side of the sense wires a trak is, by looking atwhih sense wire got the signal �rst.The z position of the hit on a sense wire is determined from the harge division between theends of the wire. The resolution in the CMU hambers is about 250 �m in the r-� plane andabout 1 mm in z.Referene [80℄ has a more detailed desription of the CMU system.CMPThe Central Muon uPgrade (CMP) also overs the entral region of the detetor. It is shieldedby an additional steel absorber to redue hadroni punh-through ontamination whih the CMUsu�ers from. The path of the muons is e�etively inreased by this absorber to 7.8 interationlengths. Only muons with pt above 2.2 GeV= an get to CMP.The CMP approximately has a shape of a retangular box with the walls of equal lengths inz. The r-� view of the CMP system is shown in Figure 2-13. Due to suh shape the CMP oversthe CMU's gaps in �. For Run II the CMP overage in � was extended, as shown in Figure 2-11.Both systems | CMU and CMP | help us to obtain lean muon seletion in the entral regionof the detetor. 45
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Figure 2-12: The stak of 4 ells in the CMU system.

Figure 2-13: The r � � view of the CMP system looking at the end of the CDF detetor.46



The CMP hambers are mounted diretly on the absorber. They onsist of single-wire tubes2:5 m�15 m�640 m. Some of them are a little bit shorter to allow the ables from the innerparts of the detetor go outside. The drift tubes are organized into four layers with eah layerbeing shifted by a half-size of the tube with respet to the neighboring layers.The CMP is desribed more ompletely in Referene [81℄.CMXThe Central Muon eXtension (CMX) onsists of the wedges, forming a onial shapes on bothends of the detetor. Eah wedge overs 15Æ in � and the range 0:6 < j�j < 1:0. The (mentallyextrapolated) apexes of the ones lie on the z-axis of the detetor and the opening angle of allthe ones is about 45Æ. The elevation view of the CMX system is displayed in Figure 2-14. TheIMU barrel hambers and sintillation ounters, the toroid ounters, and the endwall ountersare also shown. In the Run I CMX had a 30Æ gap at the top on the West end and 90Æ gap atthe bottom in both East and West ends. The �rst gap was reated to make spae for the liquidhelium lines and the seond gap was due to intersetion of the onial setion with the ollisionhall oor. For Run II both these gaps are overed by KeyStone and MiniSkirt additions to CMX.The KeyStone onsists of two more CMX wedges, while the MiniSkirt has a little bit di�erentgeometry, shown in Figure 2-15.The CMX hambers onsist of the same tubes as in CMP with only the length of the tubesbeing di�erent: 180 m. Eah wedge in the CMX has 48 tubes arranged in 8 layers, eah layerhas 6 tubes. The layers are staggered so that there are at least 4 tubes in any overage in �.Figure 2-16 shows the arrangement of the CMX tubes. The layers are plaed at a slight stereoangle, whih allows for the measurement of the z oordinate.More information on the CMX an be found in Referene [81℄.IMUThe Intermediate MUon system (IMU) overs the region 1:0 < j�j < 2:0 with �ne granularity. Itwas introdued to omplement ISL in the reonstrution of the traks with j�j > 1:0.The IMU's drift hambers and ounters are plaed around the steel toroids on the both endsof the CDF. There are additional ounters between the toroids. The detailed setion of the IMUBarrel is shown in Figure 2-17 and the omplete elevation view of the IMU system { in Figure 2-18. The IMU hambers and sintillators are represented by the outer irle around the toroids.The CMX lower 90Æ setion is also shown. The hambers and ounters used in the IMU are thesame as those in CMX and CMP, and the eletronis is the same too. Referene [82℄ providesfurther information on the IMU.The dimuon trigger was not available for this system at the time when the data for this thesiswas olleted. For this reason, the IMU is not used in our analysis.2.2.4 Other SystemsThe other systems in the CDF detetor inlude the Time-of-Flight (TOF), the alorimetry andthe Cherenkov Luminosity Counters (CLC). They are not used in this analysis, so we will presentonly a short desription. 47



Figure 2-14: The side view of the CDF showing the CMX overage. The dark bloks spanning between 30Æ-40Æand 56Æ are the CMX wedges.
48



Figure 2-15: The MiniSkirt portion of the CMX system.

Figure 2-16: The arrangement of the layers in the CMX system.
49



Figure 2-17: A detailed setion of the IMU Barrel.

Figure 2-18: The elevation view of the IMU Barrel (thik dark line). The MiniSkirt part of the CMX systemis shown too.
50
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Figure 2-19: The Time-of-Flight performane.Time-of-FlightThe Time-of-Flight (TOF) system surrounds the COT. It serves to determine the masses m ofpartiles, and thus identify it, with the formula:m = P� = P�p1� �2 = Pr 1�2 � 1 = Pr(t)2L2 � 1;where t is the time passed from the ollision moment, L is the path length and P is the momentumof the partile.The TOF system is loated between the COT and the solenoid magnet, at a radius of 138 m.It onsists of 216 sintillator bars 4 m � 4 m � 279 m. These bars over the region j�j < 1.When a partile passes through a bar, the photons from ionized moleules travel to both endsof the bar, where they are deteted by �ne-mesh photomultiplier tubes. The travel time of thephotons determines the position at whih the partile rossed the tube. These tubes an operateinside the magneti �eld of 1:4 T, reated by the solenoid.The ability of the TOF system to distinguish partiles of di�erent mass (separation power)is illustrated in Figure 2-19. The time di�erene between kaons, pions and protons over pathof 140 m as a funtion of momentum, expressed in terms of pioseonds (left sale) and theseparation power � (right sale) assuming a time resolution 100 ps. This is lose to the real valueof � 120 ps. The dashed line shows the separation between kaons and pions obtained from theenergy loss measurements (dE=dx) in COT.Referene [83℄ gives a more detailed disussion of the TOF system.CalorimetryThe Time-of-Flight system is surrounded by an eletromagneti alorimeter, whih, in turn, issurrounded by a thiker hadron alorimeter. Geometrially the alorimeters are divided into51



Figure 2-20: The ross-setion of upper part of the end plug alorimeter.entral, wall and plug parts. They are alled, orrespondingly: the Central EletroMagneti(CEM), the Central HAdron (CHA), the Wall HAdron (WHA), the Plug EletroMagneti (PEM)and Plug HAdron (PHA) alorimeters.All the alorimeters in CDF are sampling alorimeters, whih means that they onsist ofalternating layers of absorber and sintillator. The absorber is neessary to make the passingpartile reate a shower, while the sintillator gives us the signal, read out by phototubes. TheCEM and PEM use lead as the absorber.The entral parts over the region j�j < 1:1 for EM and j�j < 1:3 for hadron alorimeters.They are divided into towers of equal size: 15Æ in � and 0.1 in �. The plug alorimeters extenddown to � = 3:6 and have variable segmentation. The shemati view of the plug alorimeters isshown in Figure 2-4 and the ross-setion in Figure 2-20.Both the CEM and PEM have eletromagneti strips alled CES and PES, respetively. Theseare gas proportional hambers with the wires inside being perpendiular to the strips outside.This on�guration allows us to measure both � and z oordinates of the partile shower. The52



Calorimeter Thikness Number of layers: thikness Resolution (E in GeV)CEM 19 X0 20-30 lead:3 mm, sintillator:5 mm 2%� 13:5%=pE � sin �PEM 21 X0 22 lead:4.5 mm, sintillator:4 mm 0:7%� 14:4%=pE � sin �+ preshower sint. layer 10 mmCHA/WHA 4.7/4.5�0 32/15 iron:25/50 mm, sintillator:10 mm 3%� 75%=pE � sin �PHA 7 �0 23 iron:51 mm, sintillator:6 mm 5%� 80%=pE � sin �Table 2.4: The basi properties of the alorimeters at CDFspatial resolution is about 2 mm in both diretions for the CES and about 1 mm for the PES.The CES and PES are loated inside the alorimeters, to give us the transverse shower pro�lemeasurement at the plae where it is the largest, i.e. at the depth of about 6 radiation lengthsX0. They measure the position of the shower, so that it ould be mathed to COT traks. Thisway eletrons an be distinguished from photons and neutral pions.The CEM is preeded by a Central PReshower (CPR) multiwire proportional hamber. Itwas introdued beause of the delayed initiation of -showers. The PEM has no suh hamber,only its �rst sintillator layer, alled PPR, is muh thiker than the others, and has an individualread out.The hadron alorimeters are loated after the eletromagneti alorimeters. They use iron asthe absorber whih makes the inident hadrons reate showers. The hadron and eletromagnetialorimeters are similar, di�ering from eah mainly by the depths. The basi properties of thealorimeters are given in the Table 2.4.More information about alorimetry in CDF an be found in Referenes [82℄ and [84℄.Luminosity CountersThe Cherenkov Luminosity Counter (CLC) serves to determine the instantaneous luminosity Lof the Tevatron at the CDF interation point by the formula:L = � � fb�p�p ;where � is the average number of interations per bunh rossing, fb is the rate of the bunhrossings at the Tevatron and �p�p is the total p�p ross-setion at ps = 1:96 TeV, saled [85℄ tothis energy from the results of the previous measurements [86℄.Aording to Poisson statistis, the probability to have an empty bunh rossing, i.e. a bunhrossing with no p�p ollisions, is P = e��. The CLC atually measures the number of suhempty bunh rossings. This measurement is based on the well-known Cherenkov e�et: aharged partile traveling in some media with a speed higher than the speed of light in thismedia radiates light in a narrow one around its diretion. If the total amount of the olletedlight is below a threshold, the CLC ounts it as an empty rossing. The measured fration ofthese rossings, orreted for the CLC aeptane, is used to alulate �.The Cherenkov ounters are loated in the gaps of the Plug Calorimeter, between the PlugCalorimeter and the beamline. They are direted towards the interation point, so that thepartiles oming from this point would generate the largest amount of light into the ounters. Thetime resolution of the CLC system is about 50 ps, whih makes it possible to distinguish betweenpartiles oming from di�erent interations. The preision of the luminosity measurement at53
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Event Builder the data fragments from the di�erent parts of the detetor are olleted into asingle event reord, whih is submitted to the Level-3. At Level-3, the event is reonstrutedand, again, is onsidered for possible rejetion. Level-3 aepts about one event out of 4. Theaepted events are transmitted to the mass storage devies at a rate of approximately 75 Hzand get written on a tape.Below all three levels of the CDF trigger disussed in more detail. Even more informationan be found in Referenes [82℄ and [88℄.Level-1As was mentioned earlier, Level-1 trigger has only 5:5 �s to aept or rejet an event. Therefore,it an not do the detailed reonstrution of COT traks and muon stubs or obtain the details ofshowers in the alorimeters. Instead, it uses some very rudely reonstruted versions, whih arealled primitives. For example, for the muon stubs we only know whih muon hamber has thestub, the stub position and slope are not measured. The muon or alorimeter primitives, beingombined with the trak primitives give us eletrons, muons and jets, whih we an trigger upon.The full list of trigger algorithms an be found in Referene [89℄. The most important triggerfor this analysis is so-alled dimuon trigger based on deteting two muons in the event. It willbe desribed later, in Setion 2.2.6.XFT and XTRPThe eXtremely Fast Traker (XFT) uses information from only 4 axial superlayers of the COT toidentify high-pt trak primitives in the r-� plane. To do so the hits from the COT are separatedinto two lasses, aording to their drift time: prompt hits with the drift time less than 44 ns anddelayed hits with longer drift time. Then the hit pattern in the event is ompared to a prede�nedset of patterns for both prompt and delayed hits. This prede�ned set of patterns helps to �ndthe segments of high-pt traks oming from the beamline very fast. For all the found segmentsthe information about the harge, urvature and the � position at the COT superlayer 6 is kept.Then the segments whih look like they ame from the same trak are linked together into thetrak primitive. Of ourse, the parameters of the trak primitive are estimated very rudely,given the short time whih XFT has for this. The information about the found trak primitivesis given to the eXTRaPolator unit (XTRP) and to Level-2.The XTRP mathes the trak primitives from XFT with the muon and alorimeter primitives.A detailed desription of this mathing utilized in dimuon trigger is given in Setion 2.2.6. XTRPalso uses a prede�ned set of patterns to speed up the mathing.The detailed information about XFT and XTRP logi is available in Referenes [90℄ and [91℄.Level-2The events aepted by Level-1 go to Level-2 for the further proessing. The Level-2 uses theprimitives from the Level-1 plus some additional information from the alorimetry and from theSVX (see Figure 2-22). The information about r-� hits from the SVX is used to extrapolate theXFT trak primitives inside the SVX and to determine the traks impat parameter, d0. Sometriggers look for traks with high d0, i.e. for the events with displaed vertex. This apabilitywas introdued in Run II.If the event is aepted, the primitives, onstruted at Level-2 are submitted further, to theEvent Builder and Level-3. 55
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atually proessing the data. The stripped data is subjet to a further redution by applyingsome loose uts. This is alled skimming. The skimmed data �les ontain mostly the interestingevents and it takes quite a short time to apply tighter uts to them and extrat the �nal results.The amount of data in the �nal datasets is usually measured not in the number of events, butrather in the inverse units of the ross-setion. In this way the users an multiply the size of thedataset by the ross-setion of the proess they are interested in to obtain the expeted numberof the events of this type in the dataset. The total size of the dataset used for this analysis isabout 360 pb�1.A few words should be said about the format of the data in the data �les. After prodution,the data �les ontain the olletions of traks, muons, eletrons et. During the analysis though,it is more onvenient to work with the olletions of J= andidates, X(3872) andidates et. Forthis purpose a speial framework is developed, in whih the partile andidates an be reated,put into olletions and stored in a speial kind of ntuple | stntuple. This framework allowsone to handle the partile andidates faster and in more onvenient way. More details about thestntuples an be found in Referene [94℄.
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Chapter 3Data Sample and Seletion CutsThe dataset used in this analysis is olleted via the dimuon trigger. This dataset omprisesRuns 138425 through 186598, orresponding to an integrated luminosity of 360 pb�1.The CDF detetor onsists of many di�erent subsystems whih may be turned on or o� duringthe data taking. In partiular, the silion part of the traking system, the muon systems and theparts of triggering system may not be fully ativated for a partiular set of runs. The shift rewmarks the detetor subsystems for eah run as \good" or \bad". We use only the data from theruns for whih all the ruial subsystems for the analysis were marked as \good". We all theseruns \good". We loose about 10-20% of the total luminosity beause of this requirement. Moreinformation about the good run system is given in Referene [95℄.3.1 Trak PreparationAfter the basi algorithm of the trak reonstrution has been performed there are a num-ber of additional re�nements to the trak parameters introdued for the analysis. Some ofthem are performed during the prodution stage. Others, are done in a speial module alledTrakRefitter [96, 97℄ whih is applied during the analysis stage. This module takes the rawtraks from COT and re�ts them introduing the neessary hanges.During the trak reonstrution at the prodution stage, the hits oming from the L00 arenot inluded in the �t, beause this traking subsystem was not yet ompletely alibrated at thetime when this analysis was performed. The TrakRefitter also exludes the L00 hits from the�t. Though this is not a hange with respet to the prodution stage, it is an important part ofthe trak treatment at CDF, and we mention it here.Another feature of the trak reonstrution at CDF is the orretion of the trak parametersfor the small non-uniformities in the magneti �eld produed by the CDF solenoid, whih werewell known from Run I [99℄. Another e�et, related to the magneti �eld, is the orretion for thenominal value of the �eld. To take these e�ets into aount, the magneti �eld was measuredin di�erent plaes in the solenoid and the data was �t with smooth funtions to provide the �eldmap for the whole CDF detetor. The full magneti map is taken into aount during the trakreonstrution. This orretion is performed for all the traks during the prodution stage.The parameters of the traks in CDF are alulated with respet to the detetor oordinatesystem with the origin in the enter of the COT (Setion 2.2.1). To obtain a onsistent piturefrom both the COT and the SVX, one needs to take into aount possible angular and transla-tional misalignments between the COT and the SVX oordinate systems. These misalignmentsare found empirially and are orreted for during the trak reonstrution. This is mostly done61



during the prodution stage and after this we only introdue small orretions for the re�nementsobtained after the prodution has run.And the last, but probably the most important, orretion is the orretion for the energyloss in the detetor material. The CDF detetor appears to have more material than it shouldaording to a priori tabulations. To obtain the orret parameters of the trak one needs totake into aount all this material. This is ahieved by introduing into GEANT simulationof the detetor a number of speial ylindrial layers of silion, so that the integrated e�etsof the additional detetor material on the passing partiles would be simulated [96, 97, 98℄.The widths of these layers are tuned, so that the Monte Carlo trak parameter distributionsorrespond to that of the traks in the data. During the prodution stage the parameters of thetraks are orreted for the presene of these layers, assuming the mass of a harged pion foreah trak. After the prodution, during the analysis stage the TrakRefitter module performsthese orretions for other mass assignments { harged kaon, proton, muon et.To selet only good quality traks for the analysis we require eah trak to have r-� hits inat least three distint SVX layers. As for the COT-related requirements, we want to use onlytraks whih do not leave the COT before they ross superlayer 6. Also, all the pion traks usedin this analysis must have the total of at least 10 axial hits and at least 10 stereo hits in COT.The transverse momentum pt of these traks has to be higher than 400 MeV=.3.2 Muon PreparationThe muons in CDF onsist of muon stubs from the muon subsystems (CMU, CMP et) mathedto COT traks. These traks must be the trigger traks, i.e. the XFT must have found them.Though, in our analysis we do not verify expliitly that the muons in the sample satisfy thetrigger. Also these traks must have hits in at least three SVX layers in r-� plane.We require that in the muons reported by the CMU the stub and the COT trak have themathing �2 < 9. The muons found in CMP and CMX do not have this requirement, beauseof the muh lower level of noise. Also, there is a ut on the o�ine pt of the muons, reon�rmingthe ut imposed by the XFT, pt > 1:5 GeV=2. These uts are summarized in Table 3.1.3.3 J= ReonstrutionIn our dataset only those events are present whih have been olleted via the dimuon trigger,i.e. whih have two muons of the opposite harge satisfying the trigger uts. These two muonsare required to form a J= andidate. The muon traks in this andidate are fored to ome froma ommon vertex in three dimensions. The parameters of these traks are adjusted aordingly.The mass of the J= andidate is required to be within a window of �60 MeV=2 aroundthe nominal J= mass 3096:87 MeV from the PDG [100℄. To have a high-quality �+-�� vertexwe require the �2 of the vertex �t to be smaller than 15. The pt of the �+-�� system must begreater than 4 GeV=. The full list of uts applied to the J= andidates is given in Table 3.1.3.4 J= �+�� SampleTo reonstrut J= �+�� andidates, we use the J= andidates onstruted out of two muonsand two additional oppositely-harged traks, assigned with the mass of a harged � meson.62



Cut ValueSingle muons:Number of SVX layers with a hit in r-� plane > 2�2 for trak-stub math (CMU only) < 9:0pt(�) > 1:5 GeV=�+�� system:pt(�+��) > 4:0 GeV=3D vertex �t �2 for �+�� < 15Mass window jM(�+��)�M(J= )j < 60 MeV=2Table 3.1: The J= reonstrution uts.First, the raw mass of the andidate is alulated based on the trak momenta, and andidatesare only aepted within a loose mass window between the kinemati limit of 3:3 GeV=2 and6:5 GeV=2. Then the three-dimensional vertex �t is performed.The vertex �tting pakage used in CDF [101℄ allows one to put onstraints on some of theparameters of the �t, e.g. to �x the total invariant mass of two traks or to make trak pointinto a spei� plae. For the reonstrution of the J= andidates we do not apply any pointingor mass onstraints. The only requirement at that point is that the �t onverges. For the�+���+�� reonstrution, though, we onstrain the mass of the dimuon to the PDG value ofthe J= mass. We want the �2 from the vertex �t to be smaller than 25, ensuring the goodquality of the vertex.The X(3872) mesons produed in CDF are highly boosted and its daughter traks are ex-peted to be relatively lose to eah other. To suppress bakground in the J= �+�� reonstru-tion we only onsider the pion traks lying in the narrow one �R �p��2 +��2 < 0:7 aroundthe momentum of the X(3872) andidate.We need to orret our data for the aeptane and ineÆieny of the detetor and seletion,and therefore want to stay away from kinemati regions in whih the detetor's aeptane islow and our modeling of the detetor's eÆieny is poor. For this reason we impose �duial utspt( 0=X) > 6 GeV=2 and j�( 0=X)j < 0:6. These uts keep 66% of the  (2S)'s.The �nal ut values are mostly taken from the analysis presented in Referene [2℄. We slightlydivert from that analysis by imposing the just desribed additional �duial uts, and by releasingthe ut on the number of the andidates per event desribed in Referene [2℄. By releasing thisut we slightly derease the signi�ane of the X(3872) peak in the full J= �+�� sample, but thesigni�ane of the X(3872) peak in the J= �+�� sample after the ut m�� > 500 MeV=2 grows.Beause we mostly are about this m�� range, we hoose to release the number of andidatesut in this analysis.In the analysis presented in Referene [2℄, the uts are optimized by improving the signal-to-noise ratio for the X(3872), where the resaled  (2S) signal is used to mimi the X(3872) signal.The �nal ut values, obtained this way, are summarized in the Table 3.2. This table inludes theuts used for the J= reonstrution already listed in Table 3.1.The mass distribution of J= �+�� after all these uts is shown in the top part of Figure 3-1. This is the full J= �+�� sample whih we use for this analysis. For the X(3872) massmeasurement we impose another ut, m�� > 500 MeV=2, whih selets only the most importantfor the analysis events [2℄. The mass distribution of J= �+�� after this ut is shown in the63



Cut ValuePion traks:Number of hits in axial COT superlayers � 10Number of hits in stereo COT superlayers � 10Number of SVX layers with a hit in r � � plane > 2pt(�) > 0:4 GeV=Single muons:Number of SVX layers with a hit in r � � plane > 2�2 for trak-stub math (CMU only) < 9:0pt(�) > 1:5 GeV=�+�� system:pt(�+��) > 4 GeV=3D vertex �t �2 for �+�� < 15Mass window jM(�+��)�M(J= )j < 60 MeV=2J= �+�� system:�R, one around X(3872) andidate momentumontaining both pions < 0:73D vertex �t �2 for J= �+�� < 25Fiduial uts:pt(J= �+��) > 6 GeV=2j�(J= �+��)j < 0:6Table 3.2: The J= �+�� reonstrution uts.
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bottom part of Figure 3-1. The seond histogram in the lower plot, �tted with dashed line,shows the events rejeted by the m�� ut.We �t the J= �+�� mass distribution using a double Gaussian with a ommon mean for the (2S) peak and a single gaussian for the X(3872) peak. The bakground is approximated by aquadrati polynomial ax2 + bx + , where x stands for the measured J= �+�� mass.The double Gaussian for the  (2S) peak is parametrized in the following way:N (2S)�(1�Nrel) 1p2�� exp �� (x�m (2S))22�2 �+Nrel 1p2��rel� exp �� (x�m (2S))22�2rel�2 ��: (3.1)With this parametrization the �t automatially determines the error on the  (2S) yield N (2S).One Gaussian is �rel times wider than the other one. We all the width of the narrow one,�narrow � �, a narrow width and the width of the wide one, �wide � �rel�, a wide width. Them (2S) here is a ommon mean of both Gaussians. All the parameters are oating during the �t.The �t of the full J= �+�� sample yields 11503 � 221  (2S) andidates and 929 � 154X(3872) andidates before the ut on m��. After the ut, the number of  (2S) andidatesgoes down to 6813� 131, while the number of X(3872) andidates grows up to 1262� 134. Tounderstand this growth, we �t the J= �+�� mass distribution of the events rejeted by theut m�� > 500 MeV=2, shown in Figure 3-1. The mass and width of the X(3872) are �xedduring this �t. We observe a little depletion of 147 � 88 andidates in the signal region whihis ompatible with a bakground utuation. This depletion explains part of the growth in theX(3872) yield. Another reason for the X(3872) yield inrease is that the X(3872) width afterthe m�� ut also grows from 4.7 to 5.0 MeV=2. The omplete results of the mass �ts for the fullsample and for the sample after the m�� ut are presented in Table 3.3. Table 3.4 gives the fullorrelation matries for both �ts.Quantity No ut After ut Rejeted byon m�� on m�� ut on m�� (2S) total yield, N (2S) 11503 � 221 6813 � 131 5030�208 (2S) mass, m (2S) [MeV=2℄ 3685.9 � 0.1 3686.0 � 0.1 3685.9�0.1 (2S) narrow width, � [MeV=2℄ 2.3 � 0.3 2.4 � 0.3 2.9�0.2 (2S) double Gaussian area ratio, Nrel 0.37 � 0.07 0.32 � 0.09 0.31�0.05 (2S) double Gaussian width ratio, �rel 2.95 � 0.27 2.53 � 0.26 5.00�0.37X(3872) yield, NX 929 � 154 1262 � 134 -147�88X(3872) mass, mX [MeV=2℄ 3873.0 � 1.0 3872.2 � 0.6 �xed to 3872.2X(3872) width, �X [MeV=2℄ 4.7 � 0.7 5.0 � 0.6 �xed to 5.0Fit �2 116.3 78.2 40.4Number of degrees of freedom 73 61 70S=pB for X(3872) 7:9 9:9 {in mass region (3:858; 3:886) GeV=2Table 3.3: The results of the �t in Figure 3-1 (statistial errors only).The residuals of the �t, whih are the di�erenes between the �tted distribution and the data,divided by the error on the �tted distribution are shown in Figure 3-2. The upper-left plot has nout on m��, the upper-right plot has a ut of m�� > 500 MeV=2. The vertial lines on the upper65
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Full-sample �t:PARAMETER CORRELATION COEFFICIENTSNAME NO. 1 2 3 4 5 6 7 8 9 10 12N (2S) 1 1.000 0.163 0.253 0.032 0.001 0.014 0.085 -0.007 -0.081 -0.217 0.407m (2S) 2 0.163 1.000 0.772 0.008 0.000 0.004 0.013 -0.002 -0.012 -0.656 -0.299� 3 0.253 0.772 1.000 0.012 0.000 0.005 0.024 -0.003 -0.023 -0.927 -0.222NX 4 0.032 0.008 0.012 1.000 0.077 0.430 -0.070 -0.003 0.069 -0.010 0.016mX 5 0.001 0.000 0.000 0.077 1.000 0.176 -0.011 0.000 0.009 -0.000 0.000�X 6 0.014 0.004 0.005 0.430 0.176 1.000 -0.032 -0.001 0.032 -0.004 0.007a 7 0.085 0.013 0.024 -0.070 -0.011 -0.032 1.000 -0.893 0.594 -0.021 0.048b 8 -0.007 -0.002 -0.003 -0.003 0.000 -0.001 -0.893 1.000 -0.892 0.002 -0.004 9 -0.081 -0.012 -0.023 0.069 0.009 0.032 0.594 -0.892 1.000 0.020 -0.046Nrel 10 -0.217 -0.656 -0.927 -0.010 -0.000 -0.004 -0.021 0.002 0.020 1.000 -0.028�rel 12 0.407 -0.299 -0.222 0.016 0.000 0.007 0.048 -0.004 -0.046 -0.028 1.000�2/DoF = 116.295/73, Prob = 0.0665231%After m�� > 500 MeV=2:PARAMETER CORRELATION COEFFICIENTSNAME NO. 1 2 3 4 5 6 7 8 9 10 12N (2S) 1 1.000 0.107 0.188 0.027 0.002 0.015 0.157 -0.007 -0.162 -0.176 0.430m (2S) 2 0.107 1.000 0.662 0.006 0.001 0.003 0.013 -0.001 -0.013 -0.566 -0.053� 3 0.188 0.662 1.000 0.009 0.001 0.005 0.040 -0.002 -0.041 -0.930 0.098NX 4 0.027 0.006 0.009 1.000 0.170 0.534 -0.118 -0.000 0.111 -0.008 0.019mX 5 0.002 0.001 0.001 0.170 1.000 0.298 -0.028 0.001 0.027 -0.001 0.001�X 6 0.015 0.003 0.005 0.534 0.298 1.000 -0.069 0.000 0.065 -0.005 0.010a 7 0.157 0.013 0.040 -0.118 -0.028 -0.069 1.000 -0.753 0.122 -0.040 0.118b 8 -0.007 -0.001 -0.002 -0.000 0.001 0.000 -0.753 1.000 -0.744 0.002 -0.005 9 -0.162 -0.013 -0.041 0.111 0.027 0.065 0.122 -0.744 1.000 0.041 -0.123Nrel 10 -0.176 -0.566 -0.930 -0.008 -0.001 -0.005 -0.040 0.002 0.041 1.000 -0.350�rel 12 0.430 -0.053 0.098 0.019 0.001 0.010 0.118 -0.005 -0.123 -0.350 1.000�2/DoF = 78.2306/61, Prob = 6.57205%Table 3.4: The full orrelation matries for the ombined  (2S) and X(3872) mass �ts.
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Figure 3-2: The residual plots and the pull distributions of the mass �ts in Figure 3-1.plots display the positions of the  (2S) and the X(3872) peaks. The bottom plots representthe pull distributions whih show how many standard deviations the data points in eah bin areaway from the expeted values of the �t. The pull distributions are �tted with Gaussians whih,for orret statistial behavior, ought to have a mean of zero and a width of one. As we an see,the �tted values are onsistent with these ideal quantities, whih indiates that the �ts desribethe data well.The X(3872) mass measured in our sample (after m�� ut) is equal tomX(3872) = 3872:2� 0:6(stat:) GeV=2:This result is onsistent with the values obtained in other measurements [1, 2, 3, 4℄.
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Chapter 4Dipion Mass Spetrum MeasurementAs we an see in Figure 3-1, the ombinatorial bakground in the J= �+�� sample is quitehigh. For this reason the m�� distribution obtained with a onventional sideband-subtrationtehnique would have large errors and, therefore, poorly onstrained its shape. We use a di�erentmethod to measure the m�� spetrum. We divide our sample into slies of the dipion mass, �tthe mass histogram of J= �+�� andidates in eah slie and plot the dependene of the yieldversus m��.The J= �+�� mass distribution has two peaks: the larger one orresponds to the  (2S)and the smaller one to the X(3872). Our goal is to obtain the m�� spetrum for the X(3872),and we use the  (2S) as a well-studied onvenient testbed with a large number of events. Forthis reason, we �rst apply our sliing method to the  (2S) and ompare its m�� spetrum tothe equivalent spetra obtained in other experiments. Then we apply the same tehnique to theX(3872).The produed X(3872) and  (2S) mesons are not always registered in the detetor. Some-times their daughter traks lie outside of the regions where they an be found by the detetortraking systems, i.e. outside of the detetor aeptane. This is true, for example, for the trakswith very low pt or very high j�j. Also, the traks inside the detetor aeptane regions maybe not registered properly, due to the imperfet eÆieny of the detetor. To ompare our m��spetrum to the spetra obtained in other experiments, we need to take these e�ets into a-ount. This is done with the aid of Monte Carlo simulation of the detetor's eÆieny in theaeptane region. We generate Monte Carlo samples of the events before detetor e�ets andafter the detetor is simulated, and alulate the detetor's eÆieny for eah m�� slie. For thisanalysis it is important that the pt, �, and m�� distributions of the  (2S) and the X(3872) inthe data are properly desribed by the Monte Carlo simulation.The following few subsetions desribe how we measure the pt spetra for both  (2S) andX(3872), how we generate the Monte Carlo samples using these spetra, and how we alulatethe detetor eÆieny orretions. Then we desribe how we �t the J= �+�� mass histogramsin the m�� slies, obtain the m�� spetrum, and apply the eÆieny orretions to it.4.1 Measurement of the pt SpetraThe pt spetrum for the  (2S) is fairly well studied, but is a priori unknown for the X(3872).If the X(3872) is a harmonium state one might be prepared to aept using the  (2S) ptdistribution, but we annot assume that. If, for example, the X(3872) is a fragile moleularstate, it ould have a quite di�erent pt spetrum, as it tends to be more diÆult to make omplex69



and weakly bound states in hard fragmentation. For this reason we obtain the pt spetrum forthe X(3872) from the data, independently of the one for the  (2S).Our data sample has a large number of  (2S) mesons, so that it is easy to obtain the  (2S)pt spetrum by a regular sideband-subtration tehnique. But for the X(3872) it is not so easy,beause of the low event yields and the large ombinatorial bakground. We divide our datainto a few pt slies and do a binned likelihood �t of the J= �+�� mass distribution in eah ofthem, with the �tting funtion being integrated over the bin range. In this way we obtain the (2S) and the X(3872) yields for eah pt slie. The individual mass �ts for the  (2S) are givenin Appendix A, and for the X(3872) in Appendix B.Figure 4-1 displays the slied pt spetra, overlaid on top of the sideband-subtrated ones, inboth normal and logarithmi sales. The spetra are normalized to have the same number ofevents. We �nd that the sliing tehnique redues the unertainties ompared to the sidebandsubtration { by about 10-20% for the  (2S) and by about 50-60% for the X(3872).The  (2S) and X(3872) pt spetra are overlaid on top of eah other in Figure 4-2 in bothlinear and logarithmi sales. As we an see, they are the same within the unertainties. We usethe respetive pt spetra to derive the input for the Monte Carlo generation for the  (2S) andthe X(3872).4.2 Detetor EÆieny CorretionsIn our Monte Carlo simulation theX(3872) partile is generated by a program, alled HeavyQuark-Gen [102℄ developed in CDF, and then deayed with the QQ [103℄ program, reated in CLEO.The deay produts are put through a speial �lter (HepgFilter [104℄), whih uses generatorlevel information without taking into aount the detetor smearing, eÆieny et. This �lterkeeps only the events with the X(3872) deay produts within the �duial region, whih meansthat the partiles should have pt > 1:4 GeV= and low pseudorapidity j�j. The latter requirementtranslates into a ut on the distane from the beamline to the point at whih the partile rossesthe COT end ap, i.e. the exit radius from the COT of Rexit > 1010 mm. For the Monte Carlogeneration most of the unknown X(3872) properties are taken from the  (2S), exept for themass, of ourse. The details of Monte Carlo generation are given in Appendix C, similar toReferene [76℄.We need to make sure that the Monte Carlo sample kinematially reets the data, i.e. hasthe same pt and � distributions. To do this we start generating Monte Carlo samples with a atpt-� distribution. Eah event goes through the GEANT simulation of the detetor, the simulationof the trigger, prodution and the reonstrution ode. The output pt distribution is an eÆienyurve for the detetor. For eah pt bin it gives the fration of the  (2S)'s or X(3872)'s initiallygenerated in the �duial volume in whih all the daughter traks are registered by the detetorand reonstruted in our analysis.To avoid using the bins with low number of events, and keep the true distributions reasonableand trustworthy, we onstrain ourselves to the region pt( (2S)) > 6 GeV=2 and pt(X(3872)) >6 GeV=2. The pseudorapidities of both  (2S) and X(3872) are also onstrained to j�j < 0:6.The true � distribution is onsidered at within this region. The histograms for the Monte Carlogeneration are produed in a little bit wider region pt > 5 GeV=2 and j�j < 0:7 to allow forsmearing at the boundaries. These additional margins are hosen to be signi�antly larger thanthe resolutions on pt and �.We want to make sure that the m�� distribution in the Monte Carlo simulation adequately70
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desribes the data. The shape of the m�� spetrum for the  (2S) deay is well known frommeasurements. We all this shape S-wave, beause the  (2S) is a 3S1 harmonium state. Agood desription for it is given by:dNdmX � (m2�� � 4m2�)2:5q(m2 (2S) �m2J= �m2��)2 � 4m2J= m2��: (4.1)This parametrization was used, in partiular, in a CDF Run I analysis [105℄ and by the MARKIIICollaboration [106℄. While we know the shape of the m�� distribution for the  (2S), it isa priori unknown for the X(3872) { this is what we wish to determine in this analysis. So, togenerate the proper Monte Carlo m�� spetrum for the X(3872) we have to bootstrap ourselvesby feeding our measured m�� distribution into the Monte Carlo and then iterating, to obtain abetter approximation. It is reasonable to use the S-wave m�� spetrum as an input for the �rstiteration. It turns out that this shape is a quite good approximation already. For this reason wedo not atually iterate and simply use the S-wave parametrization for the m�� spetrum of theX(3872). We will assign a systemati unertainty to our imperfet knowledge of the true shapeof the m�� distribution.The ratios of the measured pt-distributions for the  (2S) and the X(3872) to the eÆienyurves give us the true pt spetra, not distorted by the detetor e�ets and by our seletion.In Figures 4-3 (for the  (2S)) and 4-4 (for the X(3872)) the upper-left plot represents the rawmeasured pt, the upper-right plot the eÆieny urve, and the two lower plots their ratio (true pt)in linear and logarithmi sales. The true pt-distributions for both the  (2S) and the X(3872)are parametrized by the funtion exp(a0 + a1(pt � pt0) + a2(pt � pt0)2), where pt0 is a onvenientexpansion point of the polynomial exponent. This point is hosen to minimize the orrelationamongst the �t parameters, i.e. it is near the pt-entroid of the data. The parameter a0 is anormalization and has no physial meaning. The parameters a1 and a2 determine the shape ofthe pt spetrum. The �ts are also given in Figures 4-3 (for the  (2S)) and 4-4 (for the X(3872)).We use the result of these �ts to produe new pt-� histograms, whih orrespond to the truept-� distributions. These new histograms are used in HeavyQuarkGen to generate a new setof Monte Carlo samples. In these samples the output pt and � spetra are quite lose to themeasured ones, as shown in Figures 4-5 and 4-6. In priniple, this proess may be repeated afew times in an attempt to ahieve even better oinidene of Monte Carlo and data. But thenext iterations are not very muh di�erent from the last one, so that we stop here.Having mathed the pt and � distributions for both the  (2S) and the X(3872), and the m��distribution for the  (2S) in Monte Carlo and in data, we alulate the detetor eÆieny forthe m�� spetrum. Atually, we obtain the inverse detetor eÆieny, �(m��), whih we �ndmore onvenient to use than the detetor eÆieny � = 1=�(m��). To �nd the �(m��) we dividethe m�� distribution before the detetor �(m��) by the m�� distribution after the detetor andtrigger simulation, prodution, reonstrution, and seletion uts, �(m��). We use a quadratipolynomial �(m��) to parametrize this ratio.All these distributions and funtions are shown in Figure 4-7 for both the  (2S) and theX(3872). Eah plot in this �gure shows the m�� spetra before (triangles) and after (boxes)detetor simulation and event seletion. The solid dots with error bars give the ratio of theformer to the latter (i.e. the inverse eÆieny). This ratio is to be read on the sale at theright-hand side of the plot. The �tting quadrati funtion �(m��) of this ratio (dashed line) isalso shown in eah plot. The parameters of the �ts are given in Table 4.1. These respetivefuntions �(m��) are used to orret the raw m�� spetra for the  (2S) and the X(3872).73
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 (2S) X(3872)�(0) -24.80�2.71 -2.51�1.71�(1) 166.54�11.38 57.51�5.62�(2) -170.60�11.79 -49.79�4.57Table 4.1: The parameters of the �tted inverse detetor eÆieny orretion funtions �(m��) = �(0)+�(1)m��+�(2)m2�� for both the  (2S) and the X(3872).
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fall-o� of the spetrum. The normalization to 10 MeV=2 per slie is hosen to give the readerthe generally orret impression of the total raw yields over most of the slies.We �x the means and widths for most of the  (2S) �ts in order to better onstrain theresults. Though for the last two slies they are allowed to oat, beause of the following reason.By taking a slie of data near the upper kinemati limit we are potentially biasing the J= �+��mass. A andidate that has utuated to a high value of m�� most likely will also have a highJ= �+�� mass. In normal slies andidates an utuate in and out of the slie from both lowand high mass slies. In the slies near the kinemati limit, though, entries are only lost to thelow side. This results in a shift in the peak position. Appendix F desribes this in more detail.Another e�et, unique to the last few slies near the kinemati limit, is that the turn-on isvery lose to the peak, so that it beomes hard for the �tter to determine the position of theturn-on preisely. In Chapter 5 we will assign a systemati unertainty due to this e�et. Also,in the last slie the turn-on omes so losely to the peak that the peak shape is distorted. Forthis reason we �t it with a single Gaussian rather than the double one. This e�et is also takeninto aount with a systemati unertainty. This is disussed into more detail in Appendix F.We alulate the �t probabilities in the individual m�� slies for the full �t range. They areshown in Figure 4-8. The points on this plot are uniformly sattered, produing neither trendsnor lusters. The �t probability for the full �t range is generally dominated by the bakgrounddistribution. For this reason we also ompute the probability in the narrow region between3:675 GeV=2 and 3:695 GeV=2, roughly orresponding to a six standard deviations windowentered around the  (2S) mass value. This probability shows how well the  (2S) peak itself isdesribed. The probability for eah m�� slie is shown in Figure 4-9. This plot also manifests aquite uniform distribution of the points.The resulting plot of the yield versus m�� for  (2S) is given in Figure 4-10, both before andafter the detetor eÆieny orretions. The eÆieny orretions have a quite small e�et overthe range where the  (2S) yield is signi�ant. The yields after the orretion in the i-th m��slie are obtained by multiplying the yield before orretion, Ni, by the integrated-average, �i,of the nominal orretion funtion, �(m��), over the i-th m�� slie range:N orri = Ni � 1bi � ai Z biai �(m��) dm�� = Ni � �i: (4.3)Here ai and bi denote the lower and upper boundaries of the i-th m�� slie. The inverse eÆienyorretion fators, �i, are globally resaled as to preserve the total number of andidates. Thesame data in tabular form are given in Chapter 5 (Table 5.1) after the determination of thesystemati unertainties.One should notie that ourm�� spetrum for the  (2S) after the detetor eÆieny orretionmathes the S-wave parametrization from Equation 4.1 quite well, as shown in Figure 4-11. InChapter 5 we assign the systemati unertainties due to our imperfet knowledge of the m��shape for the Monte Carlo generation.4.4 Measurement of the m�� Spetrum for the X(3872)We apply the same �tting proedure to obtain the m�� spetrum for the X(3872). We hangethe binning of the J= �+�� mass histograms from 2:5 MeV per bin to 5:0 MeV per bin beausewe have a weaker and broader signal. For the same reason we �t the signal with a single Gaussian79
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 (2S), the inverse eÆieny orretion fators, �i, are resaled so that the total number of theevents is the same before and after the orretions. The net e�et of the eÆieny orretions isquite small. The results in tabular form are given in Chapter 5 (Table 5.2) after we obtain thesystemati unertainties.The m�� spetrum for the X(3872) looks similar to that for the  (2S). It also favors highdipion masses and falls o� rapidly at the upper kinematial limit. In Chapter 6 we will �t thisspetrum with di�erent theoretial models.
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Chapter 5Systemati UnertaintiesThe systemati unertainty in our analysis is very small with respet to the statistial one. Thisis explained by the fat that the X(3872) peak is found on top of a quite large bakground sothat the statistial unertainty of this bakground dominates the total statistial unertainty.As for the systemati unertainty, there are two main ontributions: unertainties on theyields Ni in eah of the individual m�� slies, and unertainties on the eÆieny orretions�(m��). The determination of the unertainty on the yield �syst(Ni) is further separated intoissues surrounding the signal and the bakground parametrizations. The unertainties on the eÆ-ieny orretions �(m��) are subdivided into omponents related to the assumed m�� spetrum,and to that of the pt spetrum. We will onsider all these ategories separately.Our systemati errors are grouped into two sets of unertainties: orrelated and unorrelatedones. Correlations in the eÆieny unertainties originate from the fat that we are onernedwith the shape of the distribution, i.e. the eÆieny in a given m�� slie is orrelated with thatof its neighbors. This distintion is negleted when we plot the m�� spetra or quote a totalsystemati error, but it is exploited when we �t the data with various theoretial models.5.1 Yield SystematisThe models we hose for the signal and bakground may have a systemati bias in the yields.To estimate the systemati unertainty arising from this bias for the majority of the m�� slieswe perform a few variations of the �t model and ompare the hanged yields with the nominalones. The last few slies require speial handling beause of the e�ets unique to the upperkinemati limit, disussed in Chapter 4. We will assign these points with speial systematislater, in Setion 5.1.4.5.1.1 Systematis from Modeling the SignalFor the systemati unertainty from the signal model for the  (2S) we exploit three variationsof this model. In the �rst variation we alulate the number of the events in the peak obtainedfrom simply ounting bin entries. Spei�ally, we �rst obtain the number of bakground eventsunder the peak from our bakground parametrization, and then subtrat it from the total numberof the events in the peak region. The peak region used for this estimate is hosen to be from3:675 GeV=2 to 3:695 GeV=2. This range roughly orresponds to a six standard deviationswindow entered around the  (2S) mass. The thus obtained number of events is ompared tothe nominal one, and the yield di�erenes ÆNi for eah m�� slie are plotted in the upper part87



of Figure 5-1. The nominal and alternate yields are determined from the same sample, thereforethe nominal unertainties on eah of them are highly orrelated. For this reason we only use thenominal unertainties from one set of yields for the error bars, rather than double ount them byadding the two sets of unertainties in quadrature. Nevertheless, this is still a gross over estimateof the true unertainty of the di�erene between two highly orrelated measurements. Thus, theutuations of the yield di�erenes in this plot are muh smaller than the error bars.We fous our attention on the high-mass part of the m�� spetrum whih has signi�antyields, whereas the low-mass slies are dominated by noise rather than the signal. The signi�antpoints are plotted with the large irles in Figure 5-1, and the ones we ignore with the smallsymbols. For this set of the large points we ompute the mean value � = hÆNi, the RMSspread � = ph(ÆN � �)2i and the sample variane �� = 1pn�1ph(ÆN � �)2i, whih is used asan estimate of the unertainty on the mean value �. The last two points in the middle andbottom plots in Figure 5-1 are also shown in small symbols, beause they are exluded from thealulations of the mean, RMS and sample variane. As was mentioned earlier, these points willbe assigned speial systematis later.If there were a lear systemati bias, systemati trends should be apparent among the largepoints. Given the seemingly random satter, we use the mean value � of the di�erenes ÆNi toquantify a possible bias, and use the unertainty on the mean �� to judge if the mean is signi�-antly di�erent from zero. There is no lear evidene of a bias, but arguably we annot exludethe presene of a bias any smaller than the unertainty on the mean, �� = �2:7 andidates forthe  (2S) and �� = �4:9 andidates for the X(3872). Thus we take these values as our yieldsystemati for the signal model. These are quite small numbers, and learly if this were a largee�et we should have more judiiously separated out any remaining statistial ontributions, orhave better understood our model.In the next two variations of the signal model we shift the width � and the relative nor-malization Nrel of the  (2S), whih are �xed in the slie �ts, by plus (minus) one standarddeviation from the entral value, as determined by the mass �t of the whole sample. The in-reases (dereases) in the yields with the hanged models turn out to be proportional to theyields themselves. The frational di�erenes between the hanged and the nominal yields aredisplayed in the middle plot in Figure 5-1 for the shift in the relative normalization Nrel, and inthe bottom plot for the shift in the width �. The plots show that the yields hange by � 2:7%for the relative normalization and by � 1:7% for the width. These are lear and well de�nedsystemati shifts. However, we are only onerned with shape di�erenes, and the uniform fra-tional shifts are of no signi�ane to our result. Multipliation of all the points by the samenumber does not hange the shape at all. We only are about the residual variation within thisglobal shift, whih is less than about 0.5%, and we neglet it.In the ase of the X(3872), the orresponding systemati plots are shown in Figure 5-2.The top plot displays the di�erene in the yields between the �tted and the ounted numbersof the entries in the peak. The range for the ounting is hosen to be from 3:855 GeV=2 to3:885 GeV=2, whih roughly orresponds to a six standard deviation window entered on theX(3872) mass.The general piture manifested by the yield di�erene distribution for the X(3872) is similarto that of the  (2S): modest utuations, with a relatively small mean. We again take the valueof the sample variane, �� = �4:9 andidates, as an upper bound on the size of the systemati.The next two plots in Figure 5-2 show the frational yield di�erenes for the X(3872) mass11We do not vary the  (2S) mass, beause due to the large number of  (2S)'s in the sample one standard88
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and width shifted by plus or minus one standard deviation from the entral value. They showsystemati trends, but the statistial utuations start to wash out the lear pattern observed inthe  (2S). We apply the lesson from the  (2S) and take the e�et of these variations to be theuniversal frational shifts, and assign no systemati for them.
5.1.2 Systematis from Modeling the BakgroundTo obtain the systemati unertainty oming from the bakground shape, we onsider threedi�erent variations of the bakground modeling: the bakground shape parametrization, the sizeof the �t window and the number of the points skipped in the beginning of the turn-on.To hange the bakground shape parametrization we replae the bakground �tting funtionfrom Equation 4.2 with a polynomial. We rely upon the high-mass sideband to largely �x thebakground polynomial and do not �t the low-mass sideband, to allow for greater freedom inthe low mass shape whih varies more. To do so we shift the left boundary of the �t rangefrom the nominal value of 100 MeV=2 lower than the X(3872) mass, to just a few standarddeviations below the peak. For the  (2S), whih has two Gaussians, we use: m( (2S)) �4:0pNrel�2wide + (1�Nrel)�2narrow. For the X(3872) the lower limit of the �t range is m(X) �3:5�(X). The bakground shape an not be well desribed with a polynomial when the turn-onomes lose to the mass peak, so that we do not use the polynomial for the very last m�� slies.The top plots in Figure 5-3 and Figure 5-4 show the di�erenes between the yields withnominal and alternate bakground parametrization for the  (2S) and the X(3872), respetively.For the  (2S) the yield variations are dominated by statistial utuations, no lear systematitrend is observed. We take the unertainty on the mean �� as an upper bound on the systematifrom the bakground parameterization. The piture, and our onlusion for the X(3872) inFigure 5-4 is similar.The other major hek of systematis is the variation of the exat starting point of the �twindow. Looking through the J= �+�� mass distributions in the m�� slies we see oasionalhills and valleys in the data below the mass peaks that are potentially systemati deviations fromour bakground model. Depending on where the window edge falls these features may distortthe yields. To make alternate versions of the �t we visually inspet the �ts and add or dropthe points from the �ts by hand if we have a reason to believe that adding or dropping ertainpoints produes a signi�ant e�et on the yield. The bottom plots in Figures 5-3 and 5-4 showthe graphs of the yield di�erenes for the  (2S) and the X(3872), respetively. The plot withopen markers is for the ase of the �t window starting at a bit lower mass, to inlude ertainpoints. The other plot orresponds to the beginning of the �t window moved to a bit highermass value to drop ertain points from the �t. For the  (2S), where we have good statistis, themean � and the sample variane �� are fairly small. They are a little bit larger, though, than thepreviously alloted systematis, and we take this slightly larger value, �2:4 andidates, as a �nalestimate of the bakground systemati unertainty. Likewise for the X(3872), this systematiunertainty oming from the bakground shape modeling is �6:8 andidates.deviation is quite small and shifting the mass value by it would ause a negligible e�et, whereas the X(3872)mass has a larger unertainty. 91
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5.1.3 Final Systematis from Signal and BakgroundTo obtain the total unorrelated systemati unertainty for the yields for eah m�� slie we addthe signal and the bakground unertainties in quadrature. These are: �3:6 andidates for the (2S), and �8:4 andidates for the X(3872). These values are utilized in all m�� slies with theexeption of some slies at the end of the spetra.5.1.4 Systematis for Yields in the Last Few m�� SliesAs alluded to earlier, the last few points in the m�� spetra for both  (2S) and X(3872) meritspeial handling. To determine the systemati unertainty on these points we perform a varietyof speial �ts and monitor the stability of the yields under di�erent assumptions. The various�ts are shown in Appendix F, and sine the proess is somewhat involved we leave most of thedetails there. But the major issues that we ontend with are:� Near the upper kinemati limit, the seletion bias of taking a narrow m�� slie maybias the mass and width of the J= �+�� signal Gaussian;� As the kinemati turn-on reahes the lower range of the signal Gaussian the bakgroundturn-on is more diÆult for the �t to determine.To grapple with these issues we experiment with letting the mass and width parameters of the�t oat, and we use the lower m�� slies to extrapolate the turn-on point of the bakground inthe problemati slies. In the end we �nally assign the following systemati unertainties:N last = 99� 16 (stat:)+13�10 (syst:);N last�1 = 292� 43 (stat:)+12�22 (syst:);N lastX = 10� 9 (stat:)+8�2 (syst:);N last�1X = 35� 15 (stat:)+3�21 (syst:);N last�2X = 182� 30 (stat:)+15�16 (syst:):5.2 EÆieny Systematis5.2.1 Unertainty in the m�� SpetraIn Setion 4.2 we obtained the detetor eÆieny orretion based on the S-wave m�� spetra�(m��). This eÆieny orretion depends on the pt distribution, as shown in Figure 5-5 forthe  (2S) and Figure 5-6 for the X(3872). The �(m��) urves in di�erent pt slies are di�erent.Figures 5-5 and 5-6 also manifest that in our Monte Carlo simulation them�� distribution itself isorrelated with the pt. Beause of these orrelations, the detetor eÆieny orretion �(m��) isalso orrelated to the m�� distribution in the Monte Carlo simulation itself. To obtain the orret�(m��) we must make sure that the m�� distribution assumed in the Monte Carlo generation isthe same as in the data. An inorretly simulated m�� results in a distorted pt spetrum, leadingto a distorted m�� eÆieny.The S-wave m�� distribution reets the data very well for the  (2S), but for the X(3872)it does not have to be so. We introdue a systemati for our ignorane of the true shape of them�� distribution for the X(3872). Fortunately, the eÆieny �(m��) is not very sensitive to theexat m�� shape, and we may hange this shape quite dramatially to quantify an unertainty94
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]2 Mass [GeV/cππFigure 5-11: The systemati variation in detetor eÆieny for the X(3872) oming from the parametrizationof the Monte Carlo pt spetrum.5.3 Final Yields and UnertaintiesWe ombine the various soures of unertainties on the  (2S) and X(3872) yields in Tables 5.1and 5.2. In the seond olumn we show the raw yields per slie with their statistial and un-orrelated systemati unertainties. The third olumn gives the yields, resaled appropriate tothe number of MeV=2 per slie. These yields (per MeV=2) are used when we plot the spetra.The per slie inverse eÆieny orretion fators with their orrelated unertainties appear inthe fourth olumn, although we neessarily treat them as unorrelated here. The unorrelatedunertainties are saled in suh a way that the yields after the orretion have the same areaunder the urve as before the orretion. In mathematial language, the expression in fourtholumn is given by:�i�1�q(PSi � 1)2 + (�1�i � 1)2� = �i0�1� q(�PSsyst(�i))2 + (��1�syst (�i))2�i 1A = �i�1� �syst(�i)�i � :This equation gives the systemati unertainty �syst(�i) on the inverse eÆieny orretion fator�i in the i-th m�� slie used in the table. The numbers PSi and �1�i are alulated from theontinuous funtions PS(m��) and �1�(m��) just as shown in Equation 5.3. We use �1�i andnot +1�i beause it gives us more onservative estimation of the systemati unertainty. We willdisuss this in detail later, in Setion 6.2. The �fth olumn gives the eÆieny orreted yieldswith the systemati unertainties now being a sum of the orrelated and unorrelated systematisin quadratures, (�orretedsyst )i = �ir��syst(Ni)�2 +N2i ��syst(�i)�i �2. The last olumn gives the �nalnumbers used for displaying the m�� spetrum.
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m�� range Unorr.  (2S) yield Unorr.  (2S) yield inv. e�. orr. fator, Corr.  (2S) yield Corr.  (2S) yieldGeV=2 per slie per 10 MeV=2 �i(1� �syst(�i)�i ) per slie per 10 MeV=2(stat. & syst. error) (stat. & syst. error) (syst. error only) (stat. & syst. error) (stat. & syst. error)280 - 300 3.7 � 19.0 � 3.6 1.9 � 9.5 � 1.8 0.597(1 � 0.138) 2.2 � 11.3 � 2.2 1.1 � 5.7 � 1.1300 - 320 31.9 � 26.4 � 3.6 15.9 � 13.2 � 1.8 0.681(1 � 0.098) 21.7 � 18.0 � 3.2 10.9 � 9.0 � 1.6320 - 340 -4.1 � 25.9 � 3.6 -2.0 � 12.9 � 1.8 0.756(1 � 0.069) -3.1 � 19.5 � 2.7 -1.5 � 9.8 � 1.4340 - 360 17.6 � 27.7 � 3.6 8.8 � 13.9 � 1.8 0.822(1 � 0.049) 14.4 � 22.8 � 3.1 7.2 � 11.4 � 1.5360 - 380 96.5 � 30.3 � 3.6 48.2 � 15.2 � 1.8 0.879(1 � 0.034) 84.8 � 26.6 � 4.3 42.4 � 13.3 � 2.1380 - 390 68.7 � 21.6 � 3.6 68.7 � 21.6 � 3.6 0.916(1 � 0.025) 62.9 � 19.8 � 3.7 62.9 � 19.8 � 3.7390 - 400 108.9 � 23.0 � 3.6 108.9 � 23.0 � 3.6 0.938(1 � 0.020) 102.2 � 21.5 � 3.9 102.2 � 21.5 � 3.9400 - 410 164.3 � 25.2 � 3.6 164.3 � 25.2 � 3.6 0.958(1 � 0.016) 157.3 � 24.1 � 4.2 157.3 � 24.1 � 4.2410 - 420 206.2 � 26.2 � 3.6 206.2 � 26.2 � 3.6 0.975(1 � 0.012) 201.1 � 25.6 � 4.3 201.1 � 25.6 � 4.3420 - 430 293.5 � 28.1 � 3.6 293.5 � 28.1 � 3.6 0.990(1 � 0.009) 290.6 � 27.8 � 4.4 290.6 � 27.8 � 4.4430 - 440 310.1 � 28.3 � 3.6 310.1 � 28.3 � 3.6 1.003(1 � 0.006) 311.0 � 28.4 � 4.1 311.0 � 28.4 � 4.1440 - 450 380.4 � 30.1 � 3.6 380.4 � 30.1 � 3.6 1.014(1 � 0.004) 385.7 � 30.5 � 4.0 385.7 � 30.5 � 4.0450 - 460 386.6 � 29.8 � 3.6 386.6 � 29.8 � 3.6 1.022(1 � 0.003) 395.3 � 30.4 � 3.8 395.3 � 30.4 � 3.8460 - 470 413.8 � 30.7 � 3.6 413.8 � 30.7 � 3.6 1.029(1 � 0.002) 425.6 � 31.6 � 3.8 425.6 � 31.6 � 3.8470 - 480 541.0 � 32.9 � 3.6 541.0 � 32.9 � 3.6 1.033(1 � 0.001) 558.6 � 33.9 � 3.8 558.6 � 33.9 � 3.8480 - 490 597.9 � 33.7 � 3.6 597.9 � 33.7 � 3.6 1.034(1 � 0.000) 618.5 � 34.9 � 3.7 618.5 � 34.9 � 3.7490 - 500 671.3 � 35.9 � 3.6 671.3 � 35.9 � 3.6 1.034(1 � 0.000) 694.2 � 37.1 � 3.7 694.2 � 37.1 � 3.7500 - 510 791.2 � 37.5 � 3.6 791.2 � 37.5 � 3.6 1.031(1 � 0.001) 816.0 � 38.7 � 3.8 816.0 � 38.7 � 3.8510 - 520 823.2 � 37.7 � 3.6 823.2 � 37.7 � 3.6 1.026(1 � 0.002) 845.0 � 38.7 � 4.0 845.0 � 38.7 � 4.0520 - 530 834.7 � 37.5 � 3.6 834.7 � 37.5 � 3.6 1.019(1 � 0.003) 850.9 � 38.2 � 4.5 850.9 � 38.2 � 4.5530 - 540 926.9 � 39.0 � 3.6 926.9 � 39.0 � 3.6 1.010(1 � 0.005) 936.2 � 39.4 � 5.8 936.2 � 39.4 � 5.8540 - 550 906.3 � 39.6 � 3.6 906.3 � 39.6 � 3.6 0.998(1 � 0.007) 905.0 � 39.5 � 7.3 905.0 � 39.5 � 7.3550 - 560 919.4 � 40.1 � 3.6 919.4 � 40.1 � 3.6 0.985(1 � 0.010) 905.3 � 39.4 � 9.4 905.3 � 39.4 � 9.4560 - 570 877.1 � 38.2 � 3.6 877.1 � 38.2 � 3.6 0.969(1 � 0.013) 849.7 � 37.0 � 11.4 849.7 � 37.0 � 11.4570 - 575 413.8 � 27.4 � 3.6 827.6 � 54.8 � 7.2 0.955(1 � 0.016) 395.3 � 26.2 � 7.1 790.6 � 52.3 � 14.1575 - 580 351.0 � 25.8 � 3.6 702.1 � 51.5 � 7.2 0.946(1 � 0.018) 331.9 � 24.4 � 6.8 663.9 � 48.7 � 13.5580 - 585 291.8 � 43.0 +12:0�22:0 583.5 � 85.9 +24:0�44:0 0.935(1 � 0.020) 272.9 � 40.2 +12:5�21:3 545.8 � 80.4 +24:9�42:6585 - 590 98.7 � 16.4 +13:0�10:0 197.4 � 32.7 +26:0�20:0 0.925(1 � 0.022) 91.3 � 15.1 +12:2�9:5 182.5 � 30.3 +24:4�18:9Table 5.1: The  (2S) yields before (unorr.) and after (orr.) detetor eÆieny orretions with their statistial and systemati unertainties. The inversedetetor eÆieny orretion fators �i are resaled so that the total number of events remains the same after orretion. The yields are given with anarti�ial level of preision, beause we want to show the dynamis of the yield hange and to treat all the m�� slies equally, and therefore keep an exessivenumber of digits.
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m�� range Unorr. X(3872) yield Unorr. X(3872) yield inv. e�. orr. fator, Corr. X(3872) yield Corr. X(3872) yieldGeV=2 per slie per 20 MeV=2 �i(1� �syst(�i)�i ) per slie per 20 MeV=2(stat. & syst. error) (stat. & syst. error) (syst. error only) (stat. & syst. error) (stat. & syst. error)280 - 360 -44.3 � 46.5 � 8.4 -11.1 � 11.6 � 2.1 0.800(1 � 0.086) -35.4 � 37.2 � 7.4 -8.9 � 9.3 � 1.8360 - 440 -69.3 � 55.3 � 8.4 -17.3 � 13.8 � 2.1 0.929(1 � 0.041) -64.4 � 51.3 � 8.2 -16.1 � 12.8 � 2.1440 - 490 -11.7 � 45.4 � 8.4 -4.7 � 18.2 � 3.4 0.999(1 � 0.020) -11.7 � 45.4 � 8.4 -4.7 � 18.2 � 3.4490 - 540 69.6 � 47.5 � 8.4 27.8 � 19.0 � 3.4 1.032(1 � 0.010) 71.8 � 49.0 � 8.7 28.7 � 19.6 � 3.5540 - 570 -15.3 � 39.2 � 8.4 -10.2 � 26.1 � 5.6 1.045(1 � 0.005) -15.9 � 41.0 � 8.8 -10.6 � 27.3 � 5.9570 - 600 103.9 � 37.6 � 8.4 69.3 � 25.0 � 5.6 1.047(1 � 0.003) 108.8 � 39.3 � 8.8 72.5 � 26.2 � 5.9600 - 625 61.0 � 36.8 � 8.4 48.8 � 29.4 � 6.7 1.042(1 � 0.002) 63.6 � 38.4 � 8.8 50.9 � 30.7 � 7.0625 - 650 101.8 � 37.7 � 8.4 81.5 � 30.2 � 6.7 1.033(1 � 0.003) 105.2 � 39.0 � 8.7 84.2 � 31.2 � 7.0650 - 670 66.0 � 33.6 � 8.4 66.0 � 33.6 � 8.4 1.022(1 � 0.006) 67.4 � 34.3 � 8.6 67.4 � 34.3 � 8.6670 - 690 118.9 � 34.3 � 8.4 118.9 � 34.3 � 8.4 1.008(1 � 0.008) 119.8 � 34.6 � 8.5 119.8 � 34.6 � 8.5690 - 710 165.5 � 35.1 � 8.4 165.5 � 35.1 � 8.4 0.991(1 � 0.012) 164.1 � 34.8 � 8.6 164.1 � 34.8 � 8.6710 - 730 140.8 � 33.4 � 8.4 140.8 � 33.4 � 8.4 0.972(1 � 0.016) 136.8 � 32.4 � 8.5 136.8 � 32.4 � 8.5730 - 750 164.4 � 32.2 � 8.4 164.4 � 32.2 � 8.4 0.949(1 � 0.020) 156.0 � 30.6 � 8.6 156.0 � 30.6 � 8.6750 - 765 182.2 � 30.4 +15:0�16:0 243.0 � 40.5 +20:0�21:3 0.927(1 � 0.025) 168.9 � 28.2 +14:5�15:4 225.3 � 37.6 +19:4�20:6765 - 770 35.4 � 14.8 +3:0�21:0 141.6 � 59.3 +12:0�84:0 0.970(1 � 0.028) 34.3 � 14.4 +3:1�20:4 137.3 � 57.5 +12:3�81:6770 - 775 10.2 � 9.3 +8:0�2:0 40.9 � 37.3 +32:0�8:0 0.956(1 � 0.030) 9.8 � 8.9 +7:7�1:9 39.1 � 35.7 +30:6�7:7Table 5.2: The X(3872) yields before (unorr.) and after (orr.) detetor eÆieny orretions with their statistial and systemati unertainties. Theinverse eÆieny orretion fators �i are resaled so that the total number of events remains the same after the orretion. The yields are given with anarti�ial level of preision, beause we want to show the dynamis of the yield hange and to treat all the m�� slies equally, and therefore keep an exessivenumber of digits.
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Chapter 6Fitting  (2S) and X(3872)m�� Spetra with Theoretial Models
6.1 Models for the m�� Spetra of CharmoniaThe dipion mass spetrum for the  (2S) is very well studied theoretially and a few models [15,107, 108, 109, 110℄ have been developed to desribe its shape. Referenes [111, 112℄ are veryhelpful in providing expliit formulae for them. We will give a short overview of these modelsand then apply them to our  (2S) data, to see that the shape of our m�� spetrum for  (2S)is in aord with the previous knowledge about it. As was disovered bak in 1975 with thedata olleted by the MARKII experiment, this shape is very far from a simple phase-spaedistribution [107, 113℄.The models start their alulations with the matrix elementM for the transition between theinitial harmonium states and the �nal state J= �+��, or, in spetrosopi notations, 3S1�+��.The square of the absolute value of this quantity gives a predition for the dipion mass distributiondNdm�� . Referene [15℄ alulates the matrix element with the help of a multipole expansion of theQCD Lagrangian. The model from Referene [108℄ gives a phenomenologial analysis of theshape of the m�� spetrum in the deay  (2S) ! J= �+��. The other models [107, 109, 110℄whih we onsider alulate the matrix element by applying urrent algebra and the partialonservation of axial-vetor urrents to the hiral QCD Lagrangian. Referenes [109℄ and [110℄also inlude some multipole-expansion tehniques. A brief review of these models follows.6.1.1 Yan ModelOur baseline model is that of Yan [15℄. This model is based on a Taylor series expansion ofthe QCD Lagrangian. The idea behind the multipole expansion is the realization that one mayonsider the proess of the hadroni transition between the initial heavy-quark state �0 and the�nal one � as a two-step proess: �rst the gluons are emitted from the heavy quark systemand then they are onverted into light hadrons, �0 ! � + gg, gg ! light hadrons. We will beonsidering the heavy-quark system in the external �elds generated by the light quarks. Theheavy-quark system moves slowly and has a muh smaller size than the emitted light-quarksystem [114℄. Therefore, one an treat the heavy quarks non-relativistially, and the Taylorseries expansion of the olor �eld onverges quikly for heavy enough quark masses.The author assumes that the multipole expansion is ompatible with the hypothesis of partialonservation of axial-vetor urrents, parametrizes the matrix element in terms of a few free105



parameters, and alulates the m�� spetrum for 3S1 , 1P1 , 3D1;2;3 initial states deaying into3S1�+��.We �t our m�� spetrum of the  (2S) with the formula for the 3S1 initial state. Refer-ene [111℄ expliitly gives the m�� spetrum for this ase as:d�dm�� = (PS)��(m2���2m2�)2+ B3A(m2���2m2�)�m2���4m2�+2K2�1+ 2m2�m2�� ��+O�B2A2 ��; (6.1)where K = M2 (2S) �M2J= +m2��2M (2S) ;and PS is the 3-body J= �� phase spae from Equation 5.1. The parameters A and B are freeparameters of the theory. The term O(B2=A2) is a higher-order orretion, whih was originallyderived in Referene [15℄, but Referene [112℄ develops an expliit term:O�B2A2 � = 120B2A2 �(m2�� � 4m2�)2 + 43(m2�� � 4m2�)(m2�� + 6m2�) K2m��2 ++83(m4�� + 2m2�m2�� + 6m4�) K4m4�� �: (6.2)In our �ts we use both forms of the model | with and without the higher-order orretion.6.1.2 Brown { Cahn ModelThe Brown { Cahn model [107℄ preeded the Yan model. Yan's model in fat inludes some ofits tehniques. Referene [107℄ does not use the multipole expansion tehniques beause theywere not yet available at that time. Instead they base their alulations on a hiral Lagrangianapproah. The details of the model are given in Referene [107℄. Here we onstrain ourselves tothe main onlusions. Negleting hiral symmetry breaking, Referene [107℄ expresses the matrixelement for the  (2S)! J= �+�� deay as:M = F�2� f~� � ~�0[�q�1 q2�A+ q01q02B℄ + (~� � ~q1~�0 � ~q2 + ~� � ~q2~�0 � ~q1)Cg;where F� is the pion deay onstant, ~� and ~�0 are purely spatial polarizations of the J= and the (2S), q�1 and q�2 are the pions' four-momenta, and A, B, and C are parameters. Both the J= and  (2S) are treated non-relativistially. The relativisti orretions are assumed to be small,as well as the momentum-dependent variations of A, B and C. Aording to Referene [107℄,the only signi�ant orretions possibly may ome from the S-wave pion-pion resattering.The parameters A and B turn out to be the same as for the Yan model. The terms assoiatedwith parameters B and C have strong angular orrelations between the momentum of the dipionsystem and the momentum of the J= . Suh orrelations were experimentally not deteted atthe time [113℄, and therefore Referene [107℄ assumed that B = C = 0. The m�� spetrum inthis model is given by: dNdm�� � (PS)� �m2�� � 2m2��2 ; (6.3)where PS denotes the J= �� phase spae. This formula has no parameters exept for thenormalization fator. It is important to notie that Equation 6.3 is obtained from Equation 6.1106



if the parameter B is set to zero.6.1.3 Pham { Pire { Truong ModelThe authors of this model [108℄ alulated the matrix element M of the  (2S) ! J= �+��transition starting from the general assumption:M = f(�0 � �) + g(� � (q1 + q2))(�0 � (q1 + q2)) + h(� � (q1 � q2))(�0 � (q1 � q2));where � and �0 are polarizations of J= and  0, q1 and q2 are are the pions four-momenta andf; g and h are the salar funtions of the masses and energies of the involved partiles.The m�� spetrum obtained from this matrix element did not agree with the data [115℄, andtherefore the authors redued the matrix element to the simplest possible form:M = (�0 � �)(f1 + f2q1 � q2):The m�� spetrum obtained from this matrix element isdNdm�� � (PS)� (m��2 � �m2�)2; (6.4)where � is a free parameter. This formula is a generalization of Brown { Cahn Equation 6.3.6.1.4 Voloshin { Zakharov ModelThe Voloshin { Zakharov [109℄ model is based on a hiral Lagrangian approah and utilizes somemultipole-expansion tehniques to alulate the parameters of the Lagrangian. The matrix ele-ment in this model is initially alulated in the hiral limitm� = 0 and then a phenomenologialterm �m2� is added. Referene [111℄ quotes the di�erential ross-setion for this model as:dNdm�� � (PS)� (m��2 � �m2�)2; (6.5)where PS stands for J= �� phase spae. Equations 6.5 and 6.4 are mathematially the same,so that we unify them under the same name \PPT/VZ model". It is worth noting that thisformula (Equation 6.4 or Equation 6.5) for � = 4 is what we use in the Monte Carlo generationin this analysis as the S-wave parametrization of Chapter 4.6.1.5 Novikov { Shifman ModelThe Novikov { Shifman model [110℄ is a more elaborate version of Voloshin { Zakharov anal-ysis [109℄, published just a few months later. This model inludes smaller terms, formally oforder �s, whih Referene [109℄ has negleted in the leading order. Referene [111℄ puts matrixelement M for this model in a simple, easy-to-use form:M � �q2 � �(�M)2�1 + 2m2�q2 �+ 32�[(�M)2 � q2℄�1� 4m2�q2 �� os2 ��� � 13�	;where q is the four momentum of the dipion system in  (2S) referene frame, ��� is the anglebetween the J= diretion and the �+ in the  (2S) rest frame, and �M = M (2S) � MJ= .107



The parameter � is a free parameter of the theory. Referene [116℄ predits � to be about0:15 � 0:20. The parameter � is expeted to be di�erent for  (2S) and for other harmoniastates. The di�erential ross-setion is:dNdm��d os ��� � (PS)�M2;where PS is the phase spae. The m�� spetrum is given by [111℄:dNdm�� � j~qjpq2 � 4m��2��q2 � �(�M)2�1 + 2m2�q2 ��2 + �25 [(�M)2 � q2℄2�1� 4m2�q2 �2	: (6.6)This model predits a small D-wave admixture to the predominantly S-wave dipion system. Thematrix element onsists of three terms, the �rst two orrespond to S-wave ontributions and thelast one to the D-wave. A non-zero � means that there is some D-wave omponent, but this isa small e�et beause the oeÆient �25 is small.6.2 Fitting the m�� Spetrum of the  (2S)We want to apply the reviewed models to our m�� spetrum to be able to ompare our datato the existing knowledge about its shape. We do a bin-integrated �2 �t to our data with thetheoretial models desribed above. The na��ve �2 would be:�2na��ve =X�Ni�i � Ti�(Ni)�i �2 ;where Ni � �(Ni) is the raw yield in the i-th m�� slie, �i is the nominal detetor eÆienyorretion funtion �(m��), integrated over the i-th m�� slie, and Ti is the theoretial yieldpredition for i-th slie, also integrated over the i-th m�� slie.But beause we have shape-related orrelations in the unertainty of the detetor eÆieny,i.e. orrelations in the unertainties of the orretions �syst(�i) between neighboringm�� slies, weneed to inlude them in this �2. Namely, we want to take into aount the orrelated systematiunertainty due to variations in the shapes of the assumed m�� and pt spetra. We annot dothis by propagating the error along with �(Ni) in the denominator of the �2, beause in that asethe errors would be treated as unorrelated. So, we take a di�erent approah. Let us onsiderthe m�� parametrization �rst.To aount for the orrelated systemati unertainty in the variation of the m�� shape wehange this shape from the nominal S-wave parametrization to the phase-spae one. In mathe-matial language, we substitute the nominal orretion funtion �(m��) by the hanged funtion�PS(m��), introdued in Setion 4. We onsider this hange in shapes to orrespond to a onestandard deviation variation. To inlude this hange into the �t we reate a new oating param-eter a, governing the m�� shape. This parameter ontinuously ontrols the hange of this shapefrom S-wave (at a = 0) to phase-spae (at a = 1). Mathematially this means that we multiplythe yields Ni by a fator [1 + a(PSi � 1)℄. The expression PSi here denotes the average of theontinuous funtion from Equation 5.2, PS(m��) � �PS(m��)=�(m��), over the i-th m�� slierange. The parameter a is allowed to oat, but is nominally onstrained to have zero entralvalue and a standard deviation of one.The �2 funtion properly inluding the orrelated systematis unertainty on the m�� spe-108



trum parametrization looks like:�2 =X�Ni�i[1 + a(PSi � 1)℄� Ti�(Ni)�i[1 + a(PSi � 1)℄ �2 + a2 (6.7)where the term a2 should be interpreted as �a�01 �2. This term introdues one more degree offreedom and one more parameter, so that the total number of the degrees of freedom does nothange.Having inluded suh a orretion for the hange of the m�� shape into the �2, we do thesame for the pt shape. We hange the pt spetrum parametrization from the nominal ea0+a1pt+a2p2tto the funtions ��1�(m��), de�ned in the Setion 5.2.2. These funtions are onsidered asorresponding to the variation of the shape by one standard deviation up and down (�1�).Then we introdue one more oating parameter, b, ontrolling the hange of the shape of theorretion funtion from the nominal (at b = 0) to the hanged (at b = 1). Mathematially, wemultiply the yields by one more fator, [1 + b(�1�i � 1)℄. The expression �1�i , again, means theratio of the orretion funtions from Equation 5.4, �1�(m��) = ��1�(m��)=�(m��), integratedover the i-th m�� slie. The parameter b is also allowed to oat but onstrained to have a entralvalue of zero and a standard deviation of one.The full �2 funtion properly inluding the orrelated systematis unertainty looks like:�2 =X�Ni�i[1 + a(PSi � 1)℄[1 + b(�1�i � 1)℄� Ti�(Ni)�i[1 + a(PSi � 1)℄[1 + b(�1�i � 1)℄ �2 + a2 + b2: (6.8)We have obtained two systemati variations for the pt spetrum, +1� and �1�, orrespondingto the hange of the shape of the pt spetrum by one standard deviation steeper and shallowerin pt as determined in Setion 5.2.2. It is a somewhat deliate matter of how to handle twoasymmetri pt variations into one unertainty. Fortunately, the e�ets we are onerned withare small and we simplify things by taking the variation whih has the largest impat on theshape, and use it to get a onservative estimate of the systemati unertainty. In order to hoosebetween +1� and �1� let us temporarily put a = 0. If there were no pt variation (i.e. oeÆientb were �xed to zero) the �tted �2 would neessarily be greater than with suh a variation (i.e.non-zero b). For the systemati variation we want to use the pt shape whih is the furthest fromthe nominal one. We look at the hange in the �t �2 to �nd out whih shape is the furthest.Table 6.1 shows the �2 values for using the +1� and �1� in the �2 from Equation 6.8, and withthe theoretial funtion Ti being Yan's formula for S-state with higher-order orretions. Onean see that the biggest hange in �2 value between the na��ve �2 �t (a = b = 0) and the full �2�t is ahieved when �1� is used. For this reason we take �1� for the analysis.The use of the �t �2 for the seletion of �1� over +1� may in priniple bias our �t results,but we expet this bias to be small. The hange in �2 due to using +1� instead of �1� is lessthan 0.5 unit and the hange in the �t result is small too: the B=A parameter is di�erent bya tiny fration of statistial unertainty. Also, the  (2S) �t is only used to obtain the alreadyknown shape of the m�� spetrum for  (2S), we do not extrat any new physis informationfrom this �t, so that we neglet the possible small bias.109
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Figure 6-1: Fit of the m�� spetrum for  (2S) with theoretial urves from Referenes [15, 107, 108, 109, 110℄.TOP: the �ts with all the parameters oating. BOTTOM: the �ts with only normalizations oating and all otherparameters are �xed to the values from BES [111℄.
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Parameter b +1� or �1�? Parameter a Fit �2 B=AFloats: 0.64 � 0.56 Using +1� Fixed to zero 39.8234 -0.343 � 0.021Floats: 0.75 � 0.48 Using �1� Fixed to zero 39.3317 -0.341 � 0.022Floats: 0.62 � 0.58 Using +1� Floats: 0.89 � 1.40 37.8277 -0.344 � 0.022Floats: 0.73 � 0.50 Using �1� Floats: 0.89 � 0.39 �2min = 37.3978 -0.342 � 0.022Fixed to zero { Fixed to zero �2na��ve = 40.3365 -0.347 � 0.021Fixed to zero { Floats: 0.90 � 1.40 38.2782 -0.344 � 0.021Table 6.1: The na��ve and the full �2 with �1� , obtained from the m�� spetrum �t for  (2S).6.3 Fit Results for the  (2S)The top part of Figure 6-1 displays our  (2S) data �tted with the di�erent theoretial models.The Yan model for the 3S1�� state without higher-order orretion desribes the data reasonablywell, with a 6.0% �t probability. The inlusion of the higher-order orretion diminishes the �2by one unit and thus inreases the �t probability to 6.9%. The PPT/VZ model also desribesthe data, with a �t probability of 3.4%. The Novikov { Shifman model yields an even higher �tprobability of 10.3%. All these �ts are very lose to eah other, exept for the Brown { Cahnmodel. This model does not desribe the data, beause of its assumption that B = 0. The �t�2 of 226 is so large for the given number of the degrees of freedom of 27 that we do not evenalulate the tiny probability for this �t.The omplete results of these �ts are given in the Table 6.2. This table also ompares theparameters in our �ts with those obtained by the BES Collaboration [111℄ for the  (2S) !J= �+�� deay. Their sample is quite large [23k of  (2S)℄ and they �t the m�� spetrumwith all the same models as we do, exept the Brown|Cahn model. The BES data and �tsare given in Figure 6-2. All four urves in this piture are very muh alike. From Table 6.2 weonlude that our �t results are very lose to the BES ones | less than one standard deviationaway. The numbers in the last olumn of Table 6.2 are obtained by �tting CDF data with thetheoretial parameters �xed to the BES values, with only the normalization left to oat. By �xinga parameter we loose a degree of freedom, so that the �t probabilities in the last olumn may behigher than the original ones. These �t probabilities are reasonable, and this fat on�rms, thatour data is in good agreement to that of the BES. The atual �ts of our data with the theoryparameters �xed to the BES values are shown in the bottom part of Figure 6-1.Sine ourm�� spetrum for the  (2S) is lose to that from the large BES sample, we onludethat our tehnique of obtaining the m�� spetrum, inluding the detetor eÆieny orretions,are vindiated.6.4 Models Used for the X(3872)Unlike the  (2S), the quantum numbers of the X(3872) are unknown. We do not even knowwhether it is a � state. As pointed out in Setion 1.3, the properties of the X(3872) ould beinferred from the quantum numbers of the dipion system in the X(3872) ! J= �+�� deay.Aording to Equation 1.17, the dipion system may be onsidered either 0++ or 1��, where weignore the less likely possibility of D-wave pions.111



Our result Result from BES [111℄ Di�erene Our result withparameters �xedto BES valueYan model [15℄ B=A = �0:342� 0:022 B=A = �0:336� 0:009� 0:019 �0:006� 0:024 (0:2�) B=A = �0:3363S1 state �2=NDF = 37=26 �2=NDF = 60=45 �2=NDF = 41=27with higher-order orr. Prob = 6.9% Prob = 6.4% Prob = 8.7%Yan model [15℄ B=A = �0:245� 0:011 B=A = �0:225� 0:004� 0:028 �0:020� 0:030 (0:7�) B=A = �0:2253S1 state �2=NDF = 38=26 �2=NDF = 84=45 �2=NDF = 37=27no higher-order orr. Prob = 6.0% Prob = 0.02% Prob = 4.0%Brown-Cahn model [107℄ �2=NDF = 226=27 { { {PPT/VZ model [108, 109℄ � = 4:34� 0:15 � = 4:35� 0:06� 0:17 �0:01� 0:24 (0:04�) � = 4:35�2=NDF = 41=26 �2=NDF = 69=45 �2=NDF = 41=27Prob = 3.4% Prob = 1.0% Prob = 4.5%Novikov - Shifman model [110℄ � = 0:189� 0:007 � = 0:186� 0:003� 0:006 0:003� 0:010 (0:3�) � = 0:186�2=NDF = 35=26 �2=NDF = 55=45 �2=NDF = 36=27Prob = 10.3% Prob = 14.6% Prob = 12.5%Table 6.2: The results of the di�erent theoretial �ts of m�� spetrum for  (2S) ompared to those obtained by BES Collaboration [111℄.
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transition [118℄. The m�� distribution for the 1P1 is:dNdm�� � KpM2�� � 4m2� �(M2�� � 4m2�)2 �4 K40M4�� � 3 K20M2�� � 1�+40(M2�� �m2�)m2� K20M2�� � K20M2�� � 1�� ; (6.9)where K = p[(MX +MJ= )2 �M2��℄[(MX �MJ= )2 �M2��℄2MX ; and (6.10)K0 = M2X �M2J= +M2��2MX : (6.11)For the three D-wave states, 3D1;2;3�� ! 3S1���+��, the multipole expansion gives:dNdm�� � KpM2�� � 4m2� �(M2�� � 4m2�)2 �1 + 23 K2M2�� �+ 815 K4M4�� (M4�� + 2M2��m2� + 6m4�)� ;(6.12)where K is de�ned as before (Equation 6.10) [15℄.6.4.2 1�� DipionsThe remaining (C-positive) harmonia states fall under the J= �0 heading. This ase is alsowhat is expeted from the C-positive exoti interpretation of the X(3872). As noted above,we assume that the dipion spetrum follows the �0 Breit-Wigner distribution modulated by the3-body J= �� phase spae PS from Equation 5.1:dNdm�� � �(m�� �M�)2 + �2�=4 � (PS): (6.13)To see the e�et of the Breit-Wigner resonane in this formula more learly, we also �t theX(3872) data with the simple 3-body J= �� phase spae.6.5 Fitting the m�� Spetrum of the X(3872)When we �t the X(3872) data we use the same method as for the  (2S), namely we minimizethe �2 from Equation 6.8. Just as in the  (2S) ase we pik one of the systemati variations touse for the pt spetrum: +1� or �1�. The Table 6.3 helps us to make this deision in favor of�1�, the same as for the  (2S). This variation gives us the greatest hange in the shape relativeto the na��ve �2 �t, whih is reeted in the largest �2 hange, i.e. lowest �2 value. The theoryfuntion hosen for these omparison �ts is the same as for the  (2S) ase : Yan's formula forthe 3S1 state with higher-order orretions. And just as for the  (2S) ase, even though thehoie of �1� and not +1� may introdue a bias into the �t, this bias is small. The hangesin both �2 and the shape (the B=A parameter) are negligible. Also, this bias is formally onlypresent in the Yan's formula for the 3S1 state, the �t with the J= �0 hypothesis, whih will bethe most interesting result for the X(3872), was not utilized in seleting whih systemati to use.114
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Figure 6-3: Fits of the m�� spetrum for X(3872) with J= �0 hypothesis (Equation 6.13), with simple J= ��phase-spae (Equation 5.1), and with multipole expansion for � for the 3S1 ;1 P1 and 3D1;2;3 ases [15, 117℄.6.6 Fit Results for the X(3872)Figure 6-3 displays the �ts of the X(3872) m�� spetrum with all formulae from Setion 6.4:the � multipole expansion preditions for C-negative S-wave, P -wave and D-wave, the simple3-body J= �� phase-spae hypothesis, and with the �0 resonane modi�ed by phase-spae. Theresults of the �t are summarized in Table 6.4. The parameter B=A there is free parameter ofthe Yan model. The J= �0 hypothesis and � multipole expansion for the 3S1 give the bestdesriptions of the data. The �t probabilities are 36.1% and 27.7%, respetively. The �multipoleexpansions for the 1P1 and 1DJ and the simple J= �� phase-spae model are inompatible withthe data. The �t �2 in these �ts is so large for the given number of degrees of freedom that wedo not even alulate the in�nitesimal �t probability.The similar m�� plot from the Belle Collaboration is given in Figure 1-1, together with �tsfor the 3 S1 drawn with dashed line and 3DJ shown by solid line dipion states (Equations 6.1and 6.12). One an see that the data are peaking somewhat stronger than both theory urves,but the error bars are too large to make any �rm onlusions.
6.7 Disussion of Theoretial ImpliationsNow let us disuss the impliations of our �t results for the X(3872). We will onsider separatelythe 0++ and 1�� dipion systems. First, we onsider the harmonium options for the X(3872).115



Parameter b +1� or �1�? Parameter a Fit �2 B=AFloats: -0.03 � 1.29 Using +1� Fixed to zero 16.6985 -0.582 � 0.145Floats: -0.22 � 1.32 Using �1� Fixed to zero 16.6913 -0.587 � 0.110Floats: -0.01 � 1.14 Using +1� Floats: 0.40 � 1.52 16.6203 -0.582 � 0.145Floats: -0.22 � 1.32 Using �1� Floats: 0.40 � 1.52 �2min = 16.6133 -0.584 � 0.111Fixed to zero { Fixed to zero �2na��ve = 16.6985 -0.585 � 0.124Fixed to zero { Floats: 0.40 � 1.52 16.6203 -0.582 � 0.108Table 6.3: The na��ve and the full �2 with (�1�), obtained from the m�� spetrum �t for X(3872).

Model Fit results for X(3872)
MultipoleE
xpansion for� Yan [15℄ B=A = �0:584� 0:1113S1 , higher-order orr. �2=NDF = 17=14Prob = 27.7%Yan [117℄ �2=NDF = 127=151P1Yan [15℄ �2=NDF = 76=153DJJ= �� Phase-Spae �2=NDF = 102=15X(3872)! J= �0 �2=NDF = 16=15(Breit-Wigner � PS) Prob = 36.1%Table 6.4: The results of the di�erent theoretial �ts of the m�� spetrum for the X(3872).
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n2s+1`JPC Known Mass JPC of Comments�+��11S0�+ �(1S) 298013S1�� J= 309711P1+� h(1P ) 3525 0++13P0++ �0(1P ) 3415 1��13P1++ �1(1P ) 3510 1��13P2++ �2(1P ) 3556 1��11D2�+ 3838 1��  m�� allowed (isospin violating)13D1��  (3770) 3770 0++13D2�� 3830 0++  ME predition inompatible with data13D3�� 3868 0++  ME predition inompatible with data21S0�+ �(2S) 3638 1��23S1��  (2S) 3686 0++21P1+� 3968 0++  ME predition inompatible with data,also an be exluded on other grounds23P0++ 3932 1��  m�� allowed (isospin violating), but an beexluded on other grounds (not seen in  fusion)23P1++ 4008 1��  m�� allowed (isospin violating)23P2++ 3966 1��  m�� allowed (isospin violating), but an beexluded on other grounds (not seen in  fusion)31S0�+ 1��  m�� allowed (isospin violating),an be exluded on other grounds33S1��  (4040) 4040 0++  ME predition ompatible with data,but an be exluded on other groundsTable 6.5: Summary of standard harmonium states with the measured/predited masses and the JPC of dipionsystem in the deay into J= �+��. The omments about possible assignments for the X(3872) in light of themeasured m�� spetrum shape are also given.6.7.1 CharmoniumTable 6.5 summarizes the spin-parities of the standard � states, the names of the known orre-sponding partiles and their masses and the spin-parities of the dipion system in the deay intoJ= �+��. The masses of the unobserved states ome from Referene [32℄. The states 2D, 3P ,3D and higher, and the states with L > 2 are not inluded, beause they are expeted to betoo heavy for the X(3872) [32℄. The options for the X(3872) are evaluated in the last olumnin Table 6.5.0++ DipionsIn Setion 1.4 we onsidered a list of possible � options for the X(3872) and found four viableandidates: 11D2�+ , 13D2��, 13D3�� and 23P1++. Two of them, 13D2�� and 13D3�� , are C-negative and deay into 0++ dipions. But our shape of the m�� spetrum learly disfavors theD-wave harmonium, based on the multipole-expansion preditions. The data favors the 3S1��state. But all the low-level 3S1�� states are known already: 13S1�� is J= , 23S1�� is  (2S) and117



33S1�� is  (4040). The 43S1�� state must be even heavier than  (4040), i.e. muh heavier thanthe X(3872). We, therefore, exlude the 3S1�� option for the X(3872), even though its m��spetrum is ompatible with the multipole expansion preditions.A word of aution is in order. One may question whether the multipole expansion is a reliabletheory. Just like any other theory, it is based on a series of assumptions and approximations.The question about its dependability is disussed in the literature [119, 120, 121, 122℄. The mainpoint of this disussion is that the multipole expansion model does not have a very �rm groundingin experimental veri�ations. Despite several suesses, its preditions are known to learly failfor �(3S)! �(1S)�+�� transition [123, 124℄. This is a standing problem in quarkonia physis.In summary, we found no viable onventional harmonium options for the X(3872) deayinginto 0++ dipions based on the multipole expansion preditions. But the multipole expansionmodel itself is not ompletely understood yet.1�� DipionsIf the X(3872) is a onventional harmonium state deaying into a 1�� dipion system then thepions in the �nal state must have isospin I = 1. Sine harmonium has I = 0, suh a deaywould be isospin violating and, therefore, should be signi�antly suppressed. To onsider the1�� dipion for a onventional harmonium the X(3872) one needs to aept the isospin violation.In priniple, this is a plausible option if one takes into aount the proximity of the X(3872) toD0D�0 and open hannel oupling between these two states. The D0D�0 system is not an isospineigenstate, so that we an \bypass" the isospin onservation law by virtual oupling to this state.Another feature of the deay into a 1�� dipion is that this spin-parity oinides with the spin-parity of the �0-meson, and that the deay proeeds via a �0. The upper kinemati boundaryfor the m�� spetrum is below the nominal �0 mass and only beause of its large width [21℄ anthe �0 extend down into the allowed region. Figure 6-3 shows that our data are ompatible withthe J= �0 hypothesis. There are two � states available: the 11D2�+ and the 23P1++.If the X(3872) is a 11D2�+ then the isospin-onserving deay into ��+�� is expeted to havea muh higher branhing ratio than the observed isospin-violating deay X(3872)! J= �+��.Belle is searhing for X(3872) ! ��+��, but has not reported anything yet. Although, thisfat by itself annot be onsidered as a strong objetion against the 11D2�+ assignment for theX(3872), beause the � is quite hard to isolate. We onlude that the 11D2�+ harmonium is aviable option for the X(3872).The 23P1++ state, being assigned a mass of 3872 MeV=2, is expeted to have a narrow width1-2 MeV [13℄, whih is onsistent with the limit on the X(3872) width. The dominant deaysof the 23P1+� state are predited to be J=  and  (2S) , where the former ontradits Belle'smeasurement (Equation 1.6). Also, the predited mass of the 23P1+� is � 80 MeV=2 higherthan X(3872)'s observed one [13℄. Nevertheless we onsider the 23P1++ as a viable harmoniumoption for the X(3872) too.Our onlusion is that if the X(3872) is a � state deaying with isospin violation into 1��dipion, then it must be either the 11D2�+ or the 23P1++.6.7.2 ExotiaNow let us onsider the impliations of the X(3872) m�� measurement performed in this thesisfor di�erent exoti models desribed in the Introdution. These models onsider the X(3872) asglueball, hybrid, usp and moleule (inluding other 4-quark states). Our main result, relevant118



for these models, is that the m�� spetrum is onsistent with J= �0 hypothesis, whih impliesthe positive C-parity of the X(3872) .The positive C-parity of the X(3872) invalidates the glueball model from Setion 1.7 whihpredits the X(3872) with JPC = 1��. For the ase of the hybrid model, our results favor theavailable C-positive option 1�+, but does not answer the question if the X(3872) is a hybrid ornot. The same statement is true about the usp hypothesis: our measurement is onsistent withpredited JPC = 1++, but onveys no further information as to whether the X(3872) is a realbound state or a dynami usp in the resattering amplitude at the D0D0� threshold.Speaking of the moleular hypotheses, we onlude that our measurement is onsistent withthe models from the Referenes [42℄ and [46℄, proposing moleular models with positive C-parity,and disfavors the model from the Referene [12℄, onsidering the C-negative mixture of moleulewith �.The diquark-antidiquark model developed in Referene [48℄ predits the JPC of theX(3872) tobe 1++, whih is ompatible with our m�� measurement. Although, the X(3872) isospin doublet,predited by this model is not observed in our data (there is no \double-hump" struture in theX(3872) peak), unless we see an unresolved mixture of both members of the doublet.
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Chapter 7ConlusionIn August 2003 the Belle Collaboration announed disovery of a new state X(3872) found inthe exlusive deay B+ ! K+X(3872)! K+J= �+��. A few models were proposed to explainthe properties of this state | from onventional harmonium state to D-D� \moleules" andother exoti hypotheses. To investigate the viability of these models, a wide net of searhes forother deay modes of the X(3872) was ast, mostly with negative results. The shape of themass distribution of the two pions in the deay X(3872)! J= �+�� may also shed light on thepuzzling nature of the X(3872).In this thesis we measure the distribution of dipion masses by using a 360 pb�1 sample ofdimuon triggers olleted at CDF during the Tevatron's Run II.For omparison, and as a ontrol, we have also extrated the m�� spetrum for the  (2S)!J= �+�� deay using the same tehnique. It is shown in Figure 4-10. This m�� spetrum iswell-studied experimentally and theoretially. Our measurement is onsistent with prior mea-surements [111℄, and on�rms theoretial models desribed in Referenes [15, 108, 109, 110℄. Themodel from Referene [107℄ has notieable shortomings due to an improper assumption aboutthe absene of strong angular orrelations.The measured m�� spetrum for the X(3872) is shown in Figure 7-1. The detetor eÆienyorretions, whih have a relatively minor e�et on the shape of the m�� spetrum, have beenapplied. The prior dipion mass spetrum measurements are given in Figures 1-1 (Belle) and 1-2 (BaBar). Both have rather large unertainties on the data points, whih make it hard todetermine the shape preisely. We on�rm Belle's original report [1℄ that the m�� spetrumpeaks at high mass values.We �t the m�� spetrum with theoretial models, based on a multipole expansion of QCDLagrangian for �, for di�erent � quantum states. The 3S1 harmonium �ts the data quite well,with the �t probability 27.7%. Although the 3S1 harmonium hypothesis must be exluded onother grounds. The multipole expansions for the 1P1 and the 3D1;2;3 harmonia are in leardisagreement with the data.We also test the hypothesis that the dipion originates from a �0 by �tting the spetrum witha Breit-Wigner resonane multiplied by the 3-body J= �� phase spae fator. This hypothesis�ts the data very well, with the �t probability 36.1%. We onlude that our m�� distributionfor the X(3872) is ompatible with J= �0 hypothesis. This hypothesis, in turn, implies that theX(3872) has positive C-parity.The C-positiveX(3872) is onsistent with Belle's evidene of the deayX(3872)! J= �+���0,with the tripion being interpreted as the ! meson [11℄. Also, the positive C-parity of the X(3872)is strongly on�rmed by another result from Belle announed after the ompletion of this work:121
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Figure 7-1: The measured m�� spetrum for X(3872) �tted with di�erent theoretial models desribed inChapter 6.the observation of the deay X(3872)! J=  [17℄.As for the nature of the X(3872) we an argue that it ould be either a 11D2�+ or 23P1++harmonium deaying into J= �+�� with non-onservation of isospin, or C-positive exoti state,suh as a D0-D�0 moleule.
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Appendix AMass Fits of pt Slies for the  (2S)This Appendix ontains the J= �+�� mass histograms for di�erent pt slies. We �t thesehistograms to obtain the  (2S) pt spetrum as desribed in Setion 4.1. The resulting pt spetrumis presented in Figures 4-1 and 4-2.In all the �ts presented here the  (2S) peak is approximated by a double Gaussian (Equa-tion 3.1) with a ommon mean. On eah plot are listed the total �tted yield N (2S), the relativefration of the seond gaussian Nrel, the ommon mean value m (2S), the narrow width � (2S)and the ratio of the wide width to the narrow width �rel. The zero �tted unertainty means thatthe parameter was �xed during the �t. The �t �2, the number of degrees of freedom DoF andthe �t probability are given too.
]

2
 Mass [GeV/cππψJ/

3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

200

400

600

800

1000
 range (6, 7) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 68    N± = 2038 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
(2S)Ψ

σ

 = 27.3   DoF = 25    Prob = 34.3%2χ

 range (6, 7) GeV/ct mass in pππψJ/

]
2

 Mass [GeV/cππψJ/
3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

100

200

300

400

500

600

700

800

900
 range (7, 8) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 65    N± = 2075 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
(2S)Ψ

σ

 = 29.4   DoF = 25    Prob = 24.6%2χ

 range (7, 8) GeV/ct mass in pππψJ/

]
2

 Mass [GeV/cππψJ/
3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

100

200

300

400

500

600

700

 range (8, 9) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 57    N± = 1708 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
(2S)Ψ

σ

 = 21.3   DoF = 25    Prob = 67.7%2χ

 range (8, 9) GeV/ct mass in pππψJ/

]
2

 Mass [GeV/cππψJ/
3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

100

200

300

400

500

 range (9, 10) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 50    N± = 1364 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
(2S)Ψ

σ

 = 29.2   DoF = 25    Prob = 25.7%2χ

 range (9, 10) GeV/ct mass in pππψJ/

]
2

 Mass [GeV/cππψJ/
3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

50

100

150

200

250

300

350

400

 range (10, 11) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 43    N± = 1088 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
(2S)Ψ

σ

 = 36.0   DoF = 25    Prob = 7.2%2χ

 range (10, 11) GeV/ct mass in pππψJ/

]
2

 Mass [GeV/cππψJ/
3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

50

100

150

200

250

300

 range (11, 12) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 35    N± = 733 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
(2S)Ψ

σ

 = 22.9   DoF = 25    Prob = 58.3%2χ

 range (11, 12) GeV/ct mass in pππψJ/

131



]
2

 Mass [GeV/cππψJ/
3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

20

40
60

80

100

120

140

160

180

200

220
 range (12, 13) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 31    N± = 560 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
(2S)Ψ

σ

 = 38.8   DoF = 25    Prob = 3.9%2χ

 range (12, 13) GeV/ct mass in pππψJ/

]
2

 Mass [GeV/cππψJ/
3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

20

40

60

80

100

120

140

160

 range (13, 14) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 27    N± = 424 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
(2S)Ψ

σ

 = 39.6   DoF = 25    Prob = 3.2%2χ

 range (13, 14) GeV/ct mass in pππψJ/

]
2

 Mass [GeV/cππψJ/
3.65 3.7 3.75

2
C

an
d

id
at

es
 / 

2.
5 

M
eV

/c

0

20

40

60

80

100

120

140

160

180

200

 range (14, 16) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 30    N± = 534 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
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 range (19, 35) GeV/ct mass in pππψJ/
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Appendix BMass Fits of pt Slies for the X(3872)
This Appendix, just like the previous one, ontains the J= �+�� mass histograms in di�erentpt slies. We �t these histograms to obtain the X(3872) pt spetrum, as desribed in Setion 4.1.The resulting pt spetrum is presented in Figures 4-1 and 4-2.On eah plot are listed the total �tted yield NX , the X(3872) mass and width, the �t �2, thenumber of degrees of freedom DoF and the �t probability. The zero �tted unertainty meansthat the parameter was �xed during the �t.
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 = 25.5    DoF = 252χ

Prob = 43.4%

 range (19, 35) GeV/ct mass in pππψJ/
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Appendix C\Realisti" Monte Carlo GenerationThe omputer simulation of the physis events ourring in the p�p ollisions and the subsequentproesses in the partile detetor is used very often in the high-energy physis analyses. Suhsimulation is based in on random sampling, that is why it is alled \Monte Carlo", after a smallprinipality in Europe known for its asinos.In physis analysis one may use suh omputer simulation to model the features whih an notbe measured by the detetors. For example, in this analysis we use Monte Carlo to alulate howmany partiles esaped registering. Obviously, no detetor an provide us with this information.To simulate a physis partile, we need to speify all its important harateristis, suh asmass, energy, momentum, spin et. Some of them (e.g. mass, spin, parity) are onstants, whihmust be setup before the generation. Others (e.g. energy, momentum) are, normally, varyingfor di�erent instanes of generated partiles. Often they are piked up at random from thedistributions prepared in advane. This is usually done by programs alled generators, suhas PYTHIA [125℄, or HERWIG [126℄, or Bgenerator [127℄. In this analysis we use the pakageHeavyQuarkGen [102℄ developed at CDF. This pakage, normally used for single b-quark simula-tion, or for b�b pair simulation, was adopted for X(3872) simulation in our analysis.After reation the partile is deayed into two or more other partiles, whih means that newpartiles are also generated with their own masses, spins, parities, energies, momenta et. Theprogram makes sure that all the onservation laws are obeyed during this deay. The quantitieswhih are not stritly determined by these laws, suh as, for example, angular orrelations, areagain seleted at random, unless the rules for this seletion are provided by the user. In thisanalysis we use the pakage QQ [103℄ developed at CLEO, to deay the generated partile.The deay produts pass through the omputer simulation of the detetor. To obtain this weuse the GEANT pakage [128℄, whih is designed to desribe a very broad range of the detetors.One the detetor is desribed in GEANT language, pratially any kind of partile an beput through it, and GEANT will mimi all the physis proesses ourring as the partile passesthrough the real detetor. In partiular, GEANT will simulate the responses of di�erent detetorsubsystems, whih may be onverted into banks similar to the ones used in data strutures forthe the real detetor.The next step in Monte Carlo generation is the simulation of the trigger. At this point thedata banks from GEANT are fed into the real trigger algorithm (Setion 2.2.5) whih deides ifthe event should be aepted or rejeted.After passing the trigger, the events go through the prodution stage in whih the informationfrom the raw data banks is used to reate physis objets suh as traks, jets, muons, eletronset., as desribed in Setion 2.3. 135



After the Monte Carlo is generated, one would usually ompare it to the data, to make surethat they math eah other reasonably well. A lot of e�orts was invested in CDF into devel-opment the Monte Carlo framework, tuning the material desription in GEANT and ahievingrealisti detetor resolutions [129℄. However, the data taking onditions in CDF were not uni-form, partiularly in the early phase of Run II operations. This means that during a few years ofoperation, the detetor underwent modi�ations, and that onditions hanged between di�erentruns. To reet these hanges in Monte Carlo, the simulation is supplied with tables of run on-�gurations that truk the hanges in data taking onditions. The number of the events generatedunder partiular onditions (taken from a partiular run) is proportional to the luminosity ofthis run. The Monte Carlo generated in this way is alled realisti and it reets the hangingrun onditions.
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Appendix D
Mass Fits in m�� Slies for the  (2S)
This Appendix ontains the J= �+�� mass histograms in di�erent m�� slies. We �t thesehistograms to obtain the  (2S) m�� spetrum, as desribed in Setion 4.3. The resulting m��spetrum is presented in Figure 4-10. See Appendix A for explanation of the numbers on eahplot.
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2) range (0.430, 0.440) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 28   N± = 310 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.40± = 2.86 β 0.20   ± = 0.45 α 0.13   ±A = 2.10 

 = 50.3    DoF = 76  ==>  Prob = 99.0%2χ

2) range (0.430, 0.440) GeV/cππ in m(ππψMass of J/
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2) range (0.440, 0.450) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 30   N± = 380 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.31± = 4.49 β 0.17   ± = 0.65 α 0.05   ±A = 2.03 

 = 86.2    DoF = 76  ==>  Prob = 20.0%2χ

2) range (0.440, 0.450) GeV/cππ in m(ππψMass of J/
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2) range (0.450, 0.460) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 30   N± = 387 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.16± = 3.35 β 0.14   ± = 0.53 α 0.04   ±A = 2.23 

 = 88.9    DoF = 76  ==>  Prob = 14.8%2χ

2) range (0.450, 0.460) GeV/cππ in m(ππψMass of J/
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2) range (0.460, 0.470) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 31   N± = 414 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.06± = 6.22 β 0.12   ± = 0.79 α 0.07   ±A = 2.40 

 = 72.2    DoF = 76  ==>  Prob = 60.1%2χ

2) range (0.460, 0.470) GeV/cππ in m(ππψMass of J/
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2) range (0.470, 0.480) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 33   N± = 541 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 0.96± = 4.64 β 0.10   ± = 0.57 α 0.05   ±A = 2.44 

 = 79.3    DoF = 76  ==>  Prob = 38.0%2χ

2) range (0.470, 0.480) GeV/cππ in m(ππψMass of J/
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2) range (0.480, 0.490) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 34   N± = 598 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.00± = 3.59 β 0.10   ± = 0.44 α 0.06   ±A = 2.61 

 = 84.8    DoF = 75  ==>  Prob = 20.7%2χ

2) range (0.480, 0.490) GeV/cππ in m(ππψMass of J/
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2) range (0.490, 0.500) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 36   N± = 671 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.02± = 7.74 β 0.10   ± = 0.98 α 0.11   ±A = 2.62 

 = 71.8    DoF = 75  ==>  Prob = 58.5%2χ

2) range (0.490, 0.500) GeV/cππ in m(ππψMass of J/
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2) range (0.500, 0.510) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 37   N± = 791 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 2.21± = 5.28 β 0.34   ± = 0.61 α 0.18   ±A = 2.51 

 = 77.9    DoF = 75  ==>  Prob = 39.0%2χ

2) range (0.500, 0.510) GeV/cππ in m(ππψMass of J/
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2) range (0.510, 0.520) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 38   N± = 823 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.28± = 3.84 β 0.15   ± = 0.38 α 0.07   ±A = 2.62 

 = 70.4    DoF = 75  ==>  Prob = 62.9%2χ

2) range (0.510, 0.520) GeV/cππ in m(ππψMass of J/
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2) range (0.520, 0.530) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 38   N± = 835 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.12± = 2.89 β 0.11   ± = 0.38 α 0.06   ±A = 2.52 

 = 76.6    DoF = 75  ==>  Prob = 43.3%2χ

2) range (0.520, 0.530) GeV/cππ in m(ππψMass of J/
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2) range (0.530, 0.540) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 39   N± = 927 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.00± = 2.15 β 0.10   ± = 0.21 α 0.06   ±A = 2.53 

 = 54.0    DoF = 75  ==>  Prob = 96.8%2χ

2) range (0.530, 0.540) GeV/cππ in m(ππψMass of J/
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2) range (0.540, 0.550) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 40   N± = 906 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 0.97± = 2.50 β 0.09   ± = 0.20 α 0.05   ±A = 2.70 

 = 80.7    DoF = 75  ==>  Prob = 31.0%2χ

2) range (0.540, 0.550) GeV/cππ in m(ππψMass of J/
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2) range (0.550, 0.560) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 40   N± = 919 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 0.85± = 2.46 β 0.08   ± = 0.19 α 0.04   ±A = 2.54 

 = 59.9    DoF = 75  ==>  Prob = 89.9%2χ

2) range (0.550, 0.560) GeV/cππ in m(ππψMass of J/
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2) range (0.560, 0.570) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 38   N± = 877 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 0.93± = 6.41 β 0.09   ± = 0.63 α 0.10   ±A = 2.80 

 = 61.0    DoF = 75  ==>  Prob = 87.8%2χ

2) range (0.560, 0.570) GeV/cππ in m(ππψMass of J/
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2) range (0.570, 0.575) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 27   N± = 414 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 0.99± = 5.21 β 0.08   ± = 0.45 α 0.05   ±A = 1.34 

 = 84.1    DoF = 75  ==>  Prob = 22.3%2χ

2) range (0.570, 0.575) GeV/cππ in m(ππψMass of J/
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2) range (0.575, 0.580) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 26   N± = 351 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 0.00± = 5.14 β 0.03   ± = 0.35 α 0.02   ±A = 1.09 

 = 51.2    DoF = 68  ==>  Prob = 93.5%2χ

2) range (0.575, 0.580) GeV/cππ in m(ππψMass of J/
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.12± = 0.15 
rel

 43   N± = 292 
(2S)ψ

N

 0.2± = 3686.9 
(2S)ψ

m

 3.64± = 4.80 relσ 0.3   ± = 2.6 
(2S)ψ

σ

 1.85± = 6.24 β 0.15   ± = 0.49 α 0.06   ±A = 1.01 

 = 68.8    DoF = 64  ==>  Prob = 32.2%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 
rel

 16   N± = 99 
(2S)ψ

N

 0.3± = 3687.7 
(2S)ψ

m

 0.00± = 3.03 relσ 0.3   ± = 1.7 
(2S)ψ

σ

 1.42± = 4.59 β 0.10   ± = 0.34 α 0.04   ±A = 1.03 

 = 80.2    DoF = 66  ==>  Prob = 11.1%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/
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Appendix E
Mass Fits in m�� Slies for the X(3872)
This Appendix, just like the previous one, ontains the J= �+�� mass histograms in di�erentm�� slies. We �t these histograms to obtain the X(3872) m�� spetrum, as desribed in Se-tion 4.4. The resultingm�� spetrum is presented in Figure 4-14. See Appendix B for explanationof the numbers on eah plot.
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2) range (0.280, 0.360) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 47     m± = -44 XN

 0.12± = 2.92 β 0.02   ± = 0.49 α 0.34   ±A = 10.12 

 = 44.7   DoF = 35  ==>  Prob = 12.5%2χ

2) range (0.280, 0.360) GeV/cππ in m(ππψMass of J/
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2) range (0.360, 0.440) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 55     m± = -69 XN

 0.10± = 5.42 β 0.00   ± = 1.28 α 0.04   ±A = 6.21 

 = 34.2   DoF = 37  ==>  Prob = 60.0%2χ

2) range (0.360, 0.440) GeV/cππ in m(ππψMass of J/
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2) range (0.440, 0.490) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 45     m± = -12 XN

 0.12± = 4.45 β 0.00   ± = 0.71 α 0.07   ±A = 9.25 

 = 33.1   DoF = 37  ==>  Prob = 65.4%2χ

2) range (0.440, 0.490) GeV/cππ in m(ππψMass of J/
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2) range (0.490, 0.540) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 47     m± = 70 XN

 0.12± = 3.32 β 0.00   ± = 0.36 α 0.10   ±A = 14.14 

 = 37.4   DoF = 37  ==>  Prob = 45.9%2χ

2) range (0.490, 0.540) GeV/cππ in m(ππψMass of J/
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2) range (0.540, 0.570) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 39     m± = -15 XN

 1.30± = 3.94 β 0.26   ± = 0.37 α 1.81   ±A = 10.07 

 = 38.5   DoF = 35  ==>  Prob = 31.8%2χ

2) range (0.540, 0.570) GeV/cππ in m(ππψMass of J/
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2) range (0.570, 0.600) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 38     m± = 104 XN

 0.15± = 1.97 β 0.66   ± = 0.00 α 0.14   ±A = 13.47 

 = 41.0   DoF = 35  ==>  Prob = 22.8%2χ

2) range (0.570, 0.600) GeV/cππ in m(ππψMass of J/
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2) range (0.600, 0.625) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 37     m± = 61 XN

 0.90± = 4.04 β 0.12   ± = 0.35 α 0.35   ±A = 9.74 
 = 35.7   DoF = 35  ==>  Prob = 44.5%2χ

2) range (0.600, 0.625) GeV/cππ in m(ππψMass of J/
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2) range (0.625, 0.650) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 38     m± = 102 XN

 1.03± = 4.40 β 0.16   ± = 0.47 α 0.51   ±A = 8.77 
 = 38.9   DoF = 35  ==>  Prob = 30.4%2χ

2) range (0.625, 0.650) GeV/cππ in m(ππψMass of J/
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2) range (0.650, 0.670) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 34     m± = 66 XN

 1.07± = 3.68 β 0.13   ± = 0.28 α 0.23   ±A = 8.92 
 = 32.7   DoF = 35  ==>  Prob = 57.9%2χ

2) range (0.650, 0.670) GeV/cππ in m(ππψMass of J/
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2) range (0.670, 0.690) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 34     m± = 119 XN

 0.52± = 3.55 β 0.04   ± = 0.24 α 0.13   ±A = 8.69 
 = 32.7   DoF = 35  ==>  Prob = 57.8%2χ

2) range (0.670, 0.690) GeV/cππ in m(ππψMass of J/
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2) range (0.690, 0.710) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 35     m± = 165 XN

 1.00± = 4.47 β 0.12   ± = 0.39 α 0.19   ±A = 8.22 
 = 34.0   DoF = 35  ==>  Prob = 51.5%2χ

2) range (0.690, 0.710) GeV/cππ in m(ππψMass of J/
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2) range (0.710, 0.730) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 33     m± = 141 XN

 0.69± = 4.15 β 0.06   ± = 0.34 α 0.16   ±A = 8.13 
 = 44.1   DoF = 35  ==>  Prob = 14.0%2χ

2) range (0.710, 0.730) GeV/cππ in m(ππψMass of J/
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2) range (0.730, 0.750) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 32     m± = 164 XN

 0.57± = 6.14 β 0.04   ± = 0.53 α 0.21   ±A = 8.19 
 = 41.6   DoF = 35  ==>  Prob = 20.7%2χ

2) range (0.730, 0.750) GeV/cππ in m(ππψMass of J/
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 30     m± = 182 XN

 0.75± = 5.31 β 0.07   ± = 0.48 α 0.19   ±A = 5.53 
 = 34.5   DoF = 35  ==>  Prob = 49.8%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.7± = 5.1 Xσ 0.0     ± = 3872.2 X 15     m± = 35 XN

 1.53± = 6.68 β 0.12   ± = 0.50 α 0.11   ±A = 1.88 
 = 37.7   DoF = 35  ==>  Prob = 35.4%2χ

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.3± = 3.0 Xσ 0.0     ± = 3872.2 X 9     m± = 10 XN

 1.29± = 3.10 β 0.09   ± = 0.24 α 0.06   ±A = 1.69 
 = 35.6   DoF = 35  ==>  Prob = 45.0%2χ

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/
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Appendix FSystemati Unertainty on the LastFew Slies in the m�� SpetraDuring the J= �+�� mass �ts in the m�� slies we �x the means and widths of the signals to thevalues obtained from the whole-sample mass �t in all the slies exept the last a few. In normalslies the entries an smear in and out of the slie from both low and high mass neighboring slies.In the last slies the entries an only smear in one diretion, thus biasing the mean value towardshigher mass. If we allow the mean and width to oat in all the slies, they indeed remain quiteonstant throughout the whole m�� range, exept the last a few slies, as shown in Figure F-1for the  (2S).Another speial feature of the last a few slies in the m�� spetra is that the mass peaks inthem are very lose to the turn-on of the bakground. As a result, the �t may have diÆulty indetermining the bakground turn-on point.To determine the systemati unertainty on the yield in these slies oming from the variationof the bakground parametrization, we perform a few speial �ts, in addition to the normal onesand see how muh the  (2S) yield hanges. These additional �ts inlude, e.g., the shift of theturn-on value x0 up and down, beause for the last slies this may signi�antly hange the yield.Suh variation need not to be done for the regular slies in the m�� spetra. Some �t variationsfor these speial slies are skipped, e.g. we do not try to �t the bakground with a polynomial,beause the polynomial does not work very well in the viinity of the turn-on.Speial treatment is given for the last three (14th, 15th and 16th) slies in the X(3872) m��spetrum and the last two (27th and 28th) slies in the  (2S) m�� spetrum. Below are giventhe �ts with the following variations for eah slie:� Fit \A" for eah m�� slie represents the nominal �t, exept for 15th and 16th slies forthe X(3872).� Fits \C" and \D" show the mass �ts with the X(3872) width or  (2S) narrow widthshifted up and down by one standard deviation from the �xed nominal value. The standarddeviation is determined from the �t of the X(3872) or  (2S) peak in the whole sample.� Fits \C1" and \D1" show the mass �ts with the X(3872) mass or  (2S) relative normal-ization Nrel shifted up and down by one standard deviation from the �xed nominal value.The standard deviation is, again, determined from the �t of the X(3872) or  (2S) peak inthe whole sample. 143



0.3 0.4 0.5 0.6

2
(2

S
) 

m
as

s,
 G

eV
/c

ψ
3.68

3.682

3.684

3.686

3.688

3.69

3.692

]
2

 Mass [GeV/cππ

0.3 0.4 0.5 0.6

2
(2

S
) 

n
ar

ro
w

 w
id

th
, G

eV
/c

ψ

0

0.001

0.002

0.003

0.004

0.005

0.006

]
2

 Mass [GeV/cππFigure F-1: The  (2S) mass (top) and narrow width (bottom) versus m��. Both of them are almost onstantfrom one m�� slie to another, exept for the last a few slies, where a lear bias is seen in the top plot.� Fits \E" and \F" display the �t over the di�erent mass range: 150 MeV=2 and 250 MeV=2,orrespondingly, instead of the nominal �t range 200 MeV=2.� Fits \G",\H" and \I" are performed with a oating X(3872) mass, a oating X(3872)width and oating both X(3872) mass and width, orrespondingly. For the last (16th) andseond to the last (15th) slies the X(3872) width is oating by default, so that the �t \H"displays the ase of �xed X(3872) width. There is no �t \I" for these two slies. For the (2S) the �t \G" orresponds to the �xed Nrel and �rel; the �t \H" { to the �xed  (2S)narrow width; the �t \H1" { to the �xed  (2S) mass.� In �ts \J" and \K" a few points in the beginning of the range are skipped from the �t oradded to the �t to see what e�et will this ause. Not all the onsidered bins have these �ts.We look at the �ts individually to determine if these �t variations are worth onsideration.� Fits \M" { \Q" are related to the hanges in the bakground turn-on point x0. These �tswill be disussed next. Fits \O" are aepted as nominal ones for 15th and 16th slies forthe X(3872).� Fit \R" is done only for the last (28th) m�� slie for the  (2S). It will be disussed later.144



The bakground turn-on point x0 is normally allowed to oat in the �t within �20 MeV=2around the kinemati limit of the m�� mass: mass of J= plus the low boundary of the m�� slie.But in the last few slies the turn-on omes very lose to the mass peak and it beomes hard forthe �t to determine its value and unertainty for it. This is an espeially deliate problem forthe X(3872), due to the poor signal-to-noise ratio it is unlear what kind of signal is present.In the last  (2S) slies at least there is unequivoal signal present, but one might debate howmuh. Being in suh an unertain situation, we used the results of the lower m�� slies to projetan appropriate turn-on point, and an unertainty on it, for the nominal �t of the last X slies.To obtain the turn-on point and a reasonable systemati for the assoiated unertainty ineah m�� slie, we plot the dependene of x0 on m��, �t it with the straight line x0(m��) =A + B(m�� � m0��) and determine the projeted value of x0 at a given point m0�� (where thevalue of x0 is simply equal to A) as well as the projeted unertainty on A. The m0�� is hosento be the low edge of the given m�� slie.The linear �ts are shown in Figure F-2, where the last two points are not inluded in thestraight-line �t (the last three in the bottom plot) beause we do not trust them, but we stillplot them as open irles as a hek that they are not too far o� the �tted straight-line. Eah ofthe three plots in Figure F-2 have the idential data, the only di�erene is that the linear �ts areperformed around di�erent expansion points m0�� for di�erent slies, whih are indiated by thelarge �lled irles. The text in the plots lists numerial details of the �t results. Notie that wefound it more onvenient to measure x0 from an arbitrarily hosen referene point of 3:7 MeV=2.These linear �ts provide us with a projetion A of the expeted turn-on point x0, and the�tted standard deviation �A de�nes a plausible range for the preision with whih we may knowthe turn-on value. This range for the turn-on is unonneted with what the J= �+�� spetrumfor that partiular slie tells us. We study the \validity" of the projeted standard deviation �Avalue by varying the turn-on in the J= �+�� �t by �1�A while at the same time monitoringthe �t �2. Nominally the systemati unertainty on x0, when we �x it to the projeted x0, isobtained by shifting the projetion by one �A up and down.Now we onsider this method in detail. First, let us look at the very last slie (slie 16) inthe m�� spetrum for the X(3872). Fit \F-16-A" would normally be a nominal one. If we shiftthe x0 value by one nominal standard deviation up or down (Fits \F-16-M" and \F-16-N") the�2 pratially does not hange, though one would expet it to inrease by 1 unit. From thiswe onlude that the normal �t grossly underestimates the unertainty on the turn-on value x0.Beause of the unreliability of the \would-be" nominal value (and \would-be" nominal standarddeviation) of the turn-on, we adopt the projeted value of the x0 (3:7 + 169:604=1000) (Fit \F-16-O") and the projeted standard deviation as the nominal ones. If the x0 value is shifted byplus or minus one projeted standard deviation (Fits \F-16-P" and \F-16-Q") then the X(3872)yield hanges from 10� 9, up to 15� 9, and down to 8� 11. This variation gives a systematiunertainty on the yield due to x0 of +5�2 andidates. However, the full yield systemati we adoptis based on the whole ensemble of variations, and we �nd other e�ets that will give a largerunertainty on the high side.The same proedure is followed for the seond-to-last (15th) slie. In this ase the �tter failsto �nd the minimum in the nominal �t at all, beause the �2 urve looks like a steep wall goinginto very shallow valley. To prevent the �tter from wandering in this valley and �nally givingus some random result, we again �x the turn-on to its projeted value (Fit \F-15-O") instead ofits \would-be" nominal value (Fit \F-15-A") and vary it by a projeted standard deviation upand down (Fits \F-15-P" and \F-15-Q") instead of the \would-be" nominal standard deviation(Fits \F-15-M" and \F-15-N"). The hange in the X(3872) yield from 35 � 15, up to 38 � 15,145
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x0 value �2  (2S) yield3.68493 � 0.00001 80.2 993.68551 ( = 3.68493 + 50�) 81.2 1013.68415 ( = 3.68493 - 67�) 81.2 97Table F.1: The x0 san for the last (28th) slie in the  (2S) m�� spetra. The �rst line shows the x0 valuewith its reported unertainty. The hand-made san shows that the value is right; but our manual shift for hangein �2 by one unit orresponds to what MINUIT reports as a +50�67 standard deviations shift.
x0 value �2  (2S) yield3.68045 � 0.00092 68.8 2923.96682 ( = 3.68045 + 4�) 69.8 3043.67889 ( = 3.68045 - 1.7�) 69.8 278Table F.2: The x0 san for the seond-to-last (27th) slie in the  (2S) m�� spetra. The �rst line shows thex0 value and the nominal unertainty for it. The hand-made san shows that the value is right; but our manualshift for hange in �2 by one unit orresponds to what MINUIT reports as a +4:0�1:7 standard deviations shift.and down to 31 � 16, gives us an estimate of the systemati unertainty on the yield of only afew andidates. The e�ets of the other systemati �t variations, though, will be muh moreimportant.For the  (2S) we treat the unertainty related to the x0 position di�erently. The mainproblem here is that the error matrix, alulated by MINUIT, is not omplete, though the �tonverges. This results in a gross underestimation of the nominal unertainty on the x0 value.The x0 values and the unertainties on them for both last (28th) and last-but-one (27th) m��slies are given in the �rst lines of Tables F.1 and F.2. Fits \F-27-A" and \F-28-A" are produedwith these x0 values. Had the unertainties on x0 been orret, we would vary x0 by plus-minusone standard deviation, and then ompare the hanged  (2S) yields to the nominal one, justas for the X(3872). But beause the reported unertainties on the x0 values are extremely low,we determine them by hand. Namely, we do a san of the �t �2, re-minimizing at eah pointof the san. Then we �nd the �2 minimum and the plaes whih orrespond to the inrease ofthe �2 by one unit (i.e. true standard deviations). These standard deviations for x0 are adoptedas the nominal ones. The nominal value for x0 does not get \re-de�ned". Having done thatwe determine the systemati unertainty by varying the x0 by plus-minus one nominal standarddeviation and looking at the respetive  (2S) yields. The bottom two lines in the Tables F.1and F.2 show the positions of the true standard deviations. The orresponding �ts are Fits\F-27-M", \F-27-N", \F-28-M" and \F-28-N".For the last (28th) m�� slie for the  (2S) we do one more novel systemati variation. Beingso lose to the kinemati limit the Gaussian shape of the signal might undergo more dramatitypes of distortion, and for the  (2S) there is enough signal that we might atually be sensitive tosuh an e�et. In partiular, by hopping the data into slies we may distort the simple Gaussianinto some other shape. We onsider this by �tting the peak with an asymmetri Gaussian, i.e.a Gaussian with di�erent widths above and below the peak. The results of this is shown in147



Fit \F-28-R". The �t atually prefers to zero out the low-mass half of the Gaussian. But someresidual mass smearing is going to take plae anyhow and a vanishing low-side � is not physial.We limit the �t so that the lower half of the Gaussian must have � � 1:5 MeV=2, and theturn-on is �xed to the value found in Table F.1. The �t omes to this limiting value, but stillmaintains a respetable �2, whih is in fat better than what our nominal �t (Fit \F-28-A")gives for this slie.The purpose of all these �t variations is to see how muh the yield hanges among them. Foreah m�� slie we �nd what are, generally,1 the highest and the lowest yields, alulate how farthey are from the default �t, and assign this di�erene as an asymmetri systemati unertaintyto the yield from the nominal �t. The �nal systemati results are summarized in Table F.3,whih also indiates from whih �ts the unertainties are derived.Slie # m�� range Default yield / Highest yield / Lowest yield /GeV=2 Fit # Fit # Fit #X(3872) 14th 0.730 - 0.750 182 � 30 / F-14-A 197 / F-14-O 166 / F-14-DX(3872) 15th 0.750 - 0.765 35 � 15 / F-15-O 38 / F-15-C 14 / F-15-FX(3872) 16th 0.765 - 0.775 10 � 9 / F-16-O 18 / F-16-C1 8 / F-16-Q (2S) 27th 0.580 - 0.585 292 � 43 / F-27-A 304 / F-27-M 270 / F-27-D (2S) 28th 0.585 - 0.590 99 � 16 / F-28-A 112 / F-28-R 89 / F-28-DTable F.3: The default, lowest and highest yields in the last slies in the m�� spetra.
F.1 Fits for the Last Three Slies in m�� Spetrumfor X(3872)
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 30     m± = 182 XN
 0.75± = 5.31 β 0.07   ± = 0.48 α 0.19   ±A = 5.53 

 = 34.5   DoF = 352χ 0.641   ± - 3.7) = 152.850 01000*(x
Prob = 49.8%

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-A: nominal mass �t (X(3872) mass andwidth are �xed)1We onsider on a ase-by-ase basis whether variations do indeed show plausible hanges. There are oa-sionally variations for whih we have reasons to doubt their suitability, but this turns out to rarely, if ever, impatour �nal systemati. 148
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.6 Xσ 0.0     ± = 3872.2 X 33     m± = 199 XN

 0.87± = 5.52 β 0.08   ± = 0.51 α 0.20   ±A = 5.57 
 = 35.1   DoF = 35  ==>  Prob = 47.2%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-C: the X(3872) width is shifted by one stan-dard deviation up from the nominal value 3.9 4 4.1
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 4.4 Xσ 0.0     ± = 3872.2 X 28     m± = 166 XN

 0.78± = 5.11 β 0.07   ± = 0.46 α 0.17   ±A = 5.49 
 = 34.5   DoF = 35  ==>  Prob = 49.9%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-D: the X(3872) width is shifted by one stan-dard deviation down from the nominal value
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.9 X 30     m± = 179 XN

 0.81± = 5.14 β 0.07   ± = 0.47 α 0.18   ±A = 5.49 
 = 35.6   DoF = 35  ==>  Prob = 44.8%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-C1: the X(3872) mass is shifted by one stan-dard deviation up from the nominal value 3.9 4 4.1
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3871.6 X 31     m± = 184 XN

 0.85± = 5.45 β 0.07   ± = 0.50 α 0.20   ±A = 5.56 
 = 34.6   DoF = 35  ==>  Prob = 49.8%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-D1: the X(3872) mass is shifted by one stan-dard deviation down from the nominal value
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 29     m± = 186 XN

 1.42± = 6.67 β 0.10   ± = 0.56 α 0.10   ±A = 3.10 
 = 21.8   DoF = 25  ==>  Prob = 64.8%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-E: mass �t with the �t range dereased to150 MeV=2 3.9 4 4.1
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 30     m± = 178 XN

 0.56± = 4.46 β 0.06   ± = 0.43 α 0.24   ±A = 8.54 
 = 41.8   DoF = 45  ==>  Prob = 61.0%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-F: mass �t with the �t range inreased to250 MeV=2
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.9     ± = 3871.8 X 31     m± = 183 XN

 0.87± = 5.40 β 0.08   ± = 0.49 α 0.20   ±A = 5.55 
 = 34.4   DoF = 34  ==>  Prob = 45.6%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-G: mass �t with X(3872) mass oating 3.9 4 4.1
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.1± = 4.6 Xσ 0.0     ± = 3872.2 X 40     m± = 174 XN

 0.88± = 5.20 β 0.08   ± = 0.47 α 0.19   ±A = 5.51 
 = 34.5   DoF = 34  ==>  Prob = 45.4%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-H: mass �t with X(3872) width oating
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.1± = 4.4 Xσ 0.9     ± = 3871.7 X 39     m± = 169 XN

 0.91± = 5.24 β 0.08   ± = 0.47 α 0.20   ±A = 5.52 
 = 34.2   DoF = 33  ==>  Prob = 41.8%2χ

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-I: mass �t with both X(3872) mass andwidth oating 3.9 4 4.1
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 28     m± = 197 XN
 0.67± = 6.03 β 0.05   ± = 0.56 α 0.16   ±A = 5.72 

 = 36.3   DoF = 362χ 0.000   ± - 3.7) = 151.896 01000*(x
Prob = 46.4%

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-O: the turn-on is �xed to the projeted value.149
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 28     m± = 182 XN
 0.65± = 5.31 β 0.05   ± = 0.48 α 0.14   ±A = 5.53 

 = 34.5   DoF = 362χ 0.000   ± - 3.7) = 152.846 01000*(x
Prob = 53.8%

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-P: the turn-on is shifted by one projetedstandard deviation up from the projeted value. 3.9 4 4.1
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2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 28     m± = 210 XN
 0.69± = 6.70 β 0.05   ± = 0.63 α 0.19   ±A = 5.93 

 = 40.8   DoF = 362χ 0.000   ± - 3.7) = 150.946 01000*(x
Prob = 27.3%

2) range (0.750, 0.765) GeV/cππ in m(ππψMass of J/

Fit F-14-Q: the turn-on is shifted by one projetedstandard deviation down from the projeted value.
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.3± = 4.5 Xσ 0.0     ± = 3872.2 X 17     m± = 29 XN
 1.60± = 6.82 β 0.13   ± = 0.52 α 0.12   ±A = 1.91 

 = 38.6   DoF = 352χ 0.000   ± - 3.7) = 164.160 01000*(x
Prob = 31.7%

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-A: �t without x0 projetion(X(3872) mass �xed, X(3872) width oatingabove 3:0 MeV=2). Had we aepted this x0 value,this �t would be nominal. 3.9 4 4.1
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.6 Xσ 0.0     ± = 3872.2 X 15     m± = 38 XN

 1.52± = 5.82 β 0.12   ± = 0.41 α 0.10   ±A = 1.79 
 = 36.8   DoF = 36  ==>  Prob = 44.0%2χ

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-C: the X(3872) width is shifted by one stan-dard deviation up from the nominal value.
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 4.4 Xσ 0.0     ± = 3872.2 X 17     m± = 27 XN

 1.59± = 6.78 β 0.13   ± = 0.51 α 0.12   ±A = 1.91 
 = 38.6   DoF = 36  ==>  Prob = 36.1%2χ

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-D: the X(3872) width is shifted by one stan-dard deviation down from the nominal value. 3.9 4 4.1
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 4.7± = 3.0 Xσ 0.0     ± = 3872.9 X 13     m± = 23 XN

 1.31± = 6.73 β 0.10   ± = 0.51 α 0.11   ±A = 1.93 
 = 37.3   DoF = 35  ==>  Prob = 36.9%2χ

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-C1: the X(3872) mass is shifted by one stan-dard deviation up from the nominal value.
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 6.2± = 3.1 Xσ 0.0     ± = 3872.2 X 17     m± = 26 XN

 2.71± = 8.77 β 0.18   ± = 0.63 α 0.11   ±A = 1.12 
 = 25.6   DoF = 25  ==>  Prob = 43.2%2χ

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-E: mass �t with the �t range dereased to150 MeV=2. 3.9 4 4.1
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 4.6± = 3.0 Xσ 0.0     ± = 3872.2 X 12     m± = 14 XN

 0.86± = 4.76 β 0.08   ± = 0.38 α 0.11   ±A = 2.84 
 = 44.6   DoF = 45  ==>  Prob = 49.4%2χ

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-F: mass �t with the �t range inreased to250 MeV=2.
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.5± = 3.0 Xσ 1.6     ± = 3874.2 X 12     m± = 25 XN

 1.24± = 6.75 β 0.09   ± = 0.52 α 0.10   ±A = 1.93 
 = 36.5   DoF = 34  ==>  Prob = 36.1%2χ

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-G: mass �t with X(3872) mass oating. 3.9 4 4.1
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 14     m± = 36 XN
 1.44± = 6.72 β 0.11   ± = 0.50 α 0.11   ±A = 1.88 

 = 37.7   DoF = 362χ 0.000   ± - 3.7) = 165.341 01000*(x
Prob = 40.0%

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-H: mass �t with X(3872) width �xed.
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.5± = 3.9 Xσ 0.0     ± = 3872.2 X 19     m± = 31 XN

 1.61± = 5.73 β 0.13   ± = 0.41 α 0.11   ±A = 1.89 
 = 36.2   DoF = 35  ==>  Prob = 41.8%2χ

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-J: mass �t with skipped point. 3.9 4 4.1
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.3± = 4.6 Xσ 0.0     ± = 3872.2 X 16     m± = 30 XN
 1.58± = 6.84 β 0.13   ± = 0.52 α 0.12   ±A = 1.91 

 = 38.6   DoF = 352χ 0.000   ± - 3.7) = 164.244 01000*(x
Prob = 31.7%

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-M: the turn-on is shifted up from the �t-ted value by one standard deviation (as reported byMINUIT whih drastially underestimates it).
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.3± = 4.4 Xσ 0.0     ± = 3872.2 X 18     m± = 28 XN
 1.68± = 6.79 β 0.14   ± = 0.51 α 0.13   ±A = 1.91 

 = 38.6   DoF = 352χ 0.000   ± - 3.7) = 164.076 01000*(x
Prob = 31.7%

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-N: the turn-on is shifted down from the �t-ted value by one standard deviation (as reported byMINUIT whih drastially underestimates it). 3.9 4 4.1
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.7± = 5.1 Xσ 0.0     ± = 3872.2 X 15     m± = 35 XN
 1.53± = 6.68 β 0.12   ± = 0.50 α 0.11   ±A = 1.88 

 = 37.7   DoF = 352χ 0.000   ± - 3.7) = 165.341 01000*(x
Prob = 35.4%

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-O: the turn-on is �xed to the projeted value- the nominal �t.
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.5± = 5.0 Xσ 0.0     ± = 3872.2 X 15     m± = 38 XN
 1.57± = 6.33 β 0.12   ± = 0.46 α 0.11   ±A = 1.84 

 = 36.8   DoF = 352χ 0.000   ± - 3.7) = 166.232 01000*(x
Prob = 39.3%

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-P: the turn-on is shifted by one projetedstandard deviation up from the projeted value. 3.9 4 4.1
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2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.7± = 4.8 Xσ 0.0     ± = 3872.2 X 16     m± = 31 XN
 1.56± = 6.87 β 0.13   ± = 0.52 α 0.12   ±A = 1.91 

 = 38.5   DoF = 352χ 0.000   ± - 3.7) = 164.450 01000*(x
Prob = 31.9%

2) range (0.765, 0.770) GeV/cππ in m(ππψMass of J/

Fit F-15-Q: the turn-on is shifted by one projetedstandard deviation down from the projeted value.
151
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.3± = 3.0 Xσ 0.0     ± = 3872.2 X 8     m± = 13 XN
 1.20± = 3.04 β 0.08   ± = 0.24 α 0.05   ±A = 1.68 

 = 34.9   DoF = 342χ 0.024   ± - 3.7) = 169.975 01000*(x
Prob = 43.4%

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-A: �t without x0 projetion(X(3872) mass �xed, X(3872) width oatingabove 3:0 MeV=2). Had we aepted this x0 value,this �t would be nominal. 3.9 4 4.1
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.6 Xσ 0.0     ± = 3872.2 X 7     m± = 10 XN

 1.09± = 2.61 β 0.07   ± = 0.20 α 0.05   ±A = 1.67 
 = 35.9   DoF = 35  ==>  Prob = 43.2%2χ

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-C: the X(3872) width is shifted by one stan-dard deviation up from the nominal value.
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 4.4 Xσ 0.0     ± = 3872.2 X 7     m± = 11 XN

 1.12± = 2.72 β 0.08   ± = 0.21 α 0.05   ±A = 1.67 
 = 35.6   DoF = 35  ==>  Prob = 44.8%2χ

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-D: the X(3872) width is shifted by one stan-dard deviation down from the nominal value. 3.9 4 4.1
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.9± = 3.0 Xσ 0.0     ± = 3872.9 X 10     m± = 18 XN

 1.29± = 3.44 β 0.09   ± = 0.27 α 0.06   ±A = 1.69 
 = 34.0   DoF = 34  ==>  Prob = 47.4%2χ

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-C1: the X(3872) mass is shifted by one stan-dard deviation up from the nominal value.
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 4.4± = 3.0 Xσ 0.0     ± = 3872.2 X 8     m± = 12 XN

 1.85± = 2.14 β 0.10   ± = 0.20 α 0.03   ±A = 0.92 
 = 31.0   DoF = 24  ==>  Prob = 15.4%2χ

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-E: mass �t with the �t range dereased to150 MeV=2. 3.9 4 4.1
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.0± = 3.0 Xσ 0.0     ± = 3872.2 X 8     m± = 14 XN

 0.86± = 3.66 β 0.07   ± = 0.27 α 0.09   ±A = 2.61 
 = 40.9   DoF = 44  ==>  Prob = 60.5%2χ

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-F: mass �t with the �t range inreased to250 MeV=2.
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.0± = 3.0 Xσ 1.0     ± = 3874.2 X 15     m± = 30 XN

 1.56± = 4.34 β 0.12   ± = 0.36 α 0.08   ±A = 1.72 
 = 32.4   DoF = 33  ==>  Prob = 49.8%2χ

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-G: mass �t with X(3872) mass oating. 3.9 4 4.1
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.0± = 5.0 Xσ 0.0     ± = 3872.2 X 9     m± = 6 XN
 1.18± = 2.67 β 0.08   ± = 0.21 α 0.05   ±A = 1.68 

 = 36.2   DoF = 362χ 0.000   ± - 3.7) = 169.604 01000*(x
Prob = 46.7%

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-H: mass �t with X(3872) width �xed.
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.3± = 3.0 Xσ 0.0     ± = 3872.2 X 8     m± = 13 XN
 1.20± = 3.03 β 0.08   ± = 0.24 α 0.05   ±A = 1.68 

 = 34.9   DoF = 352χ 0.000   ± - 3.7) = 169.998 01000*(x
Prob = 48.2%

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-M: the turn-on is shifted by one standarddeviation up from the �tted value. 3.9 4 4.1
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.3± = 3.0 Xσ 0.0     ± = 3872.2 X 8     m± = 13 XN
 1.20± = 3.05 β 0.08   ± = 0.24 α 0.05   ±A = 1.68 

 = 34.9   DoF = 352χ 0.000   ± - 3.7) = 169.950 01000*(x
Prob = 48.0%

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-N: the turn-on is shifted by one standarddeviation down from the �tted value.
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.3± = 3.0 Xσ 0.0     ± = 3872.2 X 9     m± = 10 XN
 1.29± = 3.10 β 0.09   ± = 0.24 α 0.06   ±A = 1.69 

 = 35.6   DoF = 352χ 0.000   ± - 3.7) = 169.604 01000*(x
Prob = 45.0%

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-O: the turn-on is �xed to the projeted value{ the nominal �t.
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.8± = 3.0 Xσ 0.0     ± = 3872.2 X 9     m± = 15 XN
 1.23± = 2.82 β 0.09   ± = 0.22 α 0.05   ±A = 1.66 

 = 35.9   DoF = 352χ 0.000   ± - 3.7) = 170.620 01000*(x
Prob = 43.4%

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-P: the turn-on is shifted by one projetedstandard deviation up from the projeted value. 3.9 4 4.1
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2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 1.1± = 3.0 Xσ 0.0     ± = 3872.2 X 11     m± = 8 XN
 1.34± = 3.73 β 0.10   ± = 0.30 α 0.07   ±A = 1.72 

 = 42.2   DoF = 352χ 0.000   ± - 3.7) = 168.588 01000*(x
Prob = 18.9%

2) range (0.770, 0.775) GeV/cππ in m(ππψMass of J/

Fit F-16-Q: the turn-on is shifted by one projetedstandard deviation down from the projeted value.
F.2 Fits for the Last Two Slies in m�� Spetrum for  (2S)
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.12± = 0.15 
rel

 43   N± = 292 
(2S)ψ

N

 0.2± = 3686.9 
(2S)ψ

m

 3.64± = 4.80 relσ 0.3   ± = 2.6 
(2S)ψ

σ

 1.85± = 6.24 β 0.15   ± = 0.49 α 0.06   ±A = 1.01 

 = 68.8    DoF = 64  ==>  Prob = 32.2%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-A: nominal mass �t (Nrel, �rel, mass andwidth of  (2S) are oating). 153
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 25   N± = 300 
(2S)ψ

N

 0.0± = 3687.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.6 
(2S)ψ

σ

 1.70± = 6.88 β 0.13   ± = 0.55 α 0.06   ±A = 1.03 

 = 72.6    DoF = 68  ==>  Prob = 33.2%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-C: the  (2S) width is shifted by one stan-dard deviation up from the nominal value. 3.7 3.75 3.8 3.85
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 25   N± = 270 
(2S)ψ

N

 0.0± = 3687.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.2 
(2S)ψ

σ

 1.59± = 5.31 β 0.12   ± = 0.41 α 0.05   ±A = 0.99 

 = 72.6    DoF = 68  ==>  Prob = 33.3%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-D: the  (2S) width is shifted by one stan-dard deviation down from the nominal value.
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.11± = 0.15 
rel

 44   N± = 276 
(2S)ψ

N

 0.2± = 3686.9 
(2S)ψ

m

 2.01± = 4.95 relσ 0.3   ± = 2.5 
(2S)ψ

σ

 2.97± = 3.41 β 0.18   ± = 0.34 α 0.02   ±A = 0.49 

 = 43.5    DoF = 44  ==>  Prob = 49.4%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-E: mass �t with the �t range dereased to150 MeV=2. 3.7 3.8 3.9
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.10± = 0.14 rel 38   N± = 271 
(2S)ψ

N
 0.2± = 3686.9 

(2S)ψ
m

 3.90± = 4.82 relσ 0.3   ± = 2.5 
(2S)ψ

σ
 1.11± = 3.56 β 0.10   ± = 0.33 α 0.05   ±A = 1.59 

 18± = 22 XN
 = 90.2    DoF = 83  ==>  Prob = 28.0%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-F: mass �t with the �t range inreased to250 MeV=2.
3.7 3.75 3.8 3.85

2
C

an
d

id
at

es
 p

er
 2

.5
 M

eV
/c

0

20

40

60

80

100

120

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 29   N± = 285 
(2S)ψ

N

 0.2± = 3686.9 
(2S)ψ

m

 0.00± = 3.03 relσ 0.2   ± = 2.4 
(2S)ψ

σ

 1.80± = 6.19 β 0.14   ± = 0.48 α 0.06   ±A = 1.01 

 = 71.4    DoF = 66  ==>  Prob = 30.7%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-G: mass �t with �xed relative normalizationand relative width. 3.7 3.75 3.8 3.85
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.11± = 0.14 
rel

 42   N± = 292 
(2S)ψ

N

 0.2± = 3686.9 
(2S)ψ

m

 3.74± = 4.80 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.79± = 6.35 β 0.14   ± = 0.50 α 0.06   ±A = 1.01 

 = 68.8    DoF = 65  ==>  Prob = 35.4%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-H: mass �t with  (2S) width �xed.
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.14± = 0.10 
rel

 37   N± = 258 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 2.67± = 4.45 relσ 0.3   ± = 2.6 
(2S)ψ

σ

 1.49± = 5.49 β 0.11   ± = 0.41 α 0.04   ±A = 1.00 

 = 86.1    DoF = 65  ==>  Prob = 3.9%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-H1: mass �t with  (2S) mass �xed. 3.7 3.75 3.8 3.85
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 24   N± = 281 
(2S)ψ

N

 0.0± = 3686.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.50± = 6.21 β 0.11   ± = 0.48 α 0.05   ±A = 1.01 

 = 96.4    DoF = 68  ==>  Prob = 1.2%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-I: mass �t in the way used for all slies exeptfor last two (Nrel, �rel,  (2S) mass and width are�xed).
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.14± = 0.11 
rel

 43   N± = 304 
(2S)ψ

N

 0.3± = 3686.7 
(2S)ψ

m

 2.53± = 4.50 relσ 0.3   ± = 2.8 
(2S)ψ

σ

 1.81± = 5.44 β 0.14   ± = 0.40 α 0.05   ±A = 0.95 

 = 69.8    DoF = 64  ==>  Prob = 29.4%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-M: the turn-on is shifted up so that the �2gets inreased by 1. 3.7 3.75 3.8 3.85
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2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.15± = 0.11 
rel

 48   N± = 278 
(2S)ψ

N

 0.2± = 3687.0 
(2S)ψ

m

 2.80± = 5.00 relσ 0.2   ± = 2.6 
(2S)ψ

σ

 1.99± = 6.74 β 0.17   ± = 0.54 α 0.07   ±A = 1.05 

 = 69.8    DoF = 64  ==>  Prob = 29.4%2χ

2) range (0.580, 0.585) GeV/cππ in m(ππψMass of J/

Fit F-27-N: the turn-on is shifted down so that the�2 gets inreased by 1.
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 
rel

 16   N± = 99 
(2S)ψ

N

 0.3± = 3687.7 
(2S)ψ

m

 0.00± = 3.03 relσ 0.3   ± = 1.7 
(2S)ψ

σ

 1.42± = 4.59 β 0.10   ± = 0.34 α 0.04   ±A = 1.03 

 = 80.2    DoF = 66  ==>  Prob = 11.1%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-A: nominal mass �t (Nrel = 0, mass andwidth of  (2S) are oating).
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 
rel

 18   N± = 93 
(2S)ψ

N

 0.0± = 3687.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.6 
(2S)ψ

σ

 1.51± = 3.67 β 0.11   ± = 0.27 α 0.03   ±A = 1.01 

 = 122.7    DoF = 68  ==>  Prob = 0.0%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-C: the  (2S) width is shifted by one stan-dard deviation up from the nominal value. 3.7 3.75 3.8 3.85
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 
rel

 16   N± = 89 
(2S)ψ

N

 0.0± = 3687.0 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.2 
(2S)ψ

σ

 1.38± = 3.75 β 0.10   ± = 0.27 α 0.03   ±A = 1.01 

 = 106.7    DoF = 68  ==>  Prob = 0.1%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-D: the  (2S) width is shifted by one stan-dard deviation down from the nominal value.
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 
rel

 18   N± = 94 
(2S)ψ

N

 0.3± = 3687.6 
(2S)ψ

m

 0.00± = 3.03 relσ 0.3   ± = 1.7 
(2S)ψ

σ

 2.52± = 3.56 β 0.14   ± = 0.28 α 0.02   ±A = 0.51 

 = 51.6    DoF = 46  ==>  Prob = 26.6%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-E: mass �t with the �t range dereased to150 MeV=2. 3.7 3.8 3.9
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 rel 16   N± = 93 
(2S)ψ

N
 0.3± = 3687.6 

(2S)ψ
m

 0.00± = 3.03 relσ 0.3   ± = 1.7 
(2S)ψ

σ
 0.92± = 3.66 β 0.08   ± = 0.28 α 0.05   ±A = 1.64 

 16± = 5 XN
 = 111.4    DoF = 85  ==>  Prob = 2.7%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-F: mass �t with the �t range inreased to250 MeV=2.
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 
rel

 18   N± = 115 
(2S)ψ

N

 0.4± = 3688.2 
(2S)ψ

m

 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 1.57± = 5.20 β 0.11   ± = 0.40 α 0.05   ±A = 1.04 

 = 95.0    DoF = 67  ==>  Prob = 1.2%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-H: mass �t with  (2S) width �xed. 3.7 3.75 3.8 3.85
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 
rel

 17   N± = 101 
(2S)ψ

N

 0.3± = 3687.6 
(2S)ψ

m

 0.00± = 3.03 relσ 0.3   ± = 1.7 
(2S)ψ

σ

 1.43± = 4.46 β 0.10   ± = 0.33 α 0.04   ±A = 1.02 

 = 81.2    DoF = 66  ==>  Prob = 9.7%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-M: the turn-on is shifted up so that the �2gets inreased by 1.155
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 0.00± = 0.00 
rel

 17   N± = 97 
(2S)ψ

N

 0.3± = 3687.8 
(2S)ψ

m

 0.00± = 3.03 relσ 0.3   ± = 1.7 
(2S)ψ

σ

 1.42± = 5.09 β 0.10   ± = 0.38 α 0.04   ±A = 1.05 

 = 81.2    DoF = 66  ==>  Prob = 9.7%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-N: the turn-on is shifted down so that the�2 gets inreased by 1. 3.7 3.75 3.8 3.85
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2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

]2 Mass [GeV/cππψJ/

 18± = 112 
(2S)ψ

N

 0.3± = 3687.2 
(2S)ψ

m

 0.2± = 1.5 
(2S)ψ

leftσ 0.7   ± = 2.6 
(2S)ψ

rightσ

 1.56± = 5.47 β 0.11   ± = 0.41 α 0.05   ±A = 1.05 

 = 76.3    DoF = 65  ==>  Prob = 16.0%2χ

2) range (0.585, 0.590) GeV/cππ in m(ππψMass of J/

Fit F-28-R: using asymmetri gaussian for the �t.
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Appendix GEÆieny Corretions for Phase Spaem�� DistributionTo estimate the systemati unertainty due to our imperfet knowledge of the m�� spetrum forthe X(3872), we grossly hange our nominal S-wave parametrization of this spetrum to a phasespae parametrization, given by Equation 5.1. The appropriate detetor eÆieny urves and theinput pt spetra for the Monte Carlo generation for this phase spae model are shown in Figure G-1 for the  (2S) and Figure G-2 for the X(3872). We �t them with the same parameterizingfuntion exp(a0 + a1pt + a2p2t ) as for the S-wave ase. The �tted slope parameter a1 is di�erentfrom the S-wave ase, but only by 1:4 standard deviations for the  (2S). This di�erene for theX(3872) is muh smaller: only 0:3 standard deviations. Of ourse, these small di�erenes annot be dismissed as statistially insigni�ant, as the same data is being �t in both ases. We willuse these di�erenes to estimate the systematis.The omparison plots for the � and pt spetra between the phase spae Monte Carlo and thedata are displayed in Figures G-3 and G-4. As we an see, the �2 math quality is almost thesame as for the S-wave parametrization (Figures 4-5 and 4-6).We use the phase spae Monte Carlo result to obtain the inverse detetor eÆieny orre-tion funtion �PS(m��), whih is di�erent from the nominal S-wave inverse detetor eÆieny�(m��). The inverse eÆieny �PS(m��) is obtained by �tting the ratio of the orrespondingm�� distributions before and after the detetor, �PS(m��)=�PS(m��), as shown in Figure G-5 forboth the  (2S) and X(3872). The plots in this �gure display the m�� spetra before (triangles)and after (boxes) detetor simulation and event seletion. The points with error bars give theinverse detetor eÆieny with the orresponding sale at the right-hand side of the plot. The�tting funtion �PS(m��) is also shown in eah plot. The graphial omparison between �(m��)and �PS(m��) urves for the  (2S) and the X(3872) is given in Figure 5-7. From this �gureone an see that our detetor eÆieny orretions are only slightly sensitive to the m�� shapeand that it is not neessary to ahieve a better approximation for the X(3872) than the S-waveshape, whih we use.
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Figure G-1: The pt distributions of  (2S). Upper-left plot: raw data. Upper-right plot: the detetor eÆienyurve. Two lower plots are the ratio of the data and the eÆieny urve in both linear and logarithmi sales.The m�� parametrization used in the Monte Carlo generation for this Figure is phase spae (Equation 5.1).
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Figure G-2: The pt distributions of X(3872). Upper-left plot: raw data. Upper-right plot: the detetoreÆieny urve. Two lower plots are the ratio of the data and the eÆieny urve in both linear and logarithmisales. Them�� parametrization used in the Monte Carlo generation for this Figure is phase spae (Equation 5.1).
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Figure G-3: Top: the omparison between the � distributions of  (2S) in raw data and after Monte Carlo simu-lation, generated with the phase-spae m�� parametrization (Equation 5.1); middle and bottom: the omparisonbetween the pt distributions in linear and logarithmi sales.
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Figure G-4: Top: the omparison between the � distributions of the X(3872) in raw data and Monte Carlosimulation, generated with phase-spae m�� parametrization (Equation 5.1); middle and bottom: the omparisonbetween the pt distributions in linear and logarithmi sales.
161



0.3 0.35 0.4 0.45 0.5 0.55 0.6

N
u

m
b

er
 o

f 
en

tr
ie

s 
p

er
 b

in

0

10000

20000

30000

40000

50000

60000

(2S), Phase-Space ψ for ππm
 in

 e
ac

h
 b

in
ζ/ζ

R
at

io
 

0

5

10

15

20

25

30

35
 spectrum before detectorππ) -- mππ(mζ

 spectrum after detectorππ) -- mππ(mζ

Ratio: before/after (scale on right-hand side)

)ππ(mξFit with quadratic polynomial 

/N = 56.6/562χ

Prob = 45.8 %

]2 Mass [GeV/cππ

(2S), Phase-Space ψ for ππm

0.3 0.4 0.5 0.6 0.7 0.8

N
u

m
b

er
 o

f 
en

tr
ie

s 
p

er
 b

in

0

5000

10000

15000

20000

25000

30000

35000

40000

 for X(3872), Phase-Space ππm

 in
 e

ac
h

 b
in

ζ/ζ
R

at
io

 

0

5

10

15

20

25

30 spectrum before detectorππ) -- mππ(mζ

 spectrum after detectorππ) -- mππ(mζ

Ratio: before/after (scale on right-hand side)

)ππ(mξFit with quadratic polynomial 

/N = 82.3/912χ

Prob = 73.2 %

]2 Mass [GeV/cππ

 for X(3872), Phase-Space ππm

Figure G-5: The ratios (points) of pre-detetor (triangles) to post-detetor (boxes) m�� distributions, (i.e. in-verse eÆieny) for the phase spae m�� parametrization for the  (2S), left; and for the X(3872), right.
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