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Measurement of the Dipion Mass Spe
trum in the De
ayX(3872)! J= �+�� at the CDF II ExperimentbyAlexander RakitinSubmitted to the Department of Physi
son June 27, 2005, in partial ful�llment of therequirements for the degree ofDo
tor of PhilosophyAbstra
tWe present a measurement of the dipion mass spe
trum in the de
ay X(3872)! J= �+�� usinga 360 pb�1 sample of p�p 
ollisions at ps = 1:96 TeV 
olle
ted with the CDF II dete
tor at theFermilab Tevatron Collider. As a ben
hmark, we also extra
t the dipion mass distribution for (2S) ! J= �+�� de
ay. The X(3872) dipion mass spe
trum is 
ompared to QCD multipoleexpansion predi
tions for various 
harmonium states, as well as to the hypothesis X(3872) !J= �0. We �nd that the measured spe
trum is 
ompatible with 3S1 
harmonium de
aying 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 
al
ulations 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 
al
ulations for 3S1 
harmonium.Other, non-
harmonium, models for the X(3872) are des
ribed too.We 
on
lude that sin
e the dipion mass spe
trum for X(3872) is 
ompatible with J= �0hypothesis, the X(3872) should be C-positive. This 
on
lusion is supported by re
ent resultsfrom Belle Collaboration whi
h observed X(3872) ! J= 
 de
ay. We argue that if X(3872)is a 
harmonium, then it should be either 11D2�+ or 23P1++ state, de
aying into J= �+�� inviolation of isospin 
onservation. A non-
harmonium assignment, su
h as DD� mole
ule, is alsoquite possible.Thesis Supervisor: Christoph M. E. PausTitle: Asso
iate Professor
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Chapter 1Introdu
tion: What is the X(3872)?One of the interesting problems in 
ontemporary Heavy Quark physi
s is to determine the prop-erties of newly dis
overed parti
les. It be
omes espe
ially 
aptivating when su
h a parti
le doesnot �t into the existing s
heme, and many new hypotheses are 
reated to interpret this fa
t.The dis
overy of the state X(3872) with unexpe
ted 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 | mole
ular models, more general 4-quark in-terpretations in
luding a diquark-antidiquark model, hybrid models et
 | to explain the natureof the X(3872). We will review these ideas, in
luding the simple 
�
 options, in the subsequentse
tions.One of the ways to gain insight into the nature of the X(3872) is to investigate its de
ays.Originally the X(3872) was found through its de
ay into J= �+��, but other de
ay modes werealso investigated. No eviden
e was found for X(3872) de
aying into �
1
 [1℄, �
2
 [5℄, J= � [6℄,D+D� [7℄, or D0D0 [7℄. Also, there are no tra
es 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 de
ay mode, interpreted asJ= ! [11℄. More information about these sear
hes will be given in Se
tion 1.1.Another way to investigate the X(3872) is to look at the distributions of di�erent parametersof its de
ay. This approa
h has the merit of dire
tly studying a property of the X(3872) ratherthan making inferen
es based on what one does not see, as is the 
ase for null sear
hes of de
aymodes. 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 de
ay 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 de
aying into J= �0.Figure 1-1 shows a �+�� invariant mass distribution obtained by Belle. It is �tted withtwo theoreti
al 
urves, 
orresponding to two di�erent quantum states of the dipion. Based onthe results of su
h �ts one 
ould distinguish between these states and, therefore, help extra
tinformation about the X(3872) properties. We will dis
uss 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 in
lination for high dipion masses isobserved. The m�� spe
trum reported by BaBar [16℄ is shown in the top plot in Figure 1-2. Ithas the same drawba
ks | a small data sample and, therefore, large error bars. Be
ause of this,it is hard to draw any de�nite 
on
lusions about the dipion mass shape from this plot. One 
an9



not even judge if the dipion system favors high or low masses.
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Figure 1-1: A modi�ed version (sideband-subtra
ted and rebinned) of Belle's dipion invariant mass spe
trumfor the X(3872) [14℄. The solid line is a multipole expansion predi
tion [15℄ for a D-wave 
harmonium statede
aying 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= �+��de
ays at CDF. We use the large X(3872) sample available at CDF to obtain the X(3872) m��distribution with greater pre
ision, 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 se
ond andthird 
hapters are devoted to the des
ription of the CDF dete
tor and the data sample sele
tion.The a
tual measurement of the dipion invariant mass spe
trum m�� is des
ribed in Chapter 4.Chapter 5 dis
usses the systemati
 un
ertainties. After that, in Chapter 6, the m�� spe
trum is
ompared to di�erent theoreti
al models. The 
on
lusions 
ome last, in Chapter 7.
1.1 Established Fa
ts About the X(3872)The X(3872) was �rst announ
ed by the Belle Collaboration in August 2003. It was found in anex
lusive de
ay 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 ex
luding 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�� spe
trum from BaBar [16℄: a) for the X(3872) and b) for the  (2S).and set a quite tight limit on its de
ay width:�(X(3872)) < 2:3 MeV (at 
on�den
e level (CL) 90%): (1.2)Also, the relative bran
hing 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 dis
overy in proton-antiproton
ollisions and measured the X(3872) mass. The BaBar Collaboration [4℄ also found the X(3872)in B-meson de
ays and obtained its mass. All the four mass measurements are summarized inFigure 1-4.Belle has performed a few more sear
hes for di�erent X(3872) de
ay modes, mostly withnull results. One of the sear
hes, for the X(3872)! J= �+���0 [11℄, showed an enhan
ementin the yield whi
h was interpreted as J= !. The ! signal obtained by Belle is depi
ted inFigure 1-5 [11℄. The left plot displays the distribution of the \beam-
onstrained" mass Mb
,whi
h is 
al
ulated as a di�eren
e between the energy of the beam and the 3-momentum of there
onstru
ted B-meson in quadrature. The 
enter plot shows the distribution of �E, i.e. thedi�eren
e between the energy of the beam and the energy of the re
onstru
ted 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 expe
t for the J= ! hypothesis.The relative X(3872) width for this de
ay is found to be:�(X ! J= !)�(X ! J= �+��) = 0:8� 0:3(stat:)� 0:1(syst:): (1.3)11
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Figure 1-3: The J= �+�� mass distribution from Belle [1℄.The Belle result looks en
ouraging, but it has quite low statisti
s, and we will still reserve �naljudgment at this point.The other X(3872) de
ay modes sear
hed for by Belle fall into two 
ategories:1. Radiative de
ays: i.e. de
ays with emission of a photon [1, 11℄:�(X(3872)! �
1
)�(X(3872)! J= �+��) < 0:89 (at 90% CL) [1℄ (1.4)�(X(3872)! �
2
)�(X(3872)! J= �+��) < 1:1 (at 90% CL) [11℄ (1.5)�(X(3872)! J= 
)�(X(3872)! J= �+��) < 0:40 (at 90% CL) [11℄: (1.6)2. Double-
harm de
ays, i.e. de
ays into two D-mesons [7℄:Br(B+ ! X(3872)K+)� Br(X(3872)! D+D�) < 4� 10�5 (at 90% CL); (1.7)Br(B+ ! X(3872)K+)� Br(X(3872)! D0D0) < 6� 10�5 (at 90% CL); (1.8)Br(B+ ! X(3872)K+)� Br(X(3872)! D0D0�0) < 6� 10�5 (at 90% CL): (1.9)All of these results are negative. This means that the X(3872) de
ays to these �nal states withquite low bran
hing ratios, if at all1.1After this work was 
ompleted, Belle announ
ed a new result indi
ating that the X(3872) de
ays into12
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Figure 1-4: The X(3872) mass measurements from Referen
es [1, 2, 3, 4℄. The D0-D�0 and D+-D�� thresholdsare shown. The un
ertainty bands around the mass values are given too.The BaBar Collaboration performed a sear
h for X(3872)! J= � de
ay, whi
h 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� de
ay [8℄:�(X(3872)! e+e�)� Br(X(3872)! J= �+��) < 10 eV at 90% CL: (1.13)CLEO III 
on�rmed that this bran
hing 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 dis
ussion of the possible impli
ations 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 produ
tion 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 sear
hed for by Belle, BaBar, BES and CLEO III are notamong the preferred X(3872) de
ay 
hannels. Based on all the listed fa
ts we will make a few
on
lusions about the properties of the X(3872) in the subsequent se
tions, but �rst we reviewsome basi
 features of quantum numbers of parti
le states.1.2 Review of C- and P -parity, and IsospinBefore pro
eeding further, we remind the reader about the 
on
epts of C- and P -parity andisospin. An important 
hara
teristi
 of any quark state is the behavior of its wave-fun
tion under
ertain transformations. One very important transformation is the repla
ement of all parti
leswith their anti-parti
les, so-
alled C-
onjugation. Another one, 
alled P -transformation, is theswit
hing the signs of all 
oordinates. Many, but not all, quark states are eigenstates of thesetransformations. This means that for su
h states the wave-fun
tion �0 after the transformationis proportional to the wave-fun
tion � before the transformation: �0 = C� = �C � �, and�0 = P� = �P � �. These numbers, �C and �P , are 
alled the C-parity and P -parity of theparti
ular quark state and are usually referred to simply as C and P . Both these transformationshave a spe
ial property: being applied twi
e to the wave-fun
tion � they return it into theoriginal 
ondition. From mathemati
al point of view this means that C2� = � and P 2� = �.It immediately follows that C2 = P 2 = 1, i.e. that the parti
ular 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-fun
tion 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 ea
h 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 parti
les 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 pra
ti
e to talk about the JPC 
ombination for a parti
ular system, denoting it as,for example, 0++, 1�� et
. This 
ombination is referred to as a spin-parity of a parti
le.An important property of C and P parities is that they are 
onserved in strong and ele
tro-magneti
 intera
tions [18℄. This means that C and P parities of a parti
le may be determinedvia the C and P parities of its de
ay produ
ts, if the de
ay o

urs via strong or ele
tromagneti
intera
tions. We will use this property when dis
ussing possible C and P assignments for theX(3872). Though we do not know the nature of the X(3872) and, therefore, the exa
t me
ha-nism of its de
ay, we may assume that it de
ays via strong or ele
tromagneti
 intera
tion. Hadthe X(3872) been de
aying via the weak intera
tion into a �nal state 
ontaining 
 and �
 quarks,it should have 
ontained at least one b quark and, therefore, have a mass mu
h larger than whatis observed. We, therefore, assume that the X(3872) does not de
ay weakly and that both Cand P parities are 
onserved in its de
ays.Another important 
hara
teristi
 of any quark-antiquark state is its isospin, I. This is aquantum number whi
h is \almost" 
onserved in strong intera
tions and whi
h obeys the samealgebrai
 rules as the regular spin S. It is 
onvenient to 
hara
terize a quantum state by the
ombination of the isospin itself and its third proje
tion, 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 ele
tri
 
harges2, are 
alled isospin multiplets. TheI3-
omponent is stri
tly 
onserved in both strong and ele
tromagneti
 intera
tions. The isospinitself is not 
onserved in the ele
tromagneti
 intera
tions, as demonstrated in the following de
ay:�0jI = 1; I3 = 0i ! � 
jI = 0; I3 = 0i:Neither isospin nor its third 
omponent is 
onserved by the weak intera
tion, as exhibited in thede
ay: �j0; 0i ! p ��j1;�1i��12 ;�12� =r13 ��32 ; 12��r23 ��12 ;�12�:We said that the isospin is \almost" 
onserved in strong intera
tions meaning that its 
on-servation is a
tually an approximate law. This law holds with the same pre
ision with whi
hthe mass di�eren
e between u and d quarks is negligible 
ompared to the energy s
ale 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 exa
t this symmetry be
omes. 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 ele
tri
 
harge is related to I3 so that the members of the isospin multiplet with di�erent I3 have di�erentele
tri
 
harges. 15



d quarks is equal to 12 , with u-quark having positive isospin proje
tion I3 = +12 , and d-quark anegative one, I3 = �12 . The isospins of all the other quarks are zero. In parti
ular, the isospinof any 
harmonium state is zero. We will often refer to isospin 
onsiderations when dis
ussingpossible 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 fa
torize the total dipion wave-fun
tioninto spatial, spin and isospin 
omponents. The spin 
omponent is irrelevant, be
ause pions havezero spin. If we swap the pions, the spatial 
omponent of the total wave-fun
tion a
quires a fa
torof (�1)L. As for the isospin 
omponent, it behaves just like the normal spin and is symmetri
under swapping of the pions if I is even and antisymmetri
 if I is odd. This is easy to see,for example, from the Clebs
h-Gordan 
oeÆ
ients for addition of two states with spin one [19℄.Thus it obtains a fa
tor of (�1)I . Sin
e the total wave-fun
tion of two pions (bosons) must besymmetri
 under their swapping, the total obtained fa
tor 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 Eviden
e 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 eviden
e of itsde
ay into J= �+���0, interpreted as a de
ay into J= ! [11℄, leading to the impli
ation thatX(3872) should have positive C-parity, be
ause of negative C-parities of both J= and !. If thede
ay X(3872)! J= ! is 
on�rmed, the positive C-parity of the X(3872) will be established.The same impli
ation does not hold for P -parity, be
ause J= and ! after the de
ay may havean orbital angular momentum L with respe
t to ea
h other and then P -parity of the X(3872) isdetermined as PJ= � P! � (�1)L.The observation of the de
ay 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, sin
e the pions inthis system are identi
al and the total wave-fun
tion does not a
quire a (�1)L fa
tor under theirswapping. So that the de
ay 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℄.Negle
ting the I = 2 possibility for the X(3872), we see that the observation of the de
ayX(3872) ! J= �0�0 is only possible if the X(3872) has isospin I = 0 and I3 = 0. This statejI = 0; I3 = 0i is de
omposed 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 su
h 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 de
ays in16
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Figure 1-6: Belle's sear
h for: a)  (2S)! J= �0�0; b) X(3872)! J= �0�0 [11℄.
the 
omparative rate of 50% to the X(3872)! J= �+�� de
ays would sele
t negative C-parityfor the X(3872). If the X(3872)! J= �0�0 de
ay rate is negligible with respe
t to X(3872)!J= �+��, it would sele
t positive C-parity [20℄. Belle sear
hed 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 sear
h. The Mb
 in this plot stands for beam-
onstrained mass whi
h is des
ribed in Se
tion 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 suÆ
iently 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 de
ay 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 be
ause 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, sin
e 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 fa
t here: dipions in the mass range of interest with JPC = 1�� and isospin I = 1
ouple to a (virtual) �0-meson, be
ause the �0 has the same JPC and I. Even though the X(3872)is nominally too light to de
ay 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 preferen
eis seen in Belle's Figure 1-1, whi
h may a
tually mean that the X(3872) really de
ays via J= �0and has positive C-parity. In Chapter 6 we will apply this J= �0 hypothesis to our dipion massspe
trum. 17



1.4 Charmonium HypothesesThe fa
t that the X(3872) de
ays to J= �+�� suggests that it 
ontains 
 and �
 quarks, andthe most obvious and natural 
hoi
e would be to try to interpret the X(3872) as a so-far unseen
harmonium state.The 
�
 system is very similar to a regular hydrogen atom, or better yet to positronium3.Thus, to 
hara
terize 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 thespe
tros
opi
 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 is
alled S-state or S-wave. Sometimes it is 
onvenient to 
ombine the n2S+1LJ notation with thespin-parity JPC to give a fully expli
it 
hara
terization of a quantum state: n2S+1LJPC .The lightest 
harmonium state is 
alled �
. This is the S-state in whi
h 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 spe
tros
opi
 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 fa
t that the spins of both 
 and �
 quarks are parallel to ea
h other, so that the total spinS = 1, the total angular momentum J = 1 and the spe
tros
opi
 notation is 13S1. The JPC forthe J= is 1��. The next 
�
 state is 
alled the �
0. It is a P -wave, more exa
tly 13P0, with JPCbeing 0++. This is a part of a triplet | three parti
les with the same L and S, but di�erent J .The other two parti
les in the triplet are 
alled �
1(13P1++) and �
2(13P2++). Another parti
lewith the same L = 1, but di�erent S = 0 is 
alled h
, and has the spe
tros
opi
 notation 11P1and JPC = 1+�. These states, as well as a few of their higher radial and orbital ex
itations,are shown in Figure 1-7. The lowest line in this �gure gives the spe
tros
opi
 notations of thestates, and the lines above it display L, S and JPC for them. The arrows s
hemati
ally show thedire
tions 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 themindi
ate possible strong (denoted as hadrons) or ele
tromagneti
 (via real 
, radiative, or viavirtual 
�) de
ays of the 
harmonium states into lighter states. We dis
uss the upper part of thispi
ture later.Most of the low-lying states, su
h as �
(1S), J= (1S), �
0(1P ), �
1(1P ), �
2(1P ) and  (2S),have been dis
overed and their properties are well established. Some others, like �(2S) or h
(1P ),were seen, but were 
on�rmed only very re
ently. The �(2S) was �rst reported by the Crystal BallCollaboration over 20 years ago [23℄, but just a few years ago it was re-dis
overed 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 
onvin
ing. Only re
ently the Fermilab experiment E835observed a few �
 
 
andidates [27℄, and another re
ent 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" re
tangles whi
h symbolize their substantialwidths. The expe
ted (i.e. not forbidden by spin-parity 
onservation) de
ays of these statesinto DD are shown too. The rapid de
ays via this 
hannel (so-
alled open-
harm or double-
harm 
hannel) should make these 
harmonia states very broad and diÆ
ult to �nd, e.g. the3Positronium is a bound state of ele
tron and positron e+e�, dis
overed by Martin Deuts
h of MIT in 1951 [22℄.18
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Figure 1-7: The lower mass part of the 
harmonium spe
trum. The known states with masses below theDD threshold are shown with horizontal lines. The arrows denote the hadroni
 and ele
tromagneti
 transitionsbetween the states. The most of the states above the DD threshold are not observed. Four of them 
an be
andidates for the X(3872) | see text for a detailed dis
ussion. (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 ex
eptions,e.g. 1D2 and 3D2 states. The de
ay of these states into DD is forbidden be
ause 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. Sin
e J , C and P must be 
onserved in the de
ay, the states 1D2 and 3D2 
annotde
ay into DD and are, therefore, expe
ted to have small widths.The E705 Collaboration o�ered eviden
e for 13D2 at 3836 MeV=
2 [29℄ but this 
laim hasbeen disputed by the higher statisti
s result of the E672/E706 Collaborations [30℄, and by theBES Collaboration [31℄.As mentioned earlier, initially the X(3872) was expe
ted to be one of the so far unknownhigher-mass 
harmonium states. However, interpreting the X(3872) as su
h a 
onventional stateis problemati
. Let us go through all the 
�
 states whi
h 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 se
ond 
olumn of this table 
ontains the name of this 
�
 state, if the parti
le hasbeen observed. The mass of this parti
le, or its predi
ted value for yet unobserved parti
les, areshown in the third 
olumn. The fourth 
olumn gives the width for the known parti
les. Thenext two 
olumns are related to the possibility for a given parti
le to de
ay into J= �+��. The�fth 
olumn represents the JPC of the dipion system in this de
ay. We ignore the possibility ofD-wave dipions. Last 
omes the main obje
tions against interpreting X(3872) as this parti
ularstate.We need not 
onsider 1S, 1P and 2S states, be
ause they are unambiguously identi�edalready. The states 2D, 3P , 3D and higher are expe
ted to be too heavy to be asso
iated 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 de
ay ele
tromagneti
ally to e+e� via a virtual photon, whi
h hasthe same JPC = 1��, and would therefore have likely been dis
overed in e+e� 
ollisions already.Now we dis
uss the eight remaining states.11D2�+ StateAs was mentioned earlier, the state 11D2�+ 
annot de
ay to the open-
harm 
hannel DD, sothat it must de
ay through the weaker short-distan
e 
�
 annihilation pro
esses, radiative de
aysand 
losed-
avor hadroni
 transitions. All these de
ays lead to a predi
ted total width of about1 MeV [13℄, whi
h makes this state a plausible 
andidate for the X(3872). The 
loseness of thepredi
ted [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��) for
es thepions in the de
ay 11D2�+ ! J= �+�� to have a negative C-parity, i.e. odd L. As we saw inSe
tion 1.2, this leads to a ne
essity of having isospin I = 1 in the �nal state. The 
harmoniumin the initial state, though, has isospin I = 0. So that, the de
ay of 11D2�+, or any other
harmonium 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 su
h de
ayis possible, but should normally be highly suppressed. A quantitative example of an isospin-violation suppression 
omes from  (2S)! J= �0 de
ay. Its width is 0:3 keV, whi
h is 200 timessmaller than the width of a similar isospin 
onserving de
ay  (2S)! J= �0�0 [21℄. Therefore,the 11D2�+ should have a very small partial width to J= �+��. The isospin-
onserving de
ayto �
 �+�� should have a mu
h larger partial width [13, 32℄, but it has not yet been observed,though Belle is sear
hing for this mode. This fa
t makes the interpretation of the X(3872) as11D2�+ state questionable4.On the other hand, a large isospin violation 
ould be explained by the fa
t 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 de
ay into1�� dipions via the virtual 
oupling to this system.The 11D2�+ state 
an be produ
ed in the 

 fusion. The X(3872) was not seen in this
hannel by CLEO III [9℄, but they did not have enough sensitivity to ex
lude the X(3872). Thepredi
ted [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 be
ause all of them must de
ay into a 1��dipion. We will dis
uss this again in Se
tion 6.7.1. 20



1 2 3 4 5n 2s+1`JPC Known Mass, Width, �+�� Main obje
tions 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�� expe
t �
 �� � J= �� [32℄1 3D1��  (3770) 3770 [21℄ 25 [21℄ 0++1 3D2�� � 3830 [32℄ 0++ not seen de
ay to �
1 
 [1℄1 3D3�� � 3868 [32℄ 0++ not seen de
ay 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 expe
ted width to J= 
 [5℄2 3P2++ � 3966 [32℄ 1�� DD not suppressed ! broad [13℄not seen in 

 fusion [9℄3 1S0�+ 1�� mass expe
ted to be 
lose to 3S13 3S1��  (4040) 4040 [21℄ 52 [21℄ 0++Table 1.1: Summary of 
onventional 
harmonium states and the main obje
tions for assigning them to the X(3872).
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Equation 1.15.The eviden
e of the de
ay X(3872) ! J= ! (Equation 1.3) implies positive C-parity ofX(3872), and, therefore, is 
onsistent with 11D2�+ assignment.Overall we 
on
lude that 11D2�+ is a possible, though a bit problemati
, 
harmonium inter-pretation of the X(3872).13D2�� StateSimilar to 11D2�+, this state is expe
ted to have a narrow width about 1 MeV [13℄ due to absen
eof an open-
harm de
ay mode. One of the obje
tions for the interpretation of the X(3872) asthis state is that it should have a substantial radiative width to J= 
, mu
h larger than Belle'slimit from Equation 1.4. Though, this predi
tion may su�er from ina

urate estimation of theX(3872)! J= �+�� de
ay rate [13℄.The eviden
e of the de
ay X(3872) ! J= ! (Equation 1.3) also plays against the 13D2��interpretation of the X(3872) be
ause of the negative C-parity of this state. But overall we
onsider 13D2�� state as a plausible assignment for the X(3872).13D3�� StateThe state 13D3�� does have an open-
harm de
ay mode (DD), but due to the large (L=3)
entrifugal barrier5 it should have a small width, maybe a few MeV [13℄. Referen
e [32℄ arguesthat the open-
harm de
ay 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 predi
ted [32℄ mass of this state is
lose to 3872 MeV=
2.The problem with this assignment, is that the 13D3�� partial width to �
2 
 is expe
ted tobe of the same order or larger than to J= �+��, opposing Belle's results from Equation 1.5 [32℄.The eviden
e for X(3872)! J= ! de
ay 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 predi
tedwidth of this state to be about 1-2 MeV [13℄. This is 
onsistent with the observed width for theX(3872). But the predi
ted 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 de
ay into �
 
 and �
(2S) 
, and thepartial width to 21P1+� ! J= �+�� is predi
ted to be small [13℄, whi
h does not support theX(3872) assignment.The main obsta
le 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 de
ays 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 me
hani
s it remains almost the same, only the operator of the square of total angular momentumL̂2 gets repla
ed with its eigenvalue L(L+1). The DD system 
oming from the 13D3�� 
harmonium state musthave orbital angular momentum L = 3 (be
ause the intrinsi
 spins of both D and D are equal to zero). Thusthe 
entrifugal barrier for this system is large. For the de
ay of, for example, 13D1�� 
harmonium state the DDorbital momentum equals L = 1, the 
entrifugal barrier is small, the de
ay 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 expe
tation for the 21P1+� state. The �2 per degree of freedom for the 
omparison ofthe measured and the expe
ted 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 expe
tations for a 1+� hypothesis.The eviden
e for the X(3872) ! J= ! de
ay also does not support assigning 21P1+� stateto the X(3872) be
ause of C-parity.23P0++ StateThe 23P0++ state is allowed to de
ay into open 
harm 
hannels and has a predi
ted total widthan order of magnitude larger than 2:3 MeV [13℄, whi
h makes the X(3872) interpretation as23P0++ unlikely.Another point against su
h 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++ StateA

ording to Referen
e [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 predi
ted 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 short
omings of 23P1++ assignment in
lude a small partial width to J= �+�� anddominant de
ays to J= 
 and  (2S) 
, in 
ontradi
tion with Belle's result (Equation 1.6). Butdespite all these diÆ
ulties we 
onsider the 23P1++ state as a possible 
�
 
andidate for X(3872).23



The la
k of X(3872) being seen in 

 fusion is not a problem for this assignment. Two photonswith J = 1 
an produ
e a state with J = 0 or J = 2 but not with J = 1 be
ause the produ
tion
ross-se
tion in 

 fusion is normally proportional to the partial width of the de
ay into 

, andthe latter must vanish for mesons with J = 1 a

ording to Yang's theorem [37℄.23P2++ StateThe state 23P2++, just like the state 23P0++, is allowed to de
ay into open 
harm and should havea large width. Referen
e [13℄ predi
ts its total width to be an order of magnitude larger than2:3 MeV. These predi
tions 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), whi
h 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 respe
tively, 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 diÆ
ult 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℄, whi
h is mu
h largerthan the observed X(3872) width.SummaryIn 
on
lusion, we found four more or less reasonable 
�
 
andidates for the X(3872): 1D2�+,3D2�� , 3D3�� and 3P1++. The C-positive ones, 1D2�+ and 3P1++, de
ay into J= �+�� with the�+�� system having JPC = 1��. The other two de
ay into 0++ dipion. We will 
onsider thetheoreti
al 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 \mole
ule" madeof D0 and D�0 mesons. The weighted-average mass of the X(3872) from Referen
es [1, 2, 3, 4℄m(X) = 3871:9� 0:5 MeV=
2is equal, given the un
ertainties, 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 fa
t suggests that the X(3872) may be some kind of D0-D�0
ompound.The general possibility of meson-meson mole
ules within QCD is quite old. It started in thelate-sixties with the attempt to explain a low mass I = 1 enhan
ement in p�p! K �K� [38℄ by aK- �K bound state. Later, in the mid-seventies, the light s
alar mesons a(980) and f(980) were
onsidered as 
andidates for K- �K mole
ules [39℄. At the same time the 
on
ept of \mole
ular
harmonium" was proposed [40℄. This hypothesis was applied, for example, to the  (4040)state [41℄ to explain the anomalously high de
ay rate of DD� 
ompared to DD. Later thisphenomenon was explained without mole
ular hypothesis, and the 
onventional 
harmoniuminterpretation of  (4040) prevailed.The binding for
es in the DD� and BB� systems, des
ribed by the pion-ex
hange intera
tion,are investigated in Referen
es [42, 43℄. There is no attra
tive for
es in the DD and BB systems.It 
an be shown that the DD� mole
ule 
an only be loosely bound, if at all, while the BB� 
anbe bound more tightly [42℄.A very important feature of the mole
ular model is that the D0-D�0 system is not a pureisospin eigenstate and the isospin 
onservation does not forbid it to de
ay into 1�� dipion states.This de
ay pro
eeds via an intermediate �0-meson (whi
h also has JPC = 1��), just like for the
harmonium 
ase. Of 
ourse, the de
ays of su
h mole
ules into dipions with other JPC are alsopossible.If the mole
ular interpretation of the X(3872) is 
orre
t, one 
ould as well expe
t there to be
harged analogs of the X(3872). The sear
h for them performed by the BaBar Collaboration gavenegative results. This 
ould be explained by the fa
t that the binding by pion ex
hange for
es isexpe
ted to be three times stronger for isos
alar (I = 0) mole
ules, than for the mole
ules 
omingin isospin triplets (I = 1). Referen
e [42℄ argues that in the limit of 
omplete isospin symmetryonly isos
alar mole
ules 
an be bound. Referen
e [44℄ adds that this 
on
lusion should hold evenin the 
ase of broken isospin symmetry. The symmetry must be broken be
ause the bindingenergy of the DD� mole
ule (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�� mole
ules. This gives us a reason asto why the 
harged DD� mole
ules need not exist.It is hard to bind 
harm mesons with high orbital momentum, therefore the D and D� in theweakly-bound mole
ule are most likely to be in S-wave. The total angular momentum of DD�mole
ule is J = 1 and the P -parity is P = PD � PD� � (�1)L = (�1) � (�1) � (+1) = +1. EitherC-parity is possible [13℄. Referen
e [20℄ points out that C-positive D0D�0 mole
ules shouldpreferentially de
ay into D0D0�0, while C-negative ones { into D0D0
. Many other authorspredi
t the ratio of the width for the de
ays 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℄.Referen
e [42℄, 
onsidering pion-ex
hange intera
tions, suggests that not only S-wave, but alsoP -wave mole
ules 
an be bound. It 
onsiders models with 0�+ and 1++. The positive C-parityforbids the de
ay into J= plus S-wave dipion with JPC = 0++ and I = 0 (see Se
tion 1.4), so,Referen
e [42℄ 
on
ludes, su
h mole
ule should de
ay via a 1�� dipion with I = 1, i.e. via J= �.The preferred de
ay mode for this model, though, is D0D0�0. The total width of su
h mole
ule isestimated to be �50 keV, whi
h is also 
onsistent with the upper limit on the observed X(3872)width [1℄.An interesting mole
ular model is proposed in Referen
e [46℄. It assumes that the mesonsin the mole
ule are bound not only with pion-ex
hange for
es, but also with quark-gluon for
es.25
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ρJ/ψFigure 1-9: LEFT: The various 
omponents of the \mole
ular" wavefun
tion from the model of Referen
e [46℄.RIGHT: The relative 
ontributions of ea
h 
omponent versus the mole
ular binding energy.A
tually, in this model the X(3872) is not a simple D0D�0 mole
ule, but a 1++ state 
omposedof D0D�0 with a little mix of J= !, J= �, and D+D��. The wavefun
tion of this mixture isshown in the left part of Figure 1-9 [46℄. The relative 
ontributions of di�erent 
omponentsversus the binding energy are shown in the right part in this �gure. The mole
ule in this modelde
ays into both J= � and J= ! due to internal res
attering of mole
ular 
omponents. Themodel makes the predi
tion that the X(3872) bran
hing ratio to J= � and J= ! are of thesame order, and that the bran
hing ratios to DD and DD�0 are small. The bran
hing ratiointo J= 
 is expe
ted to be smaller than into J= �+��, whi
h is 
onsistent with Equation 1.6.The total width is predi
ted to be � 2 MeV=
2, whi
h is 
lose to the X(3872) width reported byBelle [1℄. Though the ! meson is kinemati
ally above threshold, it may manifest itself throughits width, similar to the �0. The tripion invariant mass should peak near the upper kinemati
boundary [47℄. The predi
tion of a signi�
ant J= ! de
ay rate in this model prompted Belle tosear
h for this mode, and indeed, they found the eviden
e for the X(3872)! J= �+���0 de
aywith a large rate [11℄.Referen
e [12℄ 
onsiders mixtures between mole
ules and 
�
. For su
h mixing to o

ur boththe mole
ule and the 
harmonium should have the same spin-parity. The most favored 
andidatesfor this model are 2�� and 1+�. Both of them have negative C-parity and may de
ay into as
alar 0++ or a tensor 2++ dipion. Unfortunately, Referen
e [12℄ does not provide predi
tions forthe shape of the dipion mass spe
trum.Diquark-Antidiquark ModelAll the exoti
 models 
onsidered so far worked with a \mole
ular" [
�q℄[�
q℄ state. This is aparti
ular 
ase of a more general s
enario, where all four quarks intera
t with ea
h other equally,without being paired. Referen
e [48℄ 
onsiders a di�erent \extreme" of a 4-quark system, theso-
alled diquark-antidiquark [
q℄[�
�q0℄ state with q; q0 = u; d. Di�erent quarks make di�erent Xparti
les, whi
h 
an be put in the same isospin multiplet with 
omponents:Xu = [
u℄[�
�u℄; Xd = [
d℄[�
 �d℄: (1.19)This model gives a ri
h X spe
trum (Figure 1-10) and a

ommodates the states X(3940) seen26
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Figure 1-10: The full spe
trum of \X" parti
les predi
ted by the diquark model of Referen
e [48℄.by Belle [49℄ and D�sJ(2632) 
laimed by the SELEX Collaboration [50℄. The model predi
ts two0++ states, two 1+�, one 1++ and one 2++. The 1++ state is proposed for the X(3872), be
auseit explains many of its properties. In parti
ular, the 1++ state is predi
ted to be narrow, justlike all the other low-lying diquark-antidiquark states. Its de
ay to DD is forbidden by parity
onservation. The de
ay into �
 + mesons is also forbidden. The de
ays 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�eren
e between them is predi
ted to beM(Xhigh)�M(Xlow) = (7� 2)= 
os(2�) MeV=
2: (1.20)This model 
onsiders the de
ays 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+ de
ays andanother one in B0 de
ays. The mass di�eren
e in Equation 1.20 
an be observed by separatelyre
onstru
ting B+ ! X(3872) K+ and B0 ! X(3872) KS de
ays. In CDF's in
lusive samplebothXu and Xd would be produ
ed equally. Our in
lusive J= �+�� mass histogram in Figure 3-1 shows no \double-hump" stru
ture 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 produ
tion of these states in B de
ays from BaBar [10℄ are not in 
ontradi
tionwith this model.1.6 Hybrid HypothesisThere are a number of other exoti
 models 
onsidered for the X(3872) | neither simple 
�
, norDD� mole
ules, even in
luding 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 valen
e gluon [13, 44, 51℄.Su
h states were proposed ba
k in 1978 [52℄. The question about the existen
e of these gluoni
ex
itations is one of the most important in the 
ontemporary hadron physi
s. The bona �dedis
overy of su
h a state would open an entirely new domain of QCD to explore [53℄. The maindrawba
ks for the hybrid interpretation of theX(3872) is that the expe
ted masses for the hybridsare higher than 3872 MeV=
2. The so-
alled 
ux tube model predi
ts 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, in
ompatible 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 be
ause they must have an exoti
, non-q�q, 
ontent. Referen
e [55℄ predi
tsthe masses of these states to be 4:7 GeV=
2, 4:3 GeV=
2, 4:9 GeV=
2, respe
tively. Other latti
eQCD predi
tions [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 dis
repan
y 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 intera
tions and for hybrid{
onventional 
onversions are related. This fa
ilitates thepredi
tion 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 eviden
e of X(3872)! J= � de
ay (Equation 1.10), whi
h puts restri
tions onthe hybrid hypothesis for the X(3872).There are no dire
t 
al
ulations for the radiative widths of 
harmonium hybrids, but similar
al
ulations 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 the
onventional 
harmonium: 1-100 keV. This is 
onsistent with the observed narrow width of theX(3872).Referen
e [51℄ predi
ts that a hybrid X(3872) should be seen in the photon fusion: 

 !X(3872) + �+��, though CLEO's sear
h gave negative results (Equation 1.15).1.7 Glueball{Charmonium MixtureReferen
e [61℄ suggests an interesting idea that the X(3872) 
ould be a glueball | a bound state
ontaining no quarks, but only gluons | with a small (about 3%) admixture of 
�
. A latti
eQCD 
al
ulation [62℄ predi
ts a 3-gluon ve
tor glueball with mass 3850� 50� 190 MeV=
2 and28



JPC = 1��. The pure glueball does not 
ouple to e+e�, whi
h 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 de
ay X(3872) ! J= �+��. The model predi
ts de
ays 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 de
ays of X(3872) to J= 
, J= � and to J= ! are forbidden be
ause 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 dynami
al e�e
t of the D andD� intera
tion. Cusps 
an appear in the 
ross-se
tion for any pro
ess at the threshold where
oupled 
hannels are open and where there is an e�e
tive attra
tion between the parti
les [65℄.The res
attering 
ross-se
tion is proportional to 1=k, where k is the momentum of the 
omponentsin their 
enter-of-mass referen
e frame. It 
ompetes with the available phase-spa
e and produ
esa peak in the res
attering amplitude, but not a true resonan
e.Referen
e [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, in
luding 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�e
t to be a

ommo-dated. A large isospin violation is an inherent part of the model, whi
h allows the de
ays intoJ= �. The favorite de
ay, though, is to D0D�0. The author suggests that the observation ofD-wave de
ays for X(3872) with JPC = 1++ would be a sign that this is a bound state and theirabsen
e would indi
ate 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� mole
ule, a hybrid meson or some other exoti
 obje
t. These hypotheses do not ex
ludeea
h other. The X(3872) 
an be some mixture of any of them [12, 14, 71℄. This would be themost 
ompli
ated s
enario, and, probably, even more diÆ
ult to identify.Our goal is to measure the distribution of the dipion invariant mass m�� in the de
ayX(3872) ! J= �+�� and 
ompare it to various theoreti
al hypotheses, with the intentionof shedding light on the X(3872) puzzle.
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Chapter 2The Experimental Apparatus
2.1 Tevatron Overview A parti
le Z, a parti
le Y ,Travel fast in 
on
rete tubeUnderground, ride mile after mile...Parti
le Song, \Army of Lovers".The Tevatron [72℄ is a large (2 km in diameter) parti
le 
ollider, lo
ated at Fermilab. It isdevised to a

elerate protons and 
ollide them with antiprotons at the 
enter-of-mass energyps = 1:96 TeV=
2. This is the highest parti
le 
ollision energy available in the 
ontemporaryworld. This fa
t makes Tevatron a unique resear
h instrument at the frontier of the modern highenergy physi
s.The Tevatron 
omplex is shown in Figure 2-1. The protons are produ
ed from gaseousnegatively ionized hydrogen in a Co
k
roft-Walton ele
trostati
 generator, where it is a

eleratedto a kineti
 energy of 750 keV. Then, the H� ions are fed into a linear a

elerator, the Lina
 [73℄,where they are a

elerated up to an energy of 400 MeV. The Lina
 
onsists of two parts: the drifttube Lina
, a

elerating the ions to 116 MeV, and the side-
oupled 
avity Lina
, whi
h pushestheir kineti
 energy up to 400 MeV. The bun
hes of protons in the Lina
 output are usuallyabout 40 ms long. This means that it takes 40 ms for the whole bun
h to go past a spe
i�
point. After the Lina
, the H� ions pass through a 
arbon foil, whi
h strips the ele
trons, andthe remaining protons are inje
ted into a syn
hrotron a

elerator 
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 inje
tor [75℄, in whi
hthe protons enter after leaving the Booster. The main inje
tor is a new part of the a

elerator,
ompleted in 1999 for Run II. It has four di�erent fun
tions:1. It in
reases the energy of the protons from 8 GeV to 150 GeV.2. It produ
es 120 GeV protons, whi
h are used for the antiproton produ
tion in the antiprotonsour
e.3. It re
eives antiprotons from the antiproton sour
e and a

elerates them to 150 GeV.4. It inje
ts protons and antiprotons into the Tevatron itself.31



Figure 2-1: The Fermilab's a

elerator 
hain.To produ
e antiprotons, the main inje
tor sends 120 GeV protons to the antiproton sour
e,where they hit a ni
kel target. These 
ollisions produ
e a lot of se
ondary parti
les in
ludingmany antiprotons. The antiprotons are fo
used, 
olle
ted and then stored in the a

umulatorring. To fo
us them a Lithium lens (a high-
urrent magnet) is used. Another magnet separatesthe antiprotons from the other parti
les using the mass-spe
trometer prin
iple. The antiprotonsour
e produ
es about 20 antiprotons for ea
h million protons on target. When a suÆ
ientnumber of antiprotons has been 
olle
ted, they are sent to the main inje
tor for a

eleration andinje
tion into the Tevatron.Another important part of the fa
ilities in the Tevatron 
omplex is an antiproton re
y
ler.Initially it was designed to store the antiprotons returning from a store in the Tevatron andto re-inje
t them after 
ooling, hen
e the name. But 
urrently the re
y
ler only re
eives theantiprotons from the a

umulator, fo
uses them even better, and stores them. It serves as anadditional storage ring.The Tevatron re
eives 150 GeV protons and antiprotons from the main inje
tor and a

eleratesthem to the energy 980 GeV. The protons and antiprotons 
ir
le the Tevatron in oppositedire
tions. During Run I there were 6 proton bun
hes and 6 antiproton bun
hes in the Tevatronring during normal operation. For Run II this number is 36 bun
hes of ea
h kind. The bun
hes
ross ea
h other every 396 ns. During the bun
h 
rossing, a few a
tual 
ollisions between theprotons and antiprotons may o

ur.The bun
hes 
ross ea
h other in two points in the ring. The point of proton-antiprotonintera
tion is 
alled primary vertex. They are surrounded by the dete
tors { CDF and D0 (seeFigure 2-1). The dete
tors are arranged in su
h a way that the primary verti
es are lo
ated nearthe geometri
al 
enters of the dete
tors. 32



Figure 2-2: Cutaway view of the CDF dete
tor.The next se
tion will be devoted to the des
ription of the CDF dete
tor. Similar des
ription
ould be found in Referen
es [76, 77℄.2.2 CDF Dete
tor2.2.1 General OverviewThe CDF dete
tor is a multi-purpose solenoidal dete
tor, whi
h in
ludes a pre
ision tra
kingsystem and �ne-grained muon dete
tion. These are the parts whi
h are the most important forthis analysis. The other parts of the dete
tor in
lude ele
tromagneti
 and hadroni
 
alorimeters,a Time-of-Flight system and a Cherenkov Luminosity Counter. They will be des
ribed in furtherse
tions.The dete
tor's 
utaway view is shown in Figure 2-2 and its elevation view in Figure 2-3. Theydepi
t the main parts of the dete
tor { the innermost sili
on system, surrounded by the 
entraldrift 
hamber, the Time-of-Flight system, the magneti
 solenoid, 
alorimeters and outermostmuon dete
tors.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, whi
h is regulated by a feedba
k loop monitoring an NMR probe. The magneti
 �eld
urves the parti
les' tra
ks, and the measured 
urvature allows us to obtain the tra
ks' momenta.It is important to know the magneti
 �eld pre
isely, be
ause the a

ura
y of the tra
k parametersdepends on it.It is 
onvenient to use Cartesian (x; y; z), 
ylindri
al (r; �; z) or polar (r; �; �) 
oordinates todes
ribe the dete
tor. The origin of the CDF 
oordinate system lies in the 
enter of the Central33



Figure 2-3: Elevation view of the CDF dete
tor.Outer Tra
ker. The z axis is dire
ted horizontally along the beamline, the positive dire
tion isto the east. The protons move in the positive dire
tion, the antiprotons in the negative one. Thex axis is also dire
ted horizontally, pointing towards the outside of the main ring, and the y axisis upwards. The � angle is 
al
ulated from the x axis in the x-y plane. It ranges from 0 to 2�.The azimuthal angle � measured with respe
t to the positive dire
tion of the z axis.The protons and antiprotons in the dete
tor travel along the z axis of the dete
tor's referen
eframe. It is often 
onvenient to des
ribe their motion in their own referen
e frame. To do soone should perform a Lorentz boost of the parti
les momenta and energy along the z axis. The� 
oordinate is not invariant under these boosts what makes it somewhat in
onvenient to use.The quantity y = 12 log E + PzE � Pz ;
alled rapidity, is invariant under su
h boosts. Here E is the energy of a parti
le and Pz is itsmomentum along the z axis. In the ultrarelativisti
 (massless) limit the energy E 
an be repla
edwith the momentum P of the parti
le, and the rapidity turns into the pseudorapidity� = 12 log P + PzP � Pz = � log tan �2 :This purely geometri
al quantity is used instead of y. The 
oordinates (r; �; �) are usually 
hosento des
ribe the dete
tor. The 
omponents of the dete
tor are usually partitioned in � and �. Inthe following se
tions we will use these 
oordinates.With this 
oordinate system it is often more 
onvenient to express the distan
e between twodi�erent dire
tions (e.g. two di�erent tra
ks) not in terms of an opening angle between them,but in terms of a quantity �R =p��2 +��2. Though, the shape of a surfa
e des
ribed by an34



equation �R = 
onst around some dire
tion is not really a 
ylindri
al 
one, it is still referredto as a 
one.2.2.2 Tra
king SystemsWhen 
harged parti
les pass through matter, they ionize the atoms and mole
ules of the mediumnearby their traje
tories. By dete
ting this ionization the tra
ks of the parti
les re
onstru
ted.This pro
ess is 
alled tra
king.The tra
king systems in the CDF dete
tor are lo
ated inside the homogeneous solenoidalmagneti
 �eld parallel to the z axis. The 
harged parti
les inside su
h a �eld move along heli
eswith axes parallel to the magneti
 �eld. For this reason the tra
ks at CDF are des
ribed by �veparameters: 
urvature C, the angle 
ot � in the r-z plane, the 
oordinates of the point of the
losest approa
h of the tra
k to the primary vertex �0 and z0, and the distan
e from this pointto the primary vertex d0, 
alled impa
t parameter.The 
urvature and the impa
t 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 parti
le, (x
; y
) is the 
enter of the proje
tion of the helix onto ther-� plane, and R is the radius of the helix.The momentum 
omponents of the tra
k are expressed in terms of the �ve tra
k parametersas follows: pt = 
onst � B2jCjpx = pt � sin�0py = pt � 
os�0pz = pt � 
ot �The parti
le's produ
tion point 
annot be determined from only these 5 parameters, be
ausethe de�ned helix extends to in�nity in both dire
tions. We only 
an say that the parti
lewas 
reated somewhere on the helix. To determine the pla
e of the parti
le produ
tion morepre
isely we need to �nd another parti
le whi
h, presumably, originated from the same spa
epoint. Generally more than two parti
les 
ome from the same pla
e. The point of interse
tionin spa
e of the parti
les' tra
ks gives us the vertex for all of them. The pro
ess of �nding thispoint is 
alled vertexing. The determination of the vertex 
oordinates with good pre
ision is veryimportant for this analysis.The tra
king system in CDF dete
tor 
onsists of two main parts: the Sili
on VerteX dete
tor(SVX) and Central Outer Tra
ker (COT). There are two additional parts: the IntermediateSili
on Layer (ISL) and Layer 00 (L00). Figure 2-4 gives the s
hemati
 view of the CDF tra
kingvolume. The 
alorimeters are also shown in this pi
ture.Below is a short des
ription of all of the tra
king systems.Sili
on Vertex Dete
torThe Sili
on VerteX dete
tor (SVX) is the innermost part of the CDF dete
tor serving for a pre
isedetermination of the position of the se
ondary verti
es. SVX 
onsists of 720 sili
on mi
rostripdete
tors, also 
alled wafers. The mi
rostrip dete
tors are assembled in so-
alled ladders, 4 wafers35
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hemati
 view of the CDF tra
king system.in ea
h ladder. Twelve ladders in � 
omprise a layer. Five layers of radii from 2:5 
m to an outerradius of 10:7 
m make a barrel. SVX 
onsists of 3 su
h barrels, ea
h is 29 
m long, oriented
oaxially. The ladders in the barrels are mounted on beryllium bulkheads, together with thewater 
hannels ne
essary to 
ool the readout ele
troni
s. The side view of a bulkhead is shownin Figure 2-5, and the des
ription of di�erent parts of the pi
ture is given in Table 2.1.The sili
on mi
rostrip dete
tor 
onsists of strips of strongly p-doped sili
on (p+) whi
h areimplanted on a lightly n-doped sili
on (n�) substrate of about 300 �m thi
k. The opposite sideof the substrate is 
overed with the strips of strongly n-doped sili
on (n+). The n+ strips areoriented at some angle with respe
t to the p+ strips. A positive voltage, applied to the n+ side,takes away the free ele
trons from the n� volume and 
reates an ele
tri
 �eld in it. A 
hargedparti
le traversing the n� volume 
reates the ele
tron-hole pairs along its tra
k. The holes drifttoward the p+ strips and produ
e a signal. The ele
trons drift toward the n+, also produ
ing asignal. The position of the hit on p+ side gives us an r-� 
oordinate of the hit, while the n� sideis used to measure the stereo 
oordinate.Usually, the signal is found on several strips rather than just one. In this 
ase the exa
tposition of the hit is 
al
ulated as an average position of all the hit strips, weighted by theamount of 
harge on them. The pre
ision a
hieved in CDF with this method is 12 �m.The SVX layers are numbered from 0 (innermost) to 4. In the layers 0, 1 and 3 the n+ stripesare oriented at 90Æ angle with respe
t to the axis of the dete
tor (stereo angle), and in the layers2 and 4 the stripes are oriented at the stereo angle 1:2Æ (Table 2.2). Perspe
tive views of �-sideand z-side of a Layer 0 ladders are shown in Figure 2-6.The SVX barrels are pla
ed as 
oaxially, as possible. The remaining alignment shifts aretaken into a

ount when we assemble hits into a tra
k. It is more important that the axis of36



Figure 2-5: The side view of the SVX system.
# Des
ription Radius, 
m1 Beam pipe outer radius 1.67002 Beam pipe 
ange outer radius 1.85423 Inner s
reen inner radius 2.05004 Bulkhead inner radius 2.100015 Bulkhead outer radius 12.900016 Outer s
reen inner radius 12.900017 Outer s
reen 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 des
ription of di�erent parts of Figure 2-5.37



Figure 2-6: Side perspe
tive 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 a
tive, mm Strip Pit
h, �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 me
hani
al parameters.the SVX would 
oin
ide with the beam axis, rather than with the axis of the dete
tor. TheSVT trigger relies on the impa
t parameter of the tra
k, d0, measured by SVX, and it must bemeasured with respe
t to the beamline. It turns out to be more 
onvenient to store the lo
ationsof the primary verti
es throughout the run, then �t all these lo
ations with a straight line anduse this �tted beamline rather than the primary verti
es in the physi
s analyses. A
tually, due tomisalignment the beamline in the CDF dete
tor is a few millimeters away from the geometri
al
entral line of the dete
tor. This shift is taken into a

ount in the SVT trigger and in the tra
kre
onstru
tion.Intermediate Sili
on Layer and Layer 00The Intermediate Sili
on Layer (ISL) and Layer 00 (L00) were introdu
ed in Run II. Togetherwith the SVX they 
omprise the CDF sili
on tra
king system, shown in Figure 2-7 [77℄. The ISLand L00 were integrated into the dete
tor system relatively late and the latter did not be
omefully operational for the data in this thesis.The L00 is a sili
on dete
tor inside the SVX. It 
onsists of 6 narrow and 6 wide groups of themi
rostrip dete
tors, 
alled \wedges". Six of them are pla
ed 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 sili
on than the SVX. They aremounted on a 
arbon-�ber support stru
ture, whi
h also provides 
ooling. L00 helps to over
omethe multiple s
attering e�e
ts for tra
ks 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 sili
on pla
ed outside of SVX. The region 0 < j�j < 1 is
overed 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 sili
on mi
rostrip dete
tors,similar to that of SVX, with 55 �m strip pit
h on the axial side and 73 �m strip pit
h on thestereo side with a 1:2Æ stereo angle. Only every other strip is readout, whi
h makes the singlehit resolution about 16 �m on the axial side and 23 �m on the stereo side. ISL improves thetra
king in the 
entral region and allows (together with SVX) for the sili
on standalone tra
kingin the region 1 < j�j < 2. The s
hemati
 view of the ISL system is represented in Figure 2-8.Central Outer Tra
kerThe Central Outer Tra
ker (COT) is a 
ylindri
al 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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hemati
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Figure 2-9: A quarter of the COT sense wires.and Ethane plus tra
e amounts of al
ohol. The information about the parti
le tra
ks is obtainedfrom the wires. The wires are subdivided into two 
lasses: sense wires, whi
h are a
tually used to
olle
t the information about the parti
le tra
ks, and the potential wires, 
on�guring the ele
tri
�eld in the COT. When a parti
le passes through the gas, it ex
ites and ionizes gas mole
ules.Under the in
uen
e of the ele
tri
 �eld the released ele
trons start drifting towards the sensewires. In 
lose vi
inity of the wire the 1=r ele
tri
 �eld a

elerates the ele
trons, 
ausing themto produ
e more ele
trons when hitting the gas mole
ules. These se
ondary ele
trons form an\avalan
he", whi
h is registered by the sense wire. The time di�eren
e between the original p�p
ollision and the o

urren
e of the hit gives us r-� position of the tra
k with respe
t to the sensewire.The ele
trons in the COT do not drift along the ele
tri
 �eld dire
tion be
ause of the presen
eof the magneti
 �eld. In su
h 
rossed �elds, a 
harged parti
le, initially at rest, moves at anangle � with respe
t to the ele
tri
 �eld lines. At COT this angle is � = 35Æ [78℄.The sense wires are subdivided into 96 layers, whi
h are organized into 8 superlayers, 
on-taining 12 wire layers ea
h. 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 dete
tor. They are 
alled axial superlayersand give us the information about r-� position of the tra
k. The hits in them are 
alled axialhits. The other four superlayers are tilted with respe
t to the axis of the dete
tor 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 dire
tion perpendi
ular to the wire, whi
h ensures thebest resolution. The sense wire planes are separated by gold-plated Mylar 
athode �eld sheets.41



Two su
h 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 pre
ision with whi
h the COT determines the transverse momenta of the tra
ks,i.e. the raw momentum resolution, is given by:�(pt)pt = 0:7� 0:1 ptGeV=
%Tra
k re
onstru
tionTwo di�erent algorithms are used to re
onstru
t the tra
ks from the hits in the COT { segmentlinking and histogram linking. The �rst one looks for 3-hit seeds in ea
h axial superlayer. Thehits are �t with a straight line and all the other hits within a given distan
e from this line areadded to the segment. The segments are linked to ea
h other by a simple 
ir
le �t. After ther-� proje
tion of the tra
k 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 ea
h new hit we determiningthe radius of a potential tra
k 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 tra
k helix.The hits from the SVX are added to the tra
ks, found in COT by using the so-
alled \Outside-In" pro
edure [79℄. The COT tra
k is extrapolated inside the SVX and all the sili
on r-� hitsfound within the 
one of a given size around the tra
k are progressively added to the tra
k. Everytime a new hit is found, the 
ovarian
e matrix of the tra
k is updated. After all the r-� sili
onlayers are taken into a

ount, the z information from the sili
on stereo layers is added.If there is more than one tra
k 
andidate found, with di�erent 
ombinations of SVX hitsatta
hed to the same set of COT hits, then the tra
k 
andidate with the largest number of SVXlayers is 
hosen.Be
ause the energy losses are not a

ounted for in the tra
king algorithms we have to re-�tthe re
onstru
ted tra
ks during the analysis with the parti
le hypothesis of interest. The re-�tpro
edure is des
ribed in Se
tion 3.1. During the re-�t we drop the hits found by L00, be
ausethis system has not been fully 
alibrated yet.2.2.3 Muon SystemsMuons do not intera
t hadroni
ally so that they do not have to loose their energy intera
ting withnu
lei. Muons are about 200 times heavier than ele
trons and their bremsstrahlung radiation istherefore about 40000 times smaller. Thus, muons 
an travel inside material further than anyother 
harged parti
le and the muon 
hambers 
an be pla
ed in the outermost lo
ation of thedete
tor.There are four systems of s
intillators and proportional 
hambers used in CDF for muondete
tion: the Central MUon dete
tor (CMU), the Central Muon uPgrade (CMP), the CentralMuon eXtension (CMX) and the Intermediate MUon dete
tor (IMU). They 
over the regionj�j < 2:0. The muon 
hambers in the CMP and CMX are pla
ed together with s
intillators, whi
hare used to suppress the ba
kgrounds 
oming from the intera
tions in the beampipe material.The s
intillator systems are 
alled CSP and CSX, 
orrespondingly. The te
hni
al spe
i�
ationsof all these systems are given in Table 2.3. The pion intera
tion lengths and multiple s
atteringare quoted for a referen
e 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 dete
tors 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-se
tion 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 1728S
int. 
ounter thi
kness 2:5 
m 1:5 
m 2:5 
mS
int. 
ounter width 30 
m 30� 40 
m 17
mS
int. 
ounter length 320 
m 180 
m 180
m# of 
ounters 269 324 864Pion intera
tion 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 s
at. resolution 12 
m=pt 15 
m=pt 13 
m=pt 13-25 
m=ptTable 2.3: The te
hni
al spe
i�
ations of the CDF muon systems.Muons are dete
ted in the muon 
hambers by leaving small tra
k segments, 
alled muonstubs. Not all the stubs a
tually 
ome from muons, some may be due to hadroni
 pun
h-throughs(hadrons getting beyond the hadroni
 
alorimeter) or be
ause of the ele
troni
s' noise. The stubsfound are mat
hed to the tra
ks previously found in COT. To do so for ea
h stub we extrapolateall the tra
ks with pt > 1:3 GeV=
 to the radial position of the stub. If the distan
e betweenthe tra
k and the stub in the CMU or CMP is smaller than 30 
m (50 
m for CMX), this tra
kis added to the 
andidate list for the stub. Then, the stub-tra
k pair with the smallest relativedistan
e is 
hosen as a muon 
andidate, and this tra
k is removed from the 
andidate lists forall other stubs. The pro
edure is repeated while the stub-tra
k pairs are available.The shielding, provided by the parts of the dete
tor on the way of the muons, plays bothpositive and negative roles. The positive e�e
t is that it gives us \
lean" muons, removing allthe other parti
les 
oming from the primary vertex. Among the negative e�e
ts is the fa
t thatit does not allow muons below 
ertain pt threshold to rea
h the muon 
hambers. But this not abig problem, be
ause the interesting muons, i.e. the muons whi
h we are triggering upon, shouldhave a large pt anyway. Another negative issue is the multiple Coulomb s
attering whi
h mayrandomly de
e
t the muons from their initial traje
tory. It 
ompli
ates a little the pro
edure ofstub-tra
k mat
hing, but the roughly gaussian and narrow mismat
h 
an be taken into a

ount,as des
ribed in Se
tion 2.2.6.Below, ea
h of the muon systems des
ribed in more detail.CMUThe Central MUon (CMU) dete
tor is pla
ed at the radius 347 
m around the hadron 
alorimeter.Only muons with pt greater than about 1:4 GeV=
 
an rea
h it. The CMU is divided into 24 �wedges 
overing 15Æ ea
h. The working part of the wedge 
overs only 12:6Æ, so that the CMUhas 24 gaps, 2:4Æ ea
h. 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. Ea
h of them has 16 re
tangulardrift 
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 whi
h side of the sense wires a tra
k is, by looking atwhi
h 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.Referen
e [80℄ has a more detailed des
ription of the CMU system.CMPThe Central Muon uPgrade (CMP) also 
overs the 
entral region of the dete
tor. It is shieldedby an additional steel absorber to redu
e hadroni
 pun
h-through 
ontamination whi
h the CMUsu�ers from. The path of the muons is e�e
tively in
reased by this absorber to 7.8 intera
tionlengths. Only muons with pt above 2.2 GeV=
 
an get to CMP.The CMP approximately has a shape of a re
tangular box with the walls of equal lengths inz. The r-� view of the CMP system is shown in Figure 2-13. Due to su
h 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 sele
tion in the 
entral regionof the dete
tor. 45
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Figure 2-12: The sta
k of 4 
ells in the CMU system.

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



The CMP 
hambers are mounted dire
tly 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 dete
tor go outside. The drift tubes are organized into four layers with ea
h layerbeing shifted by a half-size of the tube with respe
t to the neighboring layers.The CMP is des
ribed more 
ompletely in Referen
e [81℄.CMXThe Central Muon eXtension (CMX) 
onsists of the wedges, forming a 
oni
al shapes on bothends of the dete
tor. Ea
h 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 dete
tor 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 s
intillation 
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 spa
e for the liquidhelium lines and the se
ond gap was due to interse
tion of the 
oni
al se
tion 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. Ea
h wedge in the CMX has 48 tubes arranged in 8 layers, ea
h 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 pla
ed at a slight stereoangle, whi
h allows for the measurement of the z 
oordinate.More information on the CMX 
an be found in Referen
e [81℄.IMUThe Intermediate MUon system (IMU) 
overs the region 1:0 < j�j < 2:0 with �ne granularity. Itwas introdu
ed to 
omplement ISL in the re
onstru
tion of the tra
ks with j�j > 1:0.The IMU's drift 
hambers and 
ounters are pla
ed around the steel toroids on the both endsof the CDF. There are additional 
ounters between the toroids. The detailed se
tion 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 s
intillators are represented by the outer 
ir
le around the toroids.The CMX lower 90Æ se
tion is also shown. The 
hambers and 
ounters used in the IMU are thesame as those in CMX and CMP, and the ele
troni
s is the same too. Referen
e [82℄ providesfurther information on the IMU.The dimuon trigger was not available for this system at the time when the data for this thesiswas 
olle
ted. For this reason, the IMU is not used in our analysis.2.2.4 Other SystemsThe other systems in the CDF dete
tor in
lude 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 des
ription. 47



Figure 2-14: The side view of the CDF showing the CMX 
overage. The dark blo
ks 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 se
tion of the IMU Barrel.

Figure 2-18: The elevation view of the IMU Barrel (thi
k dark line). The MiniSkirt part of the CMX systemis shown too.
50
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Figure 2-19: The Time-of-Flight performan
e.Time-of-FlightThe Time-of-Flight (TOF) system surrounds the COT. It serves to determine the masses m ofparti
les, and thus identify it, with the formula:m = P
�
 = P�
p1� �2 = P
r 1�2 � 1 = P
r(
t)2L2 � 1;where t is the time passed from the 
ollision moment, L is the path length and P is the momentumof the parti
le.The TOF system is lo
ated between the COT and the solenoid magnet, at a radius of 138 
m.It 
onsists of 216 s
intillator bars 4 
m � 4 
m � 279 
m. These bars 
over the region j�j < 1.When a parti
le passes through a bar, the photons from ionized mole
ules travel to both endsof the bar, where they are dete
ted by �ne-mesh photomultiplier tubes. The travel time of thephotons determines the position at whi
h the parti
le 
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 parti
les of di�erent mass (separation power)is illustrated in Figure 2-19. The time di�eren
e between kaons, pions and protons over pathof 140 
m as a fun
tion of momentum, expressed in terms of pi
ose
onds (left s
ale) and theseparation power � (right s
ale) 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.Referen
e [83℄ gives a more detailed dis
ussion of the TOF system.CalorimetryThe Time-of-Flight system is surrounded by an ele
tromagneti
 
alorimeter, whi
h, in turn, issurrounded by a thi
ker hadron 
alorimeter. Geometri
ally the 
alorimeters are divided into51



Figure 2-20: The 
ross-se
tion of upper part of the end plug 
alorimeter.
entral, wall and plug parts. They are 
alled, 
orrespondingly: the Central Ele
troMagneti
(CEM), the Central HAdron (CHA), the Wall HAdron (WHA), the Plug Ele
troMagneti
 (PEM)and Plug HAdron (PHA) 
alorimeters.All the 
alorimeters in CDF are sampling 
alorimeters, whi
h means that they 
onsist ofalternating layers of absorber and s
intillator. The absorber is ne
essary to make the passingparti
le 
reate a shower, while the s
intillator 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 s
hemati
 view of the plug 
alorimeters isshown in Figure 2-4 and the 
ross-se
tion in Figure 2-20.Both the CEM and PEM have ele
tromagneti
 strips 
alled CES and PES, respe
tively. Theseare gas proportional 
hambers with the wires inside being perpendi
ular to the strips outside.This 
on�guration allows us to measure both � and z 
oordinates of the parti
le shower. The52



Calorimeter Thi
kness Number of layers: thi
kness Resolution (E in GeV)CEM 19 X0 20-30 lead:3 mm, s
intillator:5 mm 2%� 13:5%=pE � sin �PEM 21 X0 22 lead:4.5 mm, s
intillator:4 mm 0:7%� 14:4%=pE � sin �+ preshower s
int. layer 10 mmCHA/WHA 4.7/4.5�0 32/15 iron:25/50 mm, s
intillator:10 mm 3%� 75%=pE � sin �PHA 7 �0 23 iron:51 mm, s
intillator:6 mm 5%� 80%=pE � sin �Table 2.4: The basi
 properties of the 
alorimeters at CDFspatial resolution is about 2 mm in both dire
tions for the CES and about 1 mm for the PES.The CES and PES are lo
ated inside the 
alorimeters, to give us the transverse shower pro�lemeasurement at the pla
e 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 mat
hed to COT tra
ks. Thisway ele
trons 
an be distinguished from photons and neutral pions.The CEM is pre
eded by a Central PReshower (CPR) multiwire proportional 
hamber. Itwas introdu
ed be
ause of the delayed initiation of 
-showers. The PEM has no su
h 
hamber,only its �rst s
intillator layer, 
alled PPR, is mu
h thi
ker than the others, and has an individualread out.The hadron 
alorimeters are lo
ated after the ele
tromagneti
 
alorimeters. They use iron asthe absorber whi
h makes the in
ident hadrons 
reate showers. The hadron and ele
tromagneti

alorimeters are similar, di�ering from ea
h mainly by the depths. The basi
 properties of the
alorimeters are given in the Table 2.4.More information about 
alorimetry in CDF 
an be found in Referen
es [82℄ and [84℄.Luminosity CountersThe Cherenkov Luminosity Counter (CLC) serves to determine the instantaneous luminosity Lof the Tevatron at the CDF intera
tion point by the formula:L = � � fb
�p�p ;where � is the average number of intera
tions per bun
h 
rossing, fb
 is the rate of the bun
h
rossings at the Tevatron and �p�p is the total p�p 
ross-se
tion at ps = 1:96 TeV, s
aled [85℄ tothis energy from the results of the previous measurements [86℄.A

ording to Poisson statisti
s, the probability to have an empty bun
h 
rossing, i.e. a bun
h
rossing with no p�p 
ollisions, is P = e��. The CLC a
tually measures the number of su
hempty bun
h 
rossings. This measurement is based on the well-known Cherenkov e�e
t: a
harged parti
le traveling in some media with a speed higher than the speed of light in thismedia radiates light in a narrow 
one around its dire
tion. If the total amount of the 
olle
tedlight is below a threshold, the CLC 
ounts it as an empty 
rossing. The measured fra
tion ofthese 
rossings, 
orre
ted for the CLC a

eptan
e, is used to 
al
ulate �.The Cherenkov 
ounters are lo
ated in the gaps of the Plug Calorimeter, between the PlugCalorimeter and the beamline. They are dire
ted towards the intera
tion point, so that theparti
les 
oming from this point would generate the largest amount of light into the 
ounters. Thetime resolution of the CLC system is about 50 ps, whi
h makes it possible to distinguish betweenparti
les 
oming from di�erent intera
tions. The pre
ision of the luminosity measurement at53
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Figure 2-21: The trigger and DAQ system fun
tional blo
k diagram.CDF is about 5%.More details about the CLC may be found in Referen
e [87℄.2.2.5 General TriggeringThe proton and antiproton bun
hes 
ross in the Tevatron every 396 ns at CDF. At the 
urrentluminosity of about 1031 
m�2s�1 we have approximately one p-�p intera
tion per bun
h 
rossing.This means that 2.5 million events are produ
ed at CDF every se
ond. Re
ording all of theseevents would require an enormous data throughput of 250 GBytes/se
 (assuming an average sizeof an event of 100 KB). It is not only not possible to a
hieve this rate with existing te
hnology,but it is also not desirable to do so. Even if we managed to re
ord all these data, it would takea very long time to analyze it afterwards. To make the data throughput and the size of thedata samples reasonable, we have to somehow sele
t and write to tape only the most interestingevents, letting all the others go unre
orded. To de
ide whi
h events are the most interesting, welook for the spe
i�
 signatures, su
h as high-pt tra
ks, leptons, jets et
. To do so on-the-
y, aspe
ial trigger system was built. Ideally this system has no deadtime, whi
h means that there isno situation when an event 
an not be re
orded be
ause the previous one is still being pro
essed.This is a
hieved by having three trigger levels (Level-1, Level-2 and Level-3), 
onne
ted withbu�ered pipelines. The blo
k s
heme of the data a
quisition (DAQ) and trigger system at CDFis shown in Figure 2-21.The Level-1 trigger has only 5:5 �s to make a de
ision about ea
h event. On average, ita

epts only one event out of 250, bringing the event rate down to about 10 KHz. The a

eptedevents go further to Level-2. Level-2 has a little bit more time to de
ide, about 20 { 30 �s perevent. If Level-2 a

epts the event, the whole dete
tor is read out, and the event goes further,to the Event Builder and Level-3. The event rate at this point is about 200 { 300 Hz. In the54



Event Builder the data fragments from the di�erent parts of the dete
tor are 
olle
ted into asingle event re
ord, whi
h is submitted to the Level-3. At Level-3, the event is re
onstru
tedand, again, is 
onsidered for possible reje
tion. Level-3 a

epts about one event out of 4. Thea

epted events are transmitted to the mass storage devi
es at a rate of approximately 75 Hzand get written on a tape.Below all three levels of the CDF trigger dis
ussed in more detail. Even more information
an be found in Referen
es [82℄ and [88℄.Level-1As was mentioned earlier, Level-1 trigger has only 5:5 �s to a

ept or reje
t an event. Therefore,it 
an not do the detailed re
onstru
tion of COT tra
ks and muon stubs or obtain the details ofshowers in the 
alorimeters. Instead, it uses some very 
rudely re
onstru
ted versions, whi
h are
alled primitives. For example, for the muon stubs we only know whi
h muon 
hamber has thestub, the stub position and slope are not measured. The muon or 
alorimeter primitives, being
ombined with the tra
k primitives give us ele
trons, muons and jets, whi
h we 
an trigger upon.The full list of trigger algorithms 
an be found in Referen
e [89℄. The most important triggerfor this analysis is so-
alled dimuon trigger based on dete
ting two muons in the event. It willbe des
ribed later, in Se
tion 2.2.6.XFT and XTRPThe eXtremely Fast Tra
ker (XFT) uses information from only 4 axial superlayers of the COT toidentify high-pt tra
k primitives in the r-� plane. To do so the hits from the COT are separatedinto two 
lasses, a

ording 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 tra
ks 
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 whi
h look like they 
ame from the same tra
k are linked together into thetra
k primitive. Of 
ourse, the parameters of the tra
k primitive are estimated very 
rudely,given the short time whi
h XFT has for this. The information about the found tra
k primitivesis given to the eXTRaPolator unit (XTRP) and to Level-2.The XTRP mat
hes the tra
k primitives from XFT with the muon and 
alorimeter primitives.A detailed des
ription of this mat
hing utilized in dimuon trigger is given in Se
tion 2.2.6. XTRPalso uses a prede�ned set of patterns to speed up the mat
hing.The detailed information about XFT and XTRP logi
 is available in Referen
es [90℄ and [91℄.Level-2The events a

epted by Level-1 go to Level-2 for the further pro
essing. 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 tra
k primitives inside the SVX and to determine the tra
ks impa
t parameter, d0. Sometriggers look for tra
ks with high d0, i.e. for the events with displa
ed vertex. This 
apabilitywas introdu
ed in Run II.If the event is a

epted, the primitives, 
onstru
ted at Level-2 are submitted further, to theEvent Builder and Level-3. 55
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Figure 2-22: The CDF trigger-system blo
k diagram.Event Builder and Level-3In the Event Builder system the event fragments from the di�erent parts of the dete
tor areput together and go further as one whole pie
e. This is done with the aid of an Asyn
hronousTransfer Mode (ATM) network swit
h, whi
h takes the event fragments from the Level-2 VME
rates, puts them in the proper pla
es and then feeds them to the Level-3 (see Figure 2-23).The Level-3 
onsists of 292 
omputers. They are subdivided into 16 groups (subfarms) of16-18 
omputers in ea
h. One 
omputer in ea
h subfarm serves as a 
onverter node, a

eptingthe data from the Event Builder and dire
ting it to one of the other 
omputers in the subfarm(pro
essor node) for the analysis. The a

epted events go to the output nodes and then furtherto the mass storage devi
e. Ea
h output node is shared by two subfarms.The pro
essor nodes transform the event fragments into a united event re
ord, whi
h hasall the information about the event from all the parts of the dete
tor. The Level-1 and Level-2have to deal with 
rudely re
onstru
ted primitives be
ause of the la
k of time. The Level-3 hasenough time to fully re
onstru
t tra
ks, muons, ele
trons, jets, et
and to apply the �nal triggerrequirements to them. The parallel data handling of Level-3 allows for this time to make thede
ision about ea
h event.More information about the Event Builder and Level-3 is available in Referen
e [92℄.2.2.6 Dimuon TriggerThe dimuon trigger at CDF looks for events with two muons. One of the muons should befrom the CMU, another 
an be either from CMU or from the CMX. Let us �rst 
onsider the
ase when the se
ond muon also 
omes from the CMU. For this s
enario the trigger is 
alled56
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Figure 2-23: The blo
k s
heme of the Event Builder and Level-3 system.\L1 TWO CMU PT1.5", be
ause only muons with pt > 1:5 GeV=
 
an get to the CMU.The muon 
hambers in the CMU are organized in sta
ks of four. Ea
h end of the dete
torhas 288 su
h sta
ks. The sta
k may have a stub | a tra
k segment in whi
h the hits in the 
ells1 & 3 or 
ells 2 & 4 are separated in time by no more than 396 ns. The adja
ent sta
ks arelogi
ally assembled into pairs, 
alled towers. If at least one sta
k in the tower has a stub, thetower has �red. Otherwise, the tower is empty.The information from muon 
hambers is linked to the tra
king information as follows. First,the XFT reports the 
harge, pt and � (measured at the 6th COT superlayer) of the tra
ks tothe XTRP. The latter extrapolates the tra
ks (assuming they 
ame from the beam line) to theinner radius of the CMU - 347:8 
m. The multiple s
attering in the dete
tor material leads toan un
ertainty in the determination of the position of the tra
k at this radius. So that, for ea
htra
k a � window is determined, where the tra
k 
ould end up with 99:5% (3�) probability. Thiswindow in � is 
alled a footprint.If a �red CMU tower is 
overed by at least one tra
k footprint, it is 
alled muon tower. Theevent gets a

epted by Level-1 dimuon trigger if it has at least two muon towers. These towers,though, must be separated by at least two other towers (whi
h may or may not be empty), or tobe on the di�erent ends of the dete
tor. If the muon towers are separated by a 2:4Æ gap betweenCMU wedges, this is also 
ounted as a tower. This requirement ensures that there is a separationin � between the two muons.If one muon in the event 
omes from the CMU while another muon 
omes from the CMX, thetrigger has a di�erent name, \L1 CMU PT1.5 CMX PT2.2", whi
h re
e
ts the fa
t that onlymuons with pt > 2:2 GeV=
 
an rea
h CMX. Another di�eren
e is that the CMU and CMXmuon towers require no separation in �. There is no requirement for the muons to be of theopposite 
harge at Level-1. 57
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Figure 2-24: The mass spe
trum of muon pairs obtained via di�erent triggers at CDF. The dimuon trigger usedin this analysis is 
alled \JPsi".Referen
e [93℄ give more information about the Level-1 dimuon trigger. Figure 2-24 showsthe mass spe
trum of the muon pairs obtained with di�erent triggers in CDF. The des
ribedhere dimuon trigger is 
alled \JPsi" on this plot.Level-2 does not impose any additional 
uts on the dimuons, and the events a

epted by Level-1 trigger pro
eed dire
tly to Level-3. At Level-3 the muons are required to have opposite 
harge.The invariant mass of both muons should be between 2:7 GeV=
2 and 4:0 GeV=
2 (sele
ting J= and  (2S)), the di�eren
e in z0 should be smaller than 5 
m and the opening angle betweenthem less than 130Æ.2.3 O�ine Data HandlingThe data obtained from the Level-3 are split into ten \streams" whi
h are 
alled by �rst tenletters of the alphabet: \A", \B"... \J". The events passing the requirements of the dimuontrigger go into the stream \J". These events are written to tape in real time mode, i.e. online.Further manipulations of the data are performed o�ine. The data on the tape is written in theform of the raw data banks from di�erent parts of the dete
tor. One needs to unpa
k thesebanks and produ
e the obje
ts for a
tual physi
s analysis, su
h as tra
ks, muons, ele
trons, et
.This pro
edure is 
alled produ
tion. The data for this analysis was produ
ed with a produ
tionversion 5.3.3. The data after the produ
tion is split into so-
alled datasets, 
ontaining the eventssatisfying a parti
ular set of trigger requirements. These datasets are given to the end users todo the physi
s analysis. There are 35 datasets in CDF. This analysis is done with the jpmm0
dataset, whi
h 
ontained the events with dimuon 
andidates found by the dete
tor. The eventsin this dataset are \stripped" by removing the banks and obje
ts not needed for the furtheranalysis. The 
ompressed version of our dataset is 
alled xpmm0
. The stripping greatly speedsup the analysis, be
ause mu
h of the time is usually taken reading the data �les, rather than58



a
tually pro
essing the data. The stripped data is subje
t to a further redu
tion 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 extra
t 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-se
tion. In this way the users 
an multiply the size of thedataset by the 
ross-se
tion of the pro
ess they are interested in to obtain the expe
ted 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 produ
tion,the data �les 
ontain the 
olle
tions of tra
ks, muons, ele
trons et
. During the analysis though,it is more 
onvenient to work with the 
olle
tions of J= 
andidates, X(3872) 
andidates et
. Forthis purpose a spe
ial framework is developed, in whi
h the parti
le 
andidates 
an be 
reated,put into 
olle
tions and stored in a spe
ial kind of ntuple | stntuple. This framework allowsone to handle the parti
le 
andidates faster and in more 
onvenient way. More details about thestntuples 
an be found in Referen
e [94℄.
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Chapter 3Data Sample and Sele
tion CutsThe dataset used in this analysis is 
olle
ted via the dimuon trigger. This dataset 
omprisesRuns 138425 through 186598, 
orresponding to an integrated luminosity of 360 pb�1.The CDF dete
tor 
onsists of many di�erent subsystems whi
h may be turned on or o� duringthe data taking. In parti
ular, the sili
on part of the tra
king system, the muon systems and theparts of triggering system may not be fully a
tivated for a parti
ular set of runs. The shift 
rewmarks the dete
tor subsystems for ea
h run as \good" or \bad". We use only the data from theruns for whi
h all the 
ru
ial subsystems for the analysis were marked as \good". We 
all theseruns \good". We loose about 10-20% of the total luminosity be
ause of this requirement. Moreinformation about the good run system is given in Referen
e [95℄.3.1 Tra
k PreparationAfter the basi
 algorithm of the tra
k re
onstru
tion has been performed there are a num-ber of additional re�nements to the tra
k parameters introdu
ed for the analysis. Some ofthem are performed during the produ
tion stage. Others, are done in a spe
ial module 
alledTra
kRefitter [96, 97℄ whi
h is applied during the analysis stage. This module takes the rawtra
ks from COT and re�ts them introdu
ing the ne
essary 
hanges.During the tra
k re
onstru
tion at the produ
tion stage, the hits 
oming from the L00 arenot in
luded in the �t, be
ause this tra
king subsystem was not yet 
ompletely 
alibrated at thetime when this analysis was performed. The Tra
kRefitter also ex
ludes the L00 hits from the�t. Though this is not a 
hange with respe
t to the produ
tion stage, it is an important part ofthe tra
k treatment at CDF, and we mention it here.Another feature of the tra
k re
onstru
tion at CDF is the 
orre
tion of the tra
k parametersfor the small non-uniformities in the magneti
 �eld produ
ed by the CDF solenoid, whi
h werewell known from Run I [99℄. Another e�e
t, related to the magneti
 �eld, is the 
orre
tion for thenominal value of the �eld. To take these e�e
ts into a

ount, the magneti
 �eld was measuredin di�erent pla
es in the solenoid and the data was �t with smooth fun
tions to provide the �eldmap for the whole CDF dete
tor. The full magneti
 map is taken into a

ount during the tra
kre
onstru
tion. This 
orre
tion is performed for all the tra
ks during the produ
tion stage.The parameters of the tra
ks in CDF are 
al
ulated with respe
t to the dete
tor 
oordinatesystem with the origin in the 
enter of the COT (Se
tion 2.2.1). To obtain a 
onsistent pi
turefrom both the COT and the SVX, one needs to take into a

ount possible angular and transla-tional misalignments between the COT and the SVX 
oordinate systems. These misalignmentsare found empiri
ally and are 
orre
ted for during the tra
k re
onstru
tion. This is mostly done61



during the produ
tion stage and after this we only introdu
e small 
orre
tions for the re�nementsobtained after the produ
tion has run.And the last, but probably the most important, 
orre
tion is the 
orre
tion for the energyloss in the dete
tor material. The CDF dete
tor appears to have more material than it shoulda

ording to a priori tabulations. To obtain the 
orre
t parameters of the tra
k one needs totake into a

ount all this material. This is a
hieved by introdu
ing into GEANT simulationof the dete
tor a number of spe
ial 
ylindri
al layers of sili
on, so that the integrated e�e
tsof the additional dete
tor material on the passing parti
les would be simulated [96, 97, 98℄.The widths of these layers are tuned, so that the Monte Carlo tra
k parameter distributions
orrespond to that of the tra
ks in the data. During the produ
tion stage the parameters of thetra
ks are 
orre
ted for the presen
e of these layers, assuming the mass of a 
harged pion forea
h tra
k. After the produ
tion, during the analysis stage the Tra
kRefitter module performsthese 
orre
tions for other mass assignments { 
harged kaon, proton, muon et
.To sele
t only good quality tra
ks for the analysis we require ea
h tra
k to have r-� hits inat least three distin
t SVX layers. As for the COT-related requirements, we want to use onlytra
ks whi
h do not leave the COT before they 
ross superlayer 6. Also, all the pion tra
ks 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 tra
ks 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
) mat
hedto COT tra
ks. These tra
ks must be the trigger tra
ks, i.e. the XFT must have found them.Though, in our analysis we do not verify expli
itly that the muons in the sample satisfy thetrigger. Also these tra
ks 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 tra
k have themat
hing �2 < 9. The muons found in CMP and CMX do not have this requirement, be
auseof the mu
h lower level of noise. Also, there is a 
ut on the o�ine pt of the muons, re
on�rmingthe 
ut imposed by the XFT, pt > 1:5 GeV=
2. These 
uts are summarized in Table 3.1.3.3 J= Re
onstru
tionIn our dataset only those events are present whi
h have been 
olle
ted via the dimuon trigger,i.e. whi
h have two muons of the opposite 
harge satisfying the trigger 
uts. These two muonsare required to form a J= 
andidate. The muon tra
ks in this 
andidate are for
ed to 
ome froma 
ommon vertex in three dimensions. The parameters of these tra
ks are adjusted a

ordingly.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 re
onstru
t J= �+�� 
andidates, we use the J= 
andidates 
onstru
ted out of two muonsand two additional oppositely-
harged tra
ks, 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 tra
k-stub mat
h (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= re
onstru
tion 
uts.First, the raw mass of the 
andidate is 
al
ulated based on the tra
k momenta, and 
andidatesare only a

epted 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 pa
kage 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 tra
ks or to make tra
k pointinto a spe
i�
 pla
e. For the re
onstru
tion 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�+���+�� re
onstru
tion, 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 produ
ed in CDF are highly boosted and its daughter tra
ks are ex-pe
ted to be relatively 
lose to ea
h other. To suppress ba
kground in the J= �+�� re
onstru
-tion we only 
onsider the pion tra
ks lying in the narrow 
one �R �p��2 +��2 < 0:7 aroundthe momentum of the X(3872) 
andidate.We need to 
orre
t our data for the a

eptan
e and ineÆ
ien
y of the dete
tor and sele
tion,and therefore want to stay away from kinemati
 regions in whi
h the dete
tor's a

eptan
e islow and our modeling of the dete
tor's eÆ
ien
y is poor. For this reason we impose �du
ial 
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 Referen
e [2℄. We slightlydivert from that analysis by imposing the just des
ribed additional �du
ial 
uts, and by releasingthe 
ut on the number of the 
andidates per event des
ribed in Referen
e [2℄. By releasing this
ut we slightly de
rease the signi�
an
e of the X(3872) peak in the full J= �+�� sample, but thesigni�
an
e of the X(3872) peak in the J= �+�� sample after the 
ut m�� > 500 MeV=
2 grows.Be
ause we mostly 
are about this m�� range, we 
hoose to release the number of 
andidates
ut in this analysis.In the analysis presented in Referen
e [2℄, the 
uts are optimized by improving the signal-to-noise ratio for the X(3872), where the res
aled  (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 in
ludes the
uts used for the J= re
onstru
tion 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 whi
h we use for this analysis. For the X(3872) massmeasurement we impose another 
ut, m�� > 500 MeV=
2, whi
h sele
ts only the most importantfor the analysis events [2℄. The mass distribution of J= �+�� after this 
ut is shown in the63



Cut ValuePion tra
ks: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 tra
k-stub mat
h (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 momentum
ontaining both pions < 0:73D vertex �t �2 for J= �+�� < 25Fidu
ial 
uts:pt(J= �+��) > 6 GeV=
2j�(J= �+��)j < 0:6Table 3.2: The J= �+�� re
onstru
tion 
uts.
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bottom part of Figure 3-1. The se
ond histogram in the lower plot, �tted with dashed line,shows the events reje
ted 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 ba
kground 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 automati
ally 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 reje
ted by the
ut 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 whi
his 
ompatible with a ba
kground 
u
tuation. This depletion explains part of the growth in theX(3872) yield. Another reason for the X(3872) yield in
rease 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 full
orrelation matri
es for both �ts.Quantity No 
ut After 
ut Reje
ted 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 (statisti
al errors only).The residuals of the �t, whi
h are the di�eren
es 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 no
ut on m��, the upper-right plot has a 
ut of m�� > 500 MeV=
2. The verti
al lines on the upper65
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Figure 3-1: Mass distributions of the J= �+�� sample after �du
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uts without (top) and with (bottom) am�� > 500 MeV=
2 
ut.
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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 matri
es 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 whi
h show how many standard deviations the data points in ea
h bin areaway from the expe
ted values of the �t. The pull distributions are �tted with Gaussians whi
h,for 
orre
t statisti
al 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, whi
h indi
ates that the �ts des
ribethe 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 Spe
trum MeasurementAs we 
an see in Figure 3-1, the 
ombinatorial ba
kground in the J= �+�� sample is quitehigh. For this reason the m�� distribution obtained with a 
onventional sideband-subtra
tionte
hnique would have large errors and, therefore, poorly 
onstrained its shape. We use a di�erentmethod to measure the m�� spe
trum. We divide our sample into sli
es of the dipion mass, �tthe mass histogram of J= �+�� 
andidates in ea
h sli
e and plot the dependen
e 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�� spe
trum 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 sli
ing method to the  (2S) and 
ompare its m�� spe
trum tothe equivalent spe
tra obtained in other experiments. Then we apply the same te
hnique to theX(3872).The produ
ed X(3872) and  (2S) mesons are not always registered in the dete
tor. Some-times their daughter tra
ks lie outside of the regions where they 
an be found by the dete
tortra
king systems, i.e. outside of the dete
tor a

eptan
e. This is true, for example, for the tra
kswith very low pt or very high j�j. Also, the tra
ks inside the dete
tor a

eptan
e regions maybe not registered properly, due to the imperfe
t eÆ
ien
y of the dete
tor. To 
ompare our m��spe
trum to the spe
tra obtained in other experiments, we need to take these e�e
ts into a
-
ount. This is done with the aid of Monte Carlo simulation of the dete
tor's eÆ
ien
y in thea

eptan
e region. We generate Monte Carlo samples of the events before dete
tor e�e
ts andafter the dete
tor is simulated, and 
al
ulate the dete
tor's eÆ
ien
y for ea
h m�� sli
e. For thisanalysis it is important that the pt, �, and m�� distributions of the  (2S) and the X(3872) inthe data are properly des
ribed by the Monte Carlo simulation.The following few subse
tions des
ribe how we measure the pt spe
tra for both  (2S) andX(3872), how we generate the Monte Carlo samples using these spe
tra, and how we 
al
ulatethe dete
tor eÆ
ien
y 
orre
tions. Then we des
ribe how we �t the J= �+�� mass histogramsin the m�� sli
es, obtain the m�� spe
trum, and apply the eÆ
ien
y 
orre
tions to it.4.1 Measurement of the pt Spe
traThe pt spe
trum 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 a

ept using the  (2S) ptdistribution, but we 
annot assume that. If, for example, the X(3872) is a fragile mole
ularstate, it 
ould have a quite di�erent pt spe
trum, as it tends to be more diÆ
ult to make 
omplex69



and weakly bound states in hard fragmentation. For this reason we obtain the pt spe
trum 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 spe
trum by a regular sideband-subtra
tion te
hnique. But for the X(3872) it is not so easy,be
ause of the low event yields and the large 
ombinatorial ba
kground. We divide our datainto a few pt sli
es and do a binned likelihood �t of the J= �+�� mass distribution in ea
h ofthem, with the �tting fun
tion being integrated over the bin range. In this way we obtain the (2S) and the X(3872) yields for ea
h pt sli
e. The individual mass �ts for the  (2S) are givenin Appendix A, and for the X(3872) in Appendix B.Figure 4-1 displays the sli
ed pt spe
tra, overlaid on top of the sideband-subtra
ted ones, inboth normal and logarithmi
 s
ales. The spe
tra are normalized to have the same number ofevents. We �nd that the sli
ing te
hnique redu
es the un
ertainties 
ompared to the sidebandsubtra
tion { by about 10-20% for the  (2S) and by about 50-60% for the X(3872).The  (2S) and X(3872) pt spe
tra are overlaid on top of ea
h other in Figure 4-2 in bothlinear and logarithmi
 s
ales. As we 
an see, they are the same within the un
ertainties. We usethe respe
tive pt spe
tra to derive the input for the Monte Carlo generation for the  (2S) andthe X(3872).4.2 Dete
tor EÆ
ien
y Corre
tionsIn our Monte Carlo simulation theX(3872) parti
le is generated by a program, 
alled HeavyQuark-Gen [102℄ developed in CDF, and then de
ayed with the QQ [103℄ program, 
reated in CLEO.The de
ay produ
ts are put through a spe
ial �lter (HepgFilter [104℄), whi
h uses generatorlevel information without taking into a

ount the dete
tor smearing, eÆ
ien
y et
. This �lterkeeps only the events with the X(3872) de
ay produ
ts within the �du
ial region, whi
h meansthat the parti
les should have pt > 1:4 GeV=
 and low pseudorapidity j�j. The latter requirementtranslates into a 
ut on the distan
e from the beamline to the point at whi
h the parti
le 
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), ex
ept for themass, of 
ourse. The details of Monte Carlo generation are given in Appendix C, similar toReferen
e [76℄.We need to make sure that the Monte Carlo sample kinemati
ally re
e
ts the data, i.e. hasthe same pt and � distributions. To do this we start generating Monte Carlo samples with a 
atpt-� distribution. Ea
h event goes through the GEANT simulation of the dete
tor, the simulationof the trigger, produ
tion and the re
onstru
tion 
ode. The output pt distribution is an eÆ
ien
y
urve for the dete
tor. For ea
h pt bin it gives the fra
tion of the  (2S)'s or X(3872)'s initiallygenerated in the �du
ial volume in whi
h all the daughter tra
ks are registered by the dete
torand re
onstru
ted 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 produ
ed 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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Figure 4-1: The pt spe
tra of the  (2S) (left) and the X(3872) (right) obtained with regular sideband-subtra
tion and with the sli
ing te
hnique on linear (top) and logarithmi
 (middle) s
ales. Bottom: the ratio ofthe un
ertainties obtained with these two methods.
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des
ribes the data. The shape of the m�� spe
trum for the  (2S) de
ay is well known frommeasurements. We 
all this shape S-wave, be
ause the  (2S) is a 3S1 
harmonium state. Agood des
ription for it is given by:dNdmX � (m2�� � 4m2�)2:5q(m2 (2S) �m2J= �m2��)2 � 4m2J= m2��: (4.1)This parametrization was used, in parti
ular, 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�� spe
trum 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�� spe
trum as an input for the �rstiteration. It turns out that this shape is a quite good approximation already. For this reason wedo not a
tually iterate and simply use the S-wave parametrization for the m�� spe
trum of theX(3872). We will assign a systemati
 un
ertainty to our imperfe
t knowledge of the true shapeof the m�� distribution.The ratios of the measured pt-distributions for the  (2S) and the X(3872) to the eÆ
ien
y
urves give us the true pt spe
tra, not distorted by the dete
tor e�e
ts and by our sele
tion.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 eÆ
ien
y 
urve, and the two lower plots their ratio (true pt)in linear and logarithmi
 s
ales. The true pt-distributions for both the  (2S) and the X(3872)are parametrized by the fun
tion 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 physi
al meaning. The parameters a1 and a2 determine the shape ofthe pt spe
trum. 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 produ
e new pt-� histograms, whi
h 
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 � spe
tra are quite 
lose to themeasured ones, as shown in Figures 4-5 and 4-6. In prin
iple, this pro
ess may be repeated afew times in an attempt to a
hieve even better 
oin
iden
e of Monte Carlo and data. But thenext iterations are not very mu
h di�erent from the last one, so that we stop here.Having mat
hed 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 
al
ulate the dete
tor eÆ
ien
y forthe m�� spe
trum. A
tually, we obtain the inverse dete
tor eÆ
ien
y, �(m��), whi
h we �ndmore 
onvenient to use than the dete
tor eÆ
ien
y � = 1=�(m��). To �nd the �(m��) we dividethe m�� distribution before the dete
tor �(m��) by the m�� distribution after the dete
tor andtrigger simulation, produ
tion, re
onstru
tion, and sele
tion 
uts, �(m��). We use a quadrati
polynomial �(m��) to parametrize this ratio.All these distributions and fun
tions are shown in Figure 4-7 for both the  (2S) and theX(3872). Ea
h plot in this �gure shows the m�� spe
tra before (triangles) and after (boxes)dete
tor simulation and event sele
tion. The solid dots with error bars give the ratio of theformer to the latter (i.e. the inverse eÆ
ien
y). This ratio is to be read on the s
ale at theright-hand side of the plot. The �tting quadrati
 fun
tion �(m��) of this ratio (dashed line) isalso shown in ea
h plot. The parameters of the �ts are given in Table 4.1. These respe
tivefun
tions �(m��) are used to 
orre
t the raw m�� spe
tra for the  (2S) and the X(3872).73
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Figure 4-3: The pt distributions of  (2S). Upper-left plot: raw data. Upper-right plot: the dete
tor eÆ
ien
y
urve. Two lower plots are the ratio of the data and the eÆ
ien
y 
urve in both linear and logarithmi
 s
ales.The m�� parametrization for Monte Carlo simulation in this �gure is S-wave (Equation 4.1).4.3 Measurement of the m�� Spe
trum for the  (2S)To obtain the m�� spe
trum for the  (2S) we do a bin-integrated likelihood �t of the J= �+��mass histogram in ea
h m�� sli
e. To �t the signal we use the same fun
tion as for the mass �t ofthe full sample, a double Gaussian for the  (2S) and a single Gaussian for the X(3872). Be
ausewe are subdividing our sample, ea
h sli
e will have a 
onsiderably redu
ed number of events, andthus larger un
ertainties. We stabilize the results by �xing mass and width parameters of thesli
e �ts to the values obtained in full-sample �ts for the  (2S), and for the X(3872) to thevalues from the �ts of the sample after the m�� > 500 MeV=
2 
ut.The double Gaussian for the  (2S) is parametrized in the form of Equation 3.1. The 
ommonmean and the widths of both Gaussians, � and ��rel, are �xed to the values obtained from thefull-sample �t. Their relative normalization, Nrel, is also �xed to the value extra
ted from thesame sour
e. The total area of both Gaussians N (2S) is allowed to be both positive and negative,to take into a

ount possible negative 
u
tuations in the ba
kground dominated �ts, and therebynot bias the yield. The J= �+�� ba
kground is parametrized with the following fun
tion:A � (� + 1)(x� x0)�(xup � xlow)�+1 � �e��xe��xlow � e��xup ; (4.2)74
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Figure 4-4: The pt distributions of X(3872). Upper-left plot: raw data. Upper-right plot: the dete
tor eÆ
ien
y
urve. Two lower plots are the ratio of the data and the eÆ
ien
y 
urve in both linear and logarithmi
 s
ales.The m�� parametrization for Monte Carlo simulation in this �gure is S-wave (Equation 4.1).where x stands for the J= �+�� invariant mass, A is a normalization 
oeÆ
ient, � and �are shape parameters and x0 is a turn-on parameter. The ba
kground is set to be equal tozero for values of x < x0. This turn-on value is 
onstrained to be 
lose to the kinemati
 limit\MJ= + minimum m��" for ea
h m�� sli
e. The parameters A, � and � 
oat freely in the �t.The parameters xup and xlow denote the upper and the lower boundary for the �t and are �xedfor ea
h individual mass �t. The expressions in the denominator are introdu
ed to normalize thepower fun
tion and the exponent.The J= �� mass �ts for the  (2S) in ea
h m�� sli
e are given in Appendix D. The �trange normally starts 100 MeV=
2 below the mass of  (2S), and is kept to be 200 MeV=
2wide. However, as we move to higher m��, the kinemati
 threshold in
reases and when the turn-on rea
hes the window the right boundary in
reases 
orrespondingly to maintain a 200 MeV=
2window with data in it. The last fewm�� sli
es have a somewhat smaller �t window, 180 MeV=
2,to avoid �tting the X(3872) peak. We always ensure that the �t range starts and ends at thebin boundaries.The �rst �ve m�� sli
es are 20 MeV=
2 wide in an e�ort to pool together the data and tobe sensitive to the low  (2S) yield at low m�� values. Most of the rest of the sli
es after the�rst �ve are 10 MeV=
2 wide, giving reasonable yields and maintaining fairly �ne resolution.The ex
eption is the few last sli
es, whi
h are made 5 MeV=
2 wide to better resolve the rapid75
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ien
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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 dete
tor eÆ
ien
y 
orre
tion fun
tions �(m��) = �(0)+�(1)m��+�(2)m2�� for both the  (2S) and the X(3872).
78



fall-o� of the spe
trum. The normalization to 10 MeV=
2 per sli
e is 
hosen to give the readerthe generally 
orre
t impression of the total raw yields over most of the sli
es.We �x the means and widths for most of the  (2S) �ts in order to better 
onstrain theresults. Though for the last two sli
es they are allowed to 
oat, be
ause of the following reason.By taking a sli
e of data near the upper kinemati
 limit we are potentially biasing the J= �+��mass. A 
andidate that has 
u
tuated to a high value of m�� most likely will also have a highJ= �+�� mass. In normal sli
es 
andidates 
an 
u
tuate in and out of the sli
e from both lowand high mass sli
es. In the sli
es near the kinemati
 limit, though, entries are only lost to thelow side. This results in a shift in the peak position. Appendix F des
ribes this in more detail.Another e�e
t, unique to the last few sli
es near the kinemati
 limit, is that the turn-on isvery 
lose to the peak, so that it be
omes hard for the �tter to determine the position of theturn-on pre
isely. In Chapter 5 we will assign a systemati
 un
ertainty due to this e�e
t. Also,in the last sli
e 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�e
t is also takeninto a

ount with a systemati
 un
ertainty. This is dis
ussed into more detail in Appendix F.We 
al
ulate the �t probabilities in the individual m�� sli
es for the full �t range. They areshown in Figure 4-8. The points on this plot are uniformly s
attered, produ
ing neither trendsnor 
lusters. The �t probability for the full �t range is generally dominated by the ba
kgrounddistribution. 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 window
entered around the  (2S) mass value. This probability shows how well the  (2S) peak itself isdes
ribed. The probability for ea
h m�� sli
e 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 dete
tor eÆ
ien
y 
orre
tions. The eÆ
ien
y 
orre
tions have a quite small e�e
t overthe range where the  (2S) yield is signi�
ant. The yields after the 
orre
tion in the i-th m��sli
e are obtained by multiplying the yield before 
orre
tion, Ni, by the integrated-average, �i,of the nominal 
orre
tion fun
tion, �(m��), over the i-th m�� sli
e 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�� sli
e. The inverse eÆ
ien
y
orre
tion fa
tors, �i, are globally res
aled 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
 un
ertainties.One should noti
e that ourm�� spe
trum for the  (2S) after the dete
tor eÆ
ien
y 
orre
tionmat
hes the S-wave parametrization from Equation 4.1 quite well, as shown in Figure 4-11. InChapter 5 we assign the systemati
 un
ertainties due to our imperfe
t knowledge of the m��shape for the Monte Carlo generation.4.4 Measurement of the m�� Spe
trum for the X(3872)We apply the same �tting pro
edure to obtain the m�� spe
trum for the X(3872). We 
hangethe binning of the J= �+�� mass histograms from 2:5 MeV per bin to 5:0 MeV per bin be
ausewe have a weaker and broader signal. For the same reason we �t the signal with a single Gaussian79
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Figure 4-11: The 
omparison between the m�� spe
trum for  (2S) in data, 
orre
ted for the dete
tor eÆ
ien
y,and from Monte Carlo simulation, generated from Equation 4.1 with no dete
tor e�e
ts simulated.for the X(3872). The X(3872) mass and width are �xed to the values from the whole-sample �tafter the m�� > 500 MeV=
2 
ut as listed in Table 3.3.Just as in the 
ase of the  (2S) �ts, we start ea
h individual �t about 100 MeV=
2 belowthe mass of the X(3872), keeping the size of the �t window to be 200 MeV=
2. Similar to the (2S), the last three m�� sli
es require somewhat spe
ial handling be
ause of the biases andun
ertainties that arise near the kinemati
 
uto�. The X(3872) yield in the last sli
e is quite lowon top of a relatively large ba
kground. Due to these reasons we allow the width of the X(3872)to 
oat in the last sli
es, 
onstraining it to be greater than 3:0 MeV=
2. Another spe
ial featureof the last sli
es is the 
on
ern that the value of the turn-on parameter, x0 from Equation 4.2,
annot be reliably determined from the data. The �tter has trouble varying this parameter in theminimization when ba
kground turn-on starts nearly under the Gaussian signal, i.e. it be
omesstrongly 
orrelated with the ba
kground and signal shape parameters. The resulting X(3872)yield in the sli
e 
hanges depending on the position of the turn-on. To independently 
onstrainthe value of the x0 we extrapolate from the turn-on information from the previous sli
es. These
ond half of Appendix F has more details.The individual �ts for ea
h m�� sli
e are given in Appendix E. They show reasonable agree-ment between the �t fun
tions and the data. The plot of the �t probability for the full �t rangeis given in Figure 4-12. Just as in the  (2S) 
ase, the points in the plot are distributed uni-formly, making neither 
lusters nor trends. The plot in Figure 4-13 shows the �t probabilities forthe des
ription of the X(3872) peak itself. They are 
omputed in the narrow window between3:855 GeV=
2 and 3:885 GeV=
2, whi
h roughly 
orresponds to a six standard deviations window
entered on the X(3872). This plot displays a uniform distribution of the points too.The �nal plot of the X(3872) yield versus m�� is given in Figure 4-14. Just as for the82
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 (2S), the inverse eÆ
ien
y 
orre
tion fa
tors, �i, are res
aled so that the total number of theevents is the same before and after the 
orre
tions. The net e�e
t of the eÆ
ien
y 
orre
tions isquite small. The results in tabular form are given in Chapter 5 (Table 5.2) after we obtain thesystemati
 un
ertainties.The m�� spe
trum for the X(3872) looks similar to that for the  (2S). It also favors highdipion masses and falls o� rapidly at the upper kinemati
al limit. In Chapter 6 we will �t thisspe
trum with di�erent theoreti
al models.
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Chapter 5Systemati
 Un
ertaintiesThe systemati
 un
ertainty in our analysis is very small with respe
t to the statisti
al one. Thisis explained by the fa
t that the X(3872) peak is found on top of a quite large ba
kground sothat the statisti
al un
ertainty of this ba
kground dominates the total statisti
al un
ertainty.As for the systemati
 un
ertainty, there are two main 
ontributions: un
ertainties on theyields Ni in ea
h of the individual m�� sli
es, and un
ertainties on the eÆ
ien
y 
orre
tions�(m��). The determination of the un
ertainty on the yield �syst(Ni) is further separated intoissues surrounding the signal and the ba
kground parametrizations. The un
ertainties on the eÆ-
ien
y 
orre
tions �(m��) are subdivided into 
omponents related to the assumed m�� spe
trum,and to that of the pt spe
trum. We will 
onsider all these 
ategories separately.Our systemati
 errors are grouped into two sets of un
ertainties: 
orrelated and un
orrelatedones. Correlations in the eÆ
ien
y un
ertainties originate from the fa
t that we are 
on
ernedwith the shape of the distribution, i.e. the eÆ
ien
y in a given m�� sli
e is 
orrelated with thatof its neighbors. This distin
tion is negle
ted when we plot the m�� spe
tra or quote a totalsystemati
 error, but it is exploited when we �t the data with various theoreti
al models.5.1 Yield Systemati
sThe models we 
hose for the signal and ba
kground may have a systemati
 bias in the yields.To estimate the systemati
 un
ertainty arising from this bias for the majority of the m�� sli
eswe perform a few variations of the �t model and 
ompare the 
hanged yields with the nominalones. The last few sli
es require spe
ial handling be
ause of the e�e
ts unique to the upperkinemati
 limit, dis
ussed in Chapter 4. We will assign these points with spe
ial systemati
slater, in Se
tion 5.1.4.5.1.1 Systemati
s from Modeling the SignalFor the systemati
 un
ertainty from the signal model for the  (2S) we exploit three variationsof this model. In the �rst variation we 
al
ulate the number of the events in the peak obtainedfrom simply 
ounting bin entries. Spe
i�
ally, we �rst obtain the number of ba
kground eventsunder the peak from our ba
kground parametrization, and then subtra
t 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�eren
es ÆNi for ea
h m�� sli
e are plotted in the upper part87



of Figure 5-1. The nominal and alternate yields are determined from the same sample, thereforethe nominal un
ertainties on ea
h of them are highly 
orrelated. For this reason we only use thenominal un
ertainties from one set of yields for the error bars, rather than double 
ount them byadding the two sets of un
ertainties in quadrature. Nevertheless, this is still a gross over estimateof the true un
ertainty of the di�eren
e between two highly 
orrelated measurements. Thus, the
u
tuations of the yield di�eren
es in this plot are mu
h smaller than the error bars.We fo
us our attention on the high-mass part of the m�� spe
trum whi
h has signi�
antyields, whereas the low-mass sli
es are dominated by noise rather than the signal. The signi�
antpoints are plotted with the large 
ir
les 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 varian
e �� = 1pn�1ph(ÆN � �)2i, whi
h is used asan estimate of the un
ertainty on the mean value �. The last two points in the middle andbottom plots in Figure 5-1 are also shown in small symbols, be
ause they are ex
luded from the
al
ulations of the mean, RMS and sample varian
e. As was mentioned earlier, these points willbe assigned spe
ial systemati
s later.If there were a 
lear systemati
 bias, systemati
 trends should be apparent among the largepoints. Given the seemingly random s
atter, we use the mean value � of the di�eren
es ÆNi toquantify a possible bias, and use the un
ertainty on the mean �� to judge if the mean is signi�-
antly di�erent from zero. There is no 
lear eviden
e of a bias, but arguably we 
annot ex
ludethe presen
e of a bias any smaller than the un
ertainty 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�e
t we should have more judi
iously separated out any remaining statisti
al 
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), whi
h are �xed in the sli
e �ts, by plus (minus) one standarddeviation from the 
entral value, as determined by the mass �t of the whole sample. The in-
reases (de
reases) in the yields with the 
hanged models turn out to be proportional to theyields themselves. The fra
tional di�eren
es 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 
on
erned with shape di�eren
es, and the uniform fra
-tional shifts are of no signi�
an
e to our result. Multipli
ation of all the points by the samenumber does not 
hange the shape at all. We only 
are about the residual variation within thisglobal shift, whi
h is less than about 0.5%, and we negle
t it.In the 
ase of the X(3872), the 
orresponding systemati
 plots are shown in Figure 5-2.The top plot displays the di�eren
e 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, whi
h roughly 
orresponds to a six standard deviation window 
entered on theX(3872) mass.The general pi
ture manifested by the yield di�eren
e distribution for the X(3872) is similarto that of the  (2S): modest 
u
tuations, with a relatively small mean. We again take the valueof the sample varian
e, �� = �4:9 
andidates, as an upper bound on the size of the systemati
.The next two plots in Figure 5-2 show the fra
tional yield di�eren
es for the X(3872) mass11We do not vary the  (2S) mass, be
ause due to the large number of  (2S)'s in the sample one standard88
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Figure 5-1: TOP: The yield di�eren
es (variation minus nominal) for the  (2S) yield vs. m�� for the �rst signalmodel variation, 
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e
t the fa
t thatthey are ex
luded from the 
al
ulation of the mean �, the RMS spread � and the sample varian
e �� . MIDDLEand BOTTOM: The fra
tional yield di�eren
es for two other variations, shift in  (2S) relative normalization and (2S) width by one standard deviation up and down. The last two points in the middle and the bottom plotsare given spe
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and width shifted by plus or minus one standard deviation from the 
entral value. They showsystemati
 trends, but the statisti
al 
u
tuations start to wash out the 
lear pattern observed inthe  (2S). We apply the lesson from the  (2S) and take the e�e
t of these variations to be theuniversal fra
tional shifts, and assign no systemati
 for them.
5.1.2 Systemati
s from Modeling the Ba
kgroundTo obtain the systemati
 un
ertainty 
oming from the ba
kground shape, we 
onsider threedi�erent variations of the ba
kground modeling: the ba
kground shape parametrization, the sizeof the �t window and the number of the points skipped in the beginning of the turn-on.To 
hange the ba
kground shape parametrization we repla
e the ba
kground �tting fun
tionfrom Equation 4.2 with a polynomial. We rely upon the high-mass sideband to largely �x theba
kground polynomial and do not �t the low-mass sideband, to allow for greater freedom inthe low mass shape whi
h 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), whi
h 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 ba
kground shape 
an not be well des
ribed with a polynomial when the turn-on
omes 
lose to the mass peak, so that we do not use the polynomial for the very last m�� sli
es.The top plots in Figure 5-3 and Figure 5-4 show the di�eren
es between the yields withnominal and alternate ba
kground parametrization for the  (2S) and the X(3872), respe
tively.For the  (2S) the yield variations are dominated by statisti
al 
u
tuations, no 
lear systemati
trend is observed. We take the un
ertainty on the mean �� as an upper bound on the systemati
from the ba
kground parameterization. The pi
ture, and our 
on
lusion for the X(3872) inFigure 5-4 is similar.The other major 
he
k of systemati
s is the variation of the exa
t starting point of the �twindow. Looking through the J= �+�� mass distributions in the m�� sli
es we see o

asionalhills and valleys in the data below the mass peaks that are potentially systemati
 deviations fromour ba
kground model. Depending on where the window edge falls these features may distortthe yields. To make alternate versions of the �t we visually inspe
t the �ts and add or dropthe points from the �ts by hand if we have a reason to believe that adding or dropping 
ertainpoints produ
es a signi�
ant e�e
t on the yield. The bottom plots in Figures 5-3 and 5-4 showthe graphs of the yield di�eren
es for the  (2S) and the X(3872), respe
tively. The plot withopen markers is for the 
ase of the �t window starting at a bit lower mass, to in
lude 
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 statisti
s, themean � and the sample varian
e �� are fairly small. They are a little bit larger, though, than thepreviously alloted systemati
s, and we take this slightly larger value, �2:4 
andidates, as a �nalestimate of the ba
kground systemati
 un
ertainty. Likewise for the X(3872), this systemati
un
ertainty 
oming from the ba
kground shape modeling is �6:8 
andidates.deviation is quite small and shifting the mass value by it would 
ause a negligible e�e
t, whereas the X(3872)mass has a larger un
ertainty. 91



0.3 0.4 0.5 0.6

(2
S

) 
yi

el
d

 d
if

fe
re

n
ce

ψ

-40

-20

0

20

40

60
Yield diff due to background shape change

 = 2.085νσ = 9.555, sample variance θ = -0.498, rms νmean 

]2 Mass [GeV/cππ

Yield diff due to background shape change

0.3 0.4 0.5 0.6

(2
S

) 
yi

el
d

 d
if

fe
re

n
ce

ψ

-50

-40

-30

-20

-10

0

10

20

30

40

50
Yield diff due to skipping first few points

]2 Mass [GeV/cππ

Full circles - start fit at higher mass
 = 2.045νσ = 6.781, θ = -0.508, ν

Open circles - start fit at lower mass
 = 2.392νσ = 7.932, θ = 0.643, ν

Yield diff due to skipping first few points

Figure 5-3: The yield di�eren
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5.1.3 Final Systemati
s from Signal and Ba
kgroundTo obtain the total un
orrelated systemati
 un
ertainty for the yields for ea
h m�� sli
e we addthe signal and the ba
kground un
ertainties 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�� sli
es with theex
eption of some sli
es at the end of the spe
tra.5.1.4 Systemati
s for Yields in the Last Few m�� Sli
esAs alluded to earlier, the last few points in the m�� spe
tra for both  (2S) and X(3872) meritspe
ial handling. To determine the systemati
 un
ertainty on these points we perform a varietyof spe
ial �ts and monitor the stability of the yields under di�erent assumptions. The various�ts are shown in Appendix F, and sin
e the pro
ess is somewhat involved we leave most of thedetails there. But the major issues that we 
ontend with are:� Near the upper kinemati
 limit, the sele
tion bias of taking a narrow m�� sli
e maybias the mass and width of the J= �+�� signal Gaussian;� As the kinemati
 turn-on rea
hes the lower range of the signal Gaussian the ba
kgroundturn-on is more diÆ
ult 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�� sli
es to extrapolate the turn-on point of the ba
kground inthe problemati
 sli
es. In the end we �nally assign the following systemati
 un
ertainties: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 EÆ
ien
y Systemati
s5.2.1 Un
ertainty in the m�� Spe
traIn Se
tion 4.2 we obtained the dete
tor eÆ
ien
y 
orre
tion based on the S-wave m�� spe
tra�(m��). This eÆ
ien
y 
orre
tion 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 sli
es are di�erent.Figures 5-5 and 5-6 also manifest that in our Monte Carlo simulation them�� distribution itself is
orrelated with the pt. Be
ause of these 
orrelations, the dete
tor eÆ
ien
y 
orre
tion �(m��) isalso 
orrelated to the m�� distribution in the Monte Carlo simulation itself. To obtain the 
orre
t�(m��) we must make sure that the m�� distribution assumed in the Monte Carlo generation isthe same as in the data. An in
orre
tly simulated m�� results in a distorted pt spe
trum, leadingto a distorted m�� eÆ
ien
y.The S-wave m�� distribution re
e
ts the data very well for the  (2S), but for the X(3872)it does not have to be so. We introdu
e a systemati
 for our ignoran
e of the true shape of them�� distribution for the X(3872). Fortunately, the eÆ
ien
y �(m��) is not very sensitive to theexa
t m�� shape, and we may 
hange this shape quite dramati
ally to quantify an un
ertainty94
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Figure 5-5: The S-wave m�� spe
tra for  (2S) in di�erent ranges of pt.
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tra for X(3872) in di�erent ranges of pt.96
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max)/mπ - 2mππ(mFigure 5-7: The inverse dete
tor eÆ
ien
y �tted 
urves �(m��) for both the  (2S) (left) and the X(3872)(right) based on the S-wave and phase-spa
e models.on our nominal S-wave model. The model whi
h we adopt as a gross alternative to the S-waveis to distribute dipion masses a

ording to phase spa
e:PS =s(m2�� � 4m2�)((M2 (2S) �M2J= )2 � 2(M2 (2S) +M2J= )m2�� +m4��)2M (2S) : (5.1)The details of the Monte Carlo generation for this phase spa
e model are given in Appendix G.The resulting inverse eÆ
ien
y 
orre
tion 
urves �PS(m��) are 
ompared to the nominal �(m��)in Figure 5-7 for both the  (2S) and the X(3872). We see that the shapes of �(m��) and�PS(m��) are pra
ti
ally the same for both the  (2S) and the X(3872). Given these smallvariations it is unne
essary to try and a
hieve a better approximation for the m�� spe
trum forthe X(3872), as 
ould be done by feeding the measured spe
trum ba
k into the Monte Carlogeneration and iterating.To determine the systemati
 un
ertainty for the  (2S) and for the X(3872) we take the ratioof the phase spa
e 
orre
tion fa
tor to that from the S-wave distribution (Equation 4.1) thatserves as our default: 
PS(m��) = �PS(m��)�(m��) : (5.2)This ratio 
PS(m��) is shown in Figure 5-8 for both  (2S) and X(3872). We are only interested97
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Figure 5-8: Variations in  (2S) (left) and X(3872) (right) eÆ
ien
y 
orre
tion fa
tors due to the form of them�� parametrization. Using the maximum and minimum of the variations over the mass range of prime interest(lower bound is indi
ated by the verti
al dashed lines) we get the values quoted in the �gure. These, however,are not the errors �nally used, but only an overall estimate (See text for details).in shape 
hanges, so that the absolute normalization of this ratio is 
hosen arbitrarily. We 
hooseit so that the extremum value of 
PS(m��) is 1.0.We see that low dipion masses have a more rapidly 
hanging shape of the 
orre
tion, be
ausethis is where the 
orre
tion fa
tor has the most signi�
ant 
hange itself. We are primarily 
on-
erned with the un
ertainty in the high mass region, and if we restri
t ourselves to the variationabove 360 MeV=
2 for  (2S) and 570 MeV=
2 for the X(3872), and use half of the maximum-to-minimum span over the above mass ranges as a systemati
 estimator we get something like�1:5% for both the  (2S) and the X(3872). Sin
e this systemati
 is 
learly 
orrelated a
rossm�� sli
es, we use the whole shape determined from the eÆ
ien
y ratio 
PS(m��), rather thanthe maximum-to-minimum span estimators. Thus, when quoting tabulated numbers of yieldsper i-th sli
e and their un
ertainties, we will add in a systemati
 un
ertainty on the eÆ
ien
y�PSsyst(�i) obtained by averaging this eÆ
ien
y ratios over the sli
e range:�PSsyst(�i)�i = 
PSi � 1 = 1bi � ai Z biai 
PS(m��) dm�� � 1; (5.3)where ai and bi are the lower and upper boundaries of the i-th m�� sli
e. But given that theseun
ertainties are 
orrelated from sli
e to sli
e, we will fold the full polynomial parametrizationinto the �ts of various theories to our m�� spe
tra.5.2.2 Un
ertainty in the pt Spe
trumThere is one more potentially important sour
e of systemati
 un
ertainty for the m�� shape forthe X(3872). The dete
tor eÆ
ien
y determined from the Monte Carlo is dependent on thept spe
trum used in the generation. To verify the eÆ
ien
y 
orre
tions we mat
h the MonteCarlo output pt spe
trum to the one observed in the data, but this is only done to the statisti
alpre
ision of our data. Therefore, we assign a systemati
 un
ertainty to the resulting dete
toreÆ
ien
y 
orre
tions based on the un
ertainty of the �tted slope of the pt spe
trum.The pt spe
trum for Monte Carlo generation is parameterized with exp(a0 + a1pt + a2p2t ).98
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Figure 5-9: The pt distributions of the  (2S). Upper-left plot: raw data. Upper-right plot: the dete
toreÆ
ien
y 
urve. Two lower plots are the ratio of the data and the eÆ
ien
y 
urve in both linear and logarithmi
s
ales, �tted with the normal parametrization fun
tions and the ones \shifted" by 1 standard deviation.We determine the parameters a0, a1 and a2 from the �t of the ratio of the data to the dete
toreÆ
ien
y 
urve shown in Figure 4-4. The quadrati
 term a2 turns out to be not very importantand to simplify our systemati
 study we �x it. Sin
e the parameter a0 is a normalization, onlythe slope a1 has relevan
e to the shape. Therefore, to obtain the systemati
 un
ertainties on theshape we shift the parameter a1 by one standard deviation up and down, as determined fromthe above mentioned �t to pt data. The �ts with shifted a1 parameters are shown in Figures 5-9for the  (2S) and 5-10 for the X(3872). In the 
ase of the  (2S) these shifts, plotted as dottedand dashed lines, only appear as a slight thi
kening of the default �tted 
urve (solid line). Forthe X(3872) the slope variations are more apparent due to the larger statisti
al un
ertainties ofthe X(3872)-data.With these variations of the pt spe
tra we 
an determine the 
orresponding inverse dete
toreÆ
ien
y 
orre
tions ��1�(m��). The ratios of these 
urves to the nominal 
urve
�1�(m��) = ��1�(m��)�(m��) (5.4)are plotted in Figure 5-11 for the X(3872). The dashed 
urve in this �gure represents 
+1�(m��),and the solid 
urve 
�1�(m��). Just as in the 
ase of the shape variations for di�erent m��99
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Figure 5-10: The pt distributions of X(3872). Upper-left plot: data. Upper-right plot: the dete
tor eÆ
ien
y
urve. Two lower plots are the ratio of the data and the eÆ
ien
y 
urve in both linear and logarithmi
 s
ales,�tted with normal parametrization fun
tions and the ones \shifted" by 1 standard deviation.
parametrization, the absolute normalization is arbitrary and we 
hoose it so that the maximumvalues of 
�1�(m��) are equal to one. The horizontal lines show the maximum and minimumratios for masses above 570 MeV=
2, the prime range of interest for the systemati
 variation.The 
rude estimator of half of the maximum-to-minimum for this m�� range gives less than 1%.But even though it is so small, we follow the approa
h adopted in the previous se
tion and usethe full polynomial parametrization of the eÆ
ien
y un
ertainty due to pt in the theory �ts ofthe X(3872) dipion spe
trum des
ribed in Chapter 6.To estimate the systemati
 un
ertainty for the  (2S) due to pt spe
trum parametrization inMonte Carlo we do exa
tly the same thing. The ratios of the m�� parametrizations 
�1�(m��)are shown in Figure 5-12 with the 
rude estimation of the systemati
 un
ertainty in the regionabove 360 MeV=
2 being less than 1.5%. The dashed 
urve in this �gure represents 
+1�(m��),the solid 
urve 
�1�(m��) for  (2S). The normalization of both 
urves is 
hosen so that theminimum is equal to one.Our 
rude estimation of the systemati
 un
ertainty for the  (2S) is a
tually larger than thatfor the X(3872) be
ause the inverse dete
tor eÆ
ien
y 
urve is 
atter for the X(3872).100
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 variation in dete
tor eÆ
ien
y for the X(3872) 
oming from the parametrizationof the Monte Carlo pt spe
trum.5.3 Final Yields and Un
ertaintiesWe 
ombine the various sour
es of un
ertainties on the  (2S) and X(3872) yields in Tables 5.1and 5.2. In the se
ond 
olumn we show the raw yields per sli
e with their statisti
al and un-
orrelated systemati
 un
ertainties. The third 
olumn gives the yields, res
aled appropriate tothe number of MeV=
2 per sli
e. These yields (per MeV=
2) are used when we plot the spe
tra.The per sli
e inverse eÆ
ien
y 
orre
tion fa
tors with their 
orrelated un
ertainties appear inthe fourth 
olumn, although we ne
essarily treat them as un
orrelated here. The un
orrelatedun
ertainties are s
aled in su
h a way that the yields after the 
orre
tion have the same areaunder the 
urve as before the 
orre
tion. In mathemati
al language, the expression in fourth
olumn 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
 un
ertainty �syst(�i) on the inverse eÆ
ien
y 
orre
tion fa
tor�i in the i-th m�� sli
e used in the table. The numbers 
PSi and 
�1�i are 
al
ulated from the
ontinuous fun
tions 
PS(m��) and 
�1�(m��) just as shown in Equation 5.3. We use 
�1�i andnot 
+1�i be
ause it gives us more 
onservative estimation of the systemati
 un
ertainty. We willdis
uss this in detail later, in Se
tion 6.2. The �fth 
olumn gives the eÆ
ien
y 
orre
ted yieldswith the systemati
 un
ertainties now being a sum of the 
orrelated and un
orrelated systemati
sin quadratures, (�
orre
tedsyst )i = �ir��syst(Ni)�2 +N2i ��syst(�i)�i �2. The last 
olumn gives the �nalnumbers used for displaying the m�� spe
trum.
101



m�� range Un
orr.  (2S) yield Un
orr.  (2S) yield inv. e�. 
orr. fa
tor, Corr.  (2S) yield Corr.  (2S) yieldGeV=
2 per sli
e per 10 MeV=
2 �i(1� �syst(�i)�i ) per sli
e 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 (un
orr.) and after (
orr.) dete
tor eÆ
ien
y 
orre
tions with their statisti
al and systemati
 un
ertainties. The inversedete
tor eÆ
ien
y 
orre
tion fa
tors �i are res
aled so that the total number of events remains the same after 
orre
tion. The yields are given with anarti�
ial level of pre
ision, be
ause we want to show the dynami
s of the yield 
hange and to treat all the m�� sli
es equally, and therefore keep an ex
essivenumber of digits.
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m�� range Un
orr. X(3872) yield Un
orr. X(3872) yield inv. e�. 
orr. fa
tor, Corr. X(3872) yield Corr. X(3872) yieldGeV=
2 per sli
e per 20 MeV=
2 �i(1� �syst(�i)�i ) per sli
e 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 (un
orr.) and after (
orr.) dete
tor eÆ
ien
y 
orre
tions with their statisti
al and systemati
 un
ertainties. Theinverse eÆ
ien
y 
orre
tion fa
tors �i are res
aled so that the total number of events remains the same after the 
orre
tion. The yields are given with anarti�
ial level of pre
ision, be
ause we want to show the dynami
s of the yield 
hange and to treat all the m�� sli
es equally, and therefore keep an ex
essivenumber of digits.
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Chapter 6Fitting  (2S) and X(3872)m�� Spe
tra with Theoreti
al Models
6.1 Models for the m�� Spe
tra of CharmoniaThe dipion mass spe
trum for the  (2S) is very well studied theoreti
ally and a few models [15,107, 108, 109, 110℄ have been developed to des
ribe its shape. Referen
es [111, 112℄ are veryhelpful in providing expli
it 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�� spe
trum for  (2S)is in a

ord with the previous knowledge about it. As was dis
overed ba
k in 1975 with thedata 
olle
ted by the MARKII experiment, this shape is very far from a simple phase-spa
edistribution [107, 113℄.The models start their 
al
ulations with the matrix elementM for the transition between theinitial 
harmonium states and the �nal state J= �+��, or, in spe
tros
opi
 notations, 3S1�+��.The square of the absolute value of this quantity gives a predi
tion for the dipion mass distributiondNdm�� . Referen
e [15℄ 
al
ulates the matrix element with the help of a multipole expansion of theQCD Lagrangian. The model from Referen
e [108℄ gives a phenomenologi
al analysis of theshape of the m�� spe
trum in the de
ay  (2S) ! J= �+��. The other models [107, 109, 110℄whi
h we 
onsider 
al
ulate the matrix element by applying 
urrent algebra and the partial
onservation of axial-ve
tor 
urrents to the 
hiral QCD Lagrangian. Referen
es [109℄ and [110℄also in
lude some multipole-expansion te
hniques. 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 may
onsider the pro
ess of the hadroni
 transition between the initial heavy-quark state �0 and the�nal one � as a two-step pro
ess: �rst the gluons are emitted from the heavy quark systemand then they are 
onverted into light hadrons, �0 ! � + gg, gg ! light hadrons. We will be
onsidering the heavy-quark system in the external �elds generated by the light quarks. Theheavy-quark system moves slowly and has a mu
h smaller size than the emitted light-quarksystem [114℄. Therefore, one 
an treat the heavy quarks non-relativisti
ally, and the Taylorseries expansion of the 
olor �eld 
onverges qui
kly for heavy enough quark masses.The author assumes that the multipole expansion is 
ompatible with the hypothesis of partial
onservation of axial-ve
tor 
urrents, parametrizes the matrix element in terms of a few free105



parameters, and 
al
ulates the m�� spe
trum for 3S1 , 1P1 , 3D1;2;3 initial states de
aying into3S1�+��.We �t our m�� spe
trum of the  (2S) with the formula for the 3S1 initial state. Refer-en
e [111℄ expli
itly gives the m�� spe
trum 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 spa
e from Equation 5.1. The parameters A and B are freeparameters of the theory. The term O(B2=A2) is a higher-order 
orre
tion, whi
h was originallyderived in Referen
e [15℄, but Referen
e [112℄ develops an expli
it 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 
orre
tion.6.1.2 Brown { Cahn ModelThe Brown { Cahn model [107℄ pre
eded the Yan model. Yan's model in fa
t in
ludes some ofits te
hniques. Referen
e [107℄ does not use the multipole expansion te
hniques be
ause theywere not yet available at that time. Instead they base their 
al
ulations on a 
hiral Lagrangianapproa
h. The details of the model are given in Referen
e [107℄. Here we 
onstrain ourselves tothe main 
on
lusions. Negle
ting 
hiral symmetry breaking, Referen
e [107℄ expresses the matrixelement for the  (2S)! J= �+�� de
ay as:M = F�2� f~� � ~�0[�q�1 q2�A+ q01q02B℄ + (~� � ~q1~�0 � ~q2 + ~� � ~q2~�0 � ~q1)Cg;where F� is the pion de
ay 
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-relativisti
ally. The relativisti
 
orre
tions are assumed to be small,as well as the momentum-dependent variations of A, B and C. A

ording to Referen
e [107℄,the only signi�
ant 
orre
tions possibly may 
ome from the S-wave pion-pion res
attering.The parameters A and B turn out to be the same as for the Yan model. The terms asso
iatedwith parameters B and C have strong angular 
orrelations between the momentum of the dipionsystem and the momentum of the J= . Su
h 
orrelations were experimentally not dete
ted atthe time [113℄, and therefore Referen
e [107℄ assumed that B = C = 0. The m�� spe
trum inthis model is given by: dNdm�� � (PS)� �m2�� � 2m2��2 ; (6.3)where PS denotes the J= �� phase spa
e. This formula has no parameters ex
ept for thenormalization fa
tor. It is important to noti
e 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℄ 
al
ulated 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 s
alar fun
tions of the masses and energies of the involved parti
les.The m�� spe
trum obtained from this matrix element did not agree with the data [115℄, andtherefore the authors redu
ed the matrix element to the simplest possible form:M = (�0 � �)(f1 + f2q1 � q2):The m�� spe
trum 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 approa
h and utilizes somemultipole-expansion te
hniques to 
al
ulate the parameters of the Lagrangian. The matrix ele-ment in this model is initially 
al
ulated in the 
hiral limitm� = 0 and then a phenomenologi
alterm �m2� is added. Referen
e [111℄ quotes the di�erential 
ross-se
tion for this model as:dNdm�� � (PS)� (m��2 � �m2�)2; (6.5)where PS stands for J= �� phase spa
e. Equations 6.5 and 6.4 are mathemati
ally 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 in
ludes smaller terms, formally oforder �s, whi
h Referen
e [109℄ has negle
ted in the leading order. Referen
e [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) referen
e frame, ��� is the anglebetween the J= dire
tion and the �+ in the  (2S) rest frame, and �M = M (2S) � MJ= .107



The parameter � is a free parameter of the theory. Referen
e [116℄ predi
ts � to be about0:15 � 0:20. The parameter � is expe
ted to be di�erent for  (2S) and for other 
harmoniastates. The di�erential 
ross-se
tion is:dNdm��d 
os ��� � (PS)�M2;where PS is the phase spa
e. The m�� spe
trum 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 predi
ts 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�e
t be
ause the 
oeÆ
ient �25 is small.6.2 Fitting the m�� Spe
trum of the  (2S)We want to apply the reviewed models to our m�� spe
trum to be able to 
ompare our datato the existing knowledge about its shape. We do a bin-integrated �2 �t to our data with thetheoreti
al models des
ribed 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�� sli
e, �i is the nominal dete
tor eÆ
ien
y
orre
tion fun
tion �(m��), integrated over the i-th m�� sli
e, and Ti is the theoreti
al yieldpredi
tion for i-th sli
e, also integrated over the i-th m�� sli
e.But be
ause we have shape-related 
orrelations in the un
ertainty of the dete
tor eÆ
ien
y,i.e. 
orrelations in the un
ertainties of the 
orre
tions �syst(�i) between neighboringm�� sli
es, weneed to in
lude them in this �2. Namely, we want to take into a

ount the 
orrelated systemati
un
ertainty due to variations in the shapes of the assumed m�� and pt spe
tra. We 
annot dothis by propagating the error along with �(Ni) in the denominator of the �2, be
ause in that 
asethe errors would be treated as un
orrelated. So, we take a di�erent approa
h. Let us 
onsiderthe m�� parametrization �rst.To a

ount for the 
orrelated systemati
 un
ertainty in the variation of the m�� shape we
hange this shape from the nominal S-wave parametrization to the phase-spa
e one. In mathe-mati
al language, we substitute the nominal 
orre
tion fun
tion �(m��) by the 
hanged fun
tion�PS(m��), introdu
ed in Se
tion 4. We 
onsider this 
hange in shapes to 
orrespond to a onestandard deviation variation. To in
lude 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-spa
e (at a = 1). Mathemati
ally this means that we multiplythe yields Ni by a fa
tor [1 + a(
PSi � 1)℄. The expression 
PSi here denotes the average of the
ontinuous fun
tion from Equation 5.2, 
PS(m��) � �PS(m��)=�(m��), over the i-th m�� sli
erange. The parameter a is allowed to 
oat, but is nominally 
onstrained to have zero 
entralvalue and a standard deviation of one.The �2 fun
tion properly in
luding the 
orrelated systemati
s un
ertainty 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 introdu
es one more degree offreedom and one more parameter, so that the total number of the degrees of freedom does not
hange.Having in
luded su
h a 
orre
tion for the 
hange of the m�� shape into the �2, we do thesame for the pt shape. We 
hange the pt spe
trum parametrization from the nominal ea0+a1pt+a2p2tto the fun
tions ��1�(m��), de�ned in the Se
tion 5.2.2. These fun
tions are 
onsidered as
orresponding to the variation of the shape by one standard deviation up and down (�1�).Then we introdu
e one more 
oating parameter, b, 
ontrolling the 
hange of the shape of the
orre
tion fun
tion from the nominal (at b = 0) to the 
hanged (at b = 1). Mathemati
ally, wemultiply the yields by one more fa
tor, [1 + b(
�1�i � 1)℄. The expression 
�1�i , again, means theratio of the 
orre
tion fun
tions from Equation 5.4, 
�1�(m��) = ��1�(m��)=�(m��), integratedover the i-th m�� sli
e. 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 fun
tion properly in
luding the 
orrelated systemati
s un
ertainty 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 spe
trum, 
+1� and 
�1�, 
orrespondingto the 
hange of the shape of the pt spe
trum by one standard deviation steeper and shallowerin pt as determined in Se
tion 5.2.2. It is a somewhat deli
ate matter of how to handle twoasymmetri
 pt variations into one un
ertainty. Fortunately, the e�e
ts we are 
on
erned withare small and we simplify things by taking the variation whi
h has the largest impa
t on theshape, and use it to get a 
onservative estimate of the systemati
 un
ertainty. In order to 
hoosebetween 
+1� and 
�1� let us temporarily put a = 0. If there were no pt variation (i.e. 
oeÆ
ientb were �xed to zero) the �tted �2 would ne
essarily be greater than with su
h a variation (i.e.non-zero b). For the systemati
 variation we want to use the pt shape whi
h is the furthest fromthe nominal one. We look at the 
hange in the �t �2 to �nd out whi
h 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 theoreti
al fun
tion Ti being Yan's formula for S-state with higher-order 
orre
tions. One
an see that the biggest 
hange in �2 value between the na��ve �2 �t (a = b = 0) and the full �2�t is a
hieved when 
�1� is used. For this reason we take 
�1� for the analysis.The use of the �t �2 for the sele
tion of 
�1� over 
+1� may in prin
iple bias our �t results,but we expe
t 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 fra
tion of statisti
al un
ertainty. Also, the  (2S) �t is only used to obtain the alreadyknown shape of the m�� spe
trum for  (2S), we do not extra
t any new physi
s informationfrom this �t, so that we negle
t the possible small bias.109
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Figure 6-1: Fit of the m�� spe
trum for  (2S) with theoreti
al 
urves from Referen
es [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�� spe
trum �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 theoreti
al models.The Yan model for the 3S1�� state without higher-order 
orre
tion des
ribes the data reasonablywell, with a 6.0% �t probability. The in
lusion of the higher-order 
orre
tion diminishes the �2by one unit and thus in
reases the �t probability to 6.9%. The PPT/VZ model also des
ribesthe 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 ea
h other, ex
ept for the Brown { Cahnmodel. This model does not des
ribe the data, be
ause 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 even
al
ulate 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= �+�� de
ay. Their sample is quite large [23k of  (2S)℄ and they �t the m�� spe
trumwith all the same models as we do, ex
ept the Brown|Cahn model. The BES data and �tsare given in Figure 6-2. All four 
urves in this pi
ture are very mu
h alike. From Table 6.2 we
on
lude 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 thetheoreti
al 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 fa
t 
on�rms, thatour data is in good agreement to that of the BES. The a
tual �ts of our data with the theoryparameters �xed to the BES values are shown in the bottom part of Figure 6-1.Sin
e ourm�� spe
trum for the  (2S) is 
lose to that from the large BES sample, we 
on
ludethat our te
hnique of obtaining the m�� spe
trum, in
luding the dete
tor eÆ
ien
y 
orre
tions,are vindi
ated.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 Se
tion 1.3, the properties of the X(3872) 
ould beinferred from the quantum numbers of the dipion system in the X(3872) ! J= �+�� de
ay.A

ording 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�eren
e 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 theoreti
al �ts of m�� spe
trum for  (2S) 
ompared to those obtained by BES Collaboration [111℄.
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π+ π- Mass (GeV/c2)Figure 6-2: The m�� distribution for the  (2S) produ
ed by the BES 
ollaboration [111℄. The solid 
urve isthe Novikov-Shifman model, the long-dashed and short-dashed are the Yan's 3S1 model with and without thehigher-order 
orre
tions, respe
tively, and the dash-dotted 
urve is the PPT/VZ model.The 0++ dipions must 
ome from C-negative states, either 
onventional 
harmonia or exoti
.To 
he
k if the X(3872) 
ould be a C-negative 
harmonium state we �t our m�� spe
trum withthe multipole expansion predi
tions from Yan [15℄ des
ribed in Se
tion 6.1.1. They are developedfor 3S1�� , 1P1+�, and 3D1;2;3�� 
harmonia. Unfortunately, we have no predi
tions for the shapeof the m�� spe
trum for C-negative exoti
 states.As for the 1�� dipions, they 
ome fromC-positive states, again, either 
onventional 
harmoniaor exoti
s. As we saw at the end of Se
tion 1.2, the two pions in the 1�� state must have isospinI = 1. But 
harmonium has isospin I = 0, so that the 
harmonium de
ays to J= (�+��)(1��)are isospin violating, and should normally be highly suppressed. However, we still take thisoption into a

ount. The states that de
ay into 1�� dipions pro
eed through a virtual �0, andwe des
ribe their dipion mass spe
tra by a Breit-Wigner resonan
e for the �0 modulated withthe J= �+�� phase spa
e. This shape, though, does not distinguish between the hypotheses ofthe X(3872) being a 
onventional C-positive 
harmonium and an exoti
 state.6.4.1 0++ DipionsThe formula for the multipole expansion of Yan for the 3S1 ! 3S1�+�� transitions is given inEquation 6.1. Of 
ourse, it should be modi�ed to a

ommodate the di�erent masses of the  (2S)and the X(3872).The predi
tion for the 1P1 ! 3S1�+�� transition is obtained in the following way. Refer-en
e [117℄ gives the multipole expansion predi
tion for the 3S1 ! 1P1�+�� transition. However,in the non-relativisti
 approximation of the multipole expansion the spin and angular momen-tum 
omponents are de
oupled and the expansion only depends on the orbital 
omponents. Thismeans that the m�� distribution for the 3S1 ! 1P1�+�� is the same as for the 1P1 ! 3S1�+��113



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 expe
ted from the C-positive exoti
 interpretation of the X(3872). As noted above,we assume that the dipion spe
trum follows the �0 Breit-Wigner distribution modulated by the3-body J= �� phase spa
e PS from Equation 5.1:dNdm�� � �(m�� �M�)2 + �2�=4 � (PS): (6.13)To see the e�e
t of the Breit-Wigner resonan
e in this formula more 
learly, we also �t theX(3872) data with the simple 3-body J= �� phase spa
e.6.5 Fitting the m�� Spe
trum 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 pi
k one of the systemati
 variations touse for the pt spe
trum: 
+1� or 
�1�. The Table 6.3 helps us to make this de
ision 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, whi
h is re
e
ted in the largest �2 
hange, i.e. lowest �2 value. The theoryfun
tion 
hosen for these 
omparison �ts is the same as for the  (2S) 
ase : Yan's formula forthe 3S1 state with higher-order 
orre
tions. And just as for the  (2S) 
ase, even though the
hoi
e of 
�1� and not 
+1� may introdu
e 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, whi
h will bethe most interesting result for the X(3872), was not utilized in sele
ting whi
h systemati
 to use.114
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Figure 6-3: Fits of the m�� spe
trum for X(3872) with J= �0 hypothesis (Equation 6.13), with simple J= ��phase-spa
e (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�� spe
trum with all formulae from Se
tion 6.4:the 
�
 multipole expansion predi
tions for C-negative S-wave, P -wave and D-wave, the simple3-body J= �� phase-spa
e hypothesis, and with the �0 resonan
e modi�ed by phase-spa
e. 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 bestdes
riptions of the data. The �t probabilities are 36.1% and 27.7%, respe
tively. The 
�
multipoleexpansions for the 1P1 and 1DJ and the simple J= �� phase-spa
e model are in
ompatible withthe data. The �t �2 in these �ts is so large for the given number of degrees of freedom that wedo not even 
al
ulate 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 
on
lusions.
6.7 Dis
ussion of Theoreti
al Impli
ationsNow let us dis
uss the impli
ations 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�� spe
trum �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-Spa
e �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 theoreti
al �ts of the m�� spe
trum 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 predi
tion in
ompatible with data13D3�� 3868 0++  ME predi
tion in
ompatible with data21S0�+ �
(2S) 3638 1��23S1��  (2S) 3686 0++21P1+� 3968 0++  ME predi
tion in
ompatible with data,also 
an be ex
luded on other grounds23P0++ 3932 1��  m�� allowed (isospin violating), but 
an beex
luded on other grounds (not seen in 

 fusion)23P1++ 4008 1��  m�� allowed (isospin violating)23P2++ 3966 1��  m�� allowed (isospin violating), but 
an beex
luded on other grounds (not seen in 

 fusion)31S0�+ 1��  m�� allowed (isospin violating),
an be ex
luded on other grounds33S1��  (4040) 4040 0++  ME predi
tion 
ompatible with data,but 
an be ex
luded on other groundsTable 6.5: Summary of standard 
harmonium states with the measured/predi
ted masses and the JPC of dipionsystem in the de
ay into J= �+��. The 
omments about possible assignments for the X(3872) in light of themeasured m�� spe
trum 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 parti
les and their masses and the spin-parities of the dipion system in the de
ay intoJ= �+��. The masses of the unobserved states 
ome from Referen
e [32℄. The states 2D, 3P ,3D and higher, and the states with L > 2 are not in
luded, be
ause they are expe
ted 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 Se
tion 1.4 we 
onsidered a list of possible 
�
 options for the X(3872) and found four viable
andidates: 11D2�+ , 13D2��, 13D3�� and 23P1++. Two of them, 13D2�� and 13D3�� , are C-negative and de
ay into 0++ dipions. But our shape of the m�� spe
trum 
learly disfavors theD-wave 
harmonium, based on the multipole-expansion predi
tions. 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. mu
h heavier thanthe X(3872). We, therefore, ex
lude the 3S1�� option for the X(3872), even though its m��spe
trum is 
ompatible with the multipole expansion predi
tions.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 dis
ussed in the literature [119, 120, 121, 122℄. The mainpoint of this dis
ussion is that the multipole expansion model does not have a very �rm groundingin experimental veri�
ations. Despite several su

esses, its predi
tions are known to 
learly failfor �(3S)! �(1S)�+�� transition [123, 124℄. This is a standing problem in quarkonia physi
s.In summary, we found no viable 
onventional 
harmonium options for the X(3872) de
ayinginto 0++ dipions based on the multipole expansion predi
tions. But the multipole expansionmodel itself is not 
ompletely understood yet.1�� DipionsIf the X(3872) is a 
onventional 
harmonium state de
aying into a 1�� dipion system then thepions in the �nal state must have isospin I = 1. Sin
e 
harmonium has I = 0, su
h a de
aywould be isospin violating and, therefore, should be signi�
antly suppressed. To 
onsider the1�� dipion for a 
onventional 
harmonium the X(3872) one needs to a

ept the isospin violation.In prin
iple, this is a plausible option if one takes into a

ount 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 de
ay into a 1�� dipion is that this spin-parity 
oin
ides with the spin-parity of the �0-meson, and that the de
ay pro
eeds via a �0. The upper kinemati
 boundaryfor the m�� spe
trum is below the nominal �0 mass and only be
ause 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 de
ay into �
�+�� is expe
ted to havea mu
h higher bran
hing ratio than the observed isospin-violating de
ay X(3872)! J= �+��.Belle is sear
hing for X(3872) ! �
�+��, but has not reported anything yet. Although, thisfa
t by itself 
annot be 
onsidered as a strong obje
tion against the 11D2�+ assignment for theX(3872), be
ause the �
 is quite hard to isolate. We 
on
lude that the 11D2�+ 
harmonium is aviable option for the X(3872).The 23P1++ state, being assigned a mass of 3872 MeV=
2, is expe
ted to have a narrow width1-2 MeV [13℄, whi
h is 
onsistent with the limit on the X(3872) width. The dominant de
aysof the 23P1+� state are predi
ted to be J= 
 and  (2S) 
, where the former 
ontradi
ts Belle'smeasurement (Equation 1.6). Also, the predi
ted 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 
on
lusion is that if the X(3872) is a 
�
 state de
aying with isospin violation into 1��dipion, then it must be either the 11D2�+ or the 23P1++.6.7.2 Exoti
aNow let us 
onsider the impli
ations of the X(3872) m�� measurement performed in this thesisfor di�erent exoti
 models des
ribed in the Introdu
tion. These models 
onsider the X(3872) asglueball, hybrid, 
usp and mole
ule (in
luding other 4-quark states). Our main result, relevant118



for these models, is that the m�� spe
trum is 
onsistent with J= �0 hypothesis, whi
h impliesthe positive C-parity of the X(3872) .The positive C-parity of the X(3872) invalidates the glueball model from Se
tion 1.7 whi
hpredi
ts 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 withpredi
ted JPC = 1++, but 
onveys no further information as to whether the X(3872) is a realbound state or a dynami
 
usp in the res
attering amplitude at the D0D0� threshold.Speaking of the mole
ular hypotheses, we 
on
lude that our measurement is 
onsistent withthe models from the Referen
es [42℄ and [46℄, proposing mole
ular models with positive C-parity,and disfavors the model from the Referen
e [12℄, 
onsidering the C-negative mixture of mole
ulewith 
�
.The diquark-antidiquark model developed in Referen
e [48℄ predi
ts the JPC of theX(3872) tobe 1++, whi
h is 
ompatible with our m�� measurement. Although, the X(3872) isospin doublet,predi
ted by this model is not observed in our data (there is no \double-hump" stru
ture in theX(3872) peak), unless we see an unresolved mixture of both members of the doublet.
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Chapter 7Con
lusionIn August 2003 the Belle Collaboration announ
ed dis
overy of a new state X(3872) found inthe ex
lusive de
ay B+ ! K+X(3872)! K+J= �+��. A few models were proposed to explainthe properties of this state | from 
onventional 
harmonium state to D-D� \mole
ules" andother exoti
 hypotheses. To investigate the viability of these models, a wide net of sear
hes forother de
ay modes of the X(3872) was 
ast, mostly with negative results. The shape of themass distribution of the two pions in the de
ay 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 
olle
ted at CDF during the Tevatron's Run II.For 
omparison, and as a 
ontrol, we have also extra
ted the m�� spe
trum for the  (2S)!J= �+�� de
ay using the same te
hnique. It is shown in Figure 4-10. This m�� spe
trum iswell-studied experimentally and theoreti
ally. Our measurement is 
onsistent with prior mea-surements [111℄, and 
on�rms theoreti
al models des
ribed in Referen
es [15, 108, 109, 110℄. Themodel from Referen
e [107℄ has noti
eable short
omings due to an improper assumption aboutthe absen
e of strong angular 
orrelations.The measured m�� spe
trum for the X(3872) is shown in Figure 7-1. The dete
tor eÆ
ien
y
orre
tions, whi
h have a relatively minor e�e
t on the shape of the m�� spe
trum, have beenapplied. The prior dipion mass spe
trum measurements are given in Figures 1-1 (Belle) and 1-2 (BaBar). Both have rather large un
ertainties on the data points, whi
h make it hard todetermine the shape pre
isely. We 
on�rm Belle's original report [1℄ that the m�� spe
trumpeaks at high mass values.We �t the m�� spe
trum with theoreti
al 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 ex
luded 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 spe
trum witha Breit-Wigner resonan
e multiplied by the 3-body J= �� phase spa
e fa
tor. This hypothesis�ts the data very well, with the �t probability 36.1%. We 
on
lude 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 eviden
e of the de
ayX(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 announ
ed after the 
ompletion of this work:121
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Figure 7-1: The measured m�� spe
trum for X(3872) �tted with di�erent theoreti
al models des
ribed inChapter 6.the observation of the de
ay 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 de
aying into J= �+�� with non-
onservation of isospin, or C-positive exoti
 state,su
h as a D0-D�0 mole
ule.
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Appendix AMass Fits of pt Sli
es for the  (2S)This Appendix 
ontains the J= �+�� mass histograms for di�erent pt sli
es. We �t thesehistograms to obtain the  (2S) pt spe
trum as des
ribed in Se
tion 4.1. The resulting pt spe
trumis 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 ea
h plot are listed the total �tted yield N (2S), the relativefra
tion of the se
ond 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 un
ertainty means thatthe parameter was �xed during the �t. The �t �2, the number of degrees of freedom DoF andthe �t probability are given too.
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rel
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 0.00± = 3.03 relσ 0.0    ± = 2.7 
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 = 31.8   DoF = 25    Prob = 16.4%2χ

 range (16, 19) 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
 range (19, 35) GeV/ct mass in pππψJ/

]2 Mass [GeV/cππψJ/

 0.00± = 0.25 
rel

 24    N± = 273 
(2S)Ψ

N
 0.0± = 3686.0 

(2S)Ψ
m

 0.00± = 3.03 relσ 0.0    ± = 2.7 
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σ

 = 17.2   DoF = 25    Prob = 87.6%2χ

 range (19, 35) GeV/ct mass in pππψJ/
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Appendix BMass Fits of pt Sli
es for the X(3872)
This Appendix, just like the previous one, 
ontains the J= �+�� mass histograms in di�erentpt sli
es. We �t these histograms to obtain the X(3872) pt spe
trum, as des
ribed in Se
tion 4.1.The resulting pt spe
trum is presented in Figures 4-1 and 4-2.On ea
h 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 un
ertainty meansthat the parameter was �xed during the �t.
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]2 Mass [GeV/cππψJ/
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Prob = 23.6%
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 range (7, 8) GeV/ct in pππψMass of J/

]2 Mass [GeV/cππψJ/
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Prob = 17.9%
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 45± = 215 XN
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Prob = 76.2%

 range (8, 9) GeV/ct in pππψMass of J/
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 = 24.3    DoF = 252χ

Prob = 50.0%

 range (9, 10) GeV/ct in pππψMass of J/
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Prob = 63.6%
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3.8 3.9 4

2
C

an
d

id
at

es
 / 

5.
0 

M
eV

/c

0

50

100

150

200

250

300

 range (11, 13) GeV/ct mass in pππψJ/
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 35± = 171 XN
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 0.0± = 5.0 Xσ
 = 28.5    DoF = 252χ

Prob = 28.6%

 range (11, 13) GeV/ct mass in pππψJ/
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 range (13, 16) GeV/ct mass in pππψJ/
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 30± = 150 XN
 0.0± = 3872.2 Xm

 0.0± = 5.0 Xσ
 = 30.3    DoF = 252χ

Prob = 21.3%

 range (13, 16) GeV/ct mass in pππψJ/
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 = 25.0    DoF = 252χ

Prob = 46.2%

 range (16, 19) GeV/ct mass in pππψJ/
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]2 Mass [GeV/cππψJ/

 21± = 14 XN
 0.0± = 3872.2 Xm

 0.0± = 5.0 Xσ
 = 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 physi
s events o

urring in the p�p 
ollisions and the subsequentpro
esses in the parti
le dete
tor is used very often in the high-energy physi
s analyses. Su
hsimulation is based in on random sampling, that is why it is 
alled \Monte Carlo", after a smallprin
ipality in Europe known for its 
asinos.In physi
s analysis one may use su
h 
omputer simulation to model the features whi
h 
an notbe measured by the dete
tors. For example, in this analysis we use Monte Carlo to 
al
ulate howmany parti
les es
aped registering. Obviously, no dete
tor 
an provide us with this information.To simulate a physi
s parti
le, we need to spe
ify all its important 
hara
teristi
s, su
h asmass, energy, momentum, spin et
. Some of them (e.g. mass, spin, parity) are 
onstants, whi
hmust be setup before the generation. Others (e.g. energy, momentum) are, normally, varyingfor di�erent instan
es of generated parti
les. Often they are pi
ked up at random from thedistributions prepared in advan
e. This is usually done by programs 
alled generators, su
has PYTHIA [125℄, or HERWIG [126℄, or Bgenerator [127℄. In this analysis we use the pa
kageHeavyQuarkGen [102℄ developed at CDF. This pa
kage, 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 parti
le is de
ayed into two or more other parti
les, whi
h means that newparti
les are also generated with their own masses, spins, parities, energies, momenta et
. Theprogram makes sure that all the 
onservation laws are obeyed during this de
ay. The quantitieswhi
h are not stri
tly determined by these laws, su
h as, for example, angular 
orrelations, areagain sele
ted at random, unless the rules for this sele
tion are provided by the user. In thisanalysis we use the pa
kage QQ [103℄ developed at CLEO, to de
ay the generated parti
le.The de
ay produ
ts pass through the 
omputer simulation of the dete
tor. To obtain this weuse the GEANT pa
kage [128℄, whi
h is designed to des
ribe a very broad range of the dete
tors.On
e the dete
tor is des
ribed in GEANT language, pra
ti
ally any kind of parti
le 
an beput through it, and GEANT will mimi
 all the physi
s pro
esses o

urring as the parti
le passesthrough the real dete
tor. In parti
ular, GEANT will simulate the responses of di�erent dete
torsubsystems, whi
h may be 
onverted into banks similar to the ones used in data stru
tures forthe the real dete
tor.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 (Se
tion 2.2.5) whi
h de
ides ifthe event should be a

epted or reje
ted.After passing the trigger, the events go through the produ
tion stage in whi
h the informationfrom the raw data banks is used to 
reate physi
s obje
ts su
h as tra
ks, jets, muons, ele
tronset
., as des
ribed in Se
tion 2.3. 135



After the Monte Carlo is generated, one would usually 
ompare it to the data, to make surethat they mat
h ea
h other reasonably well. A lot of e�orts was invested in CDF into devel-opment the Monte Carlo framework, tuning the material des
ription in GEANT and a
hievingrealisti
 dete
tor resolutions [129℄. However, the data taking 
onditions in CDF were not uni-form, parti
ularly in the early phase of Run II operations. This means that during a few years ofoperation, the dete
tor underwent modi�
ations, and that 
onditions 
hanged between di�erentruns. To re
e
t these 
hanges in Monte Carlo, the simulation is supplied with tables of run 
on-�gurations that tru
k the 
hanges in data taking 
onditions. The number of the events generatedunder parti
ular 
onditions (taken from a parti
ular run) is proportional to the luminosity ofthis run. The Monte Carlo generated in this way is 
alled realisti
 and it re
e
ts the 
hangingrun 
onditions.
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Appendix D
Mass Fits in m�� Sli
es for the  (2S)
This Appendix 
ontains the J= �+�� mass histograms in di�erent m�� sli
es. We �t thesehistograms to obtain the  (2S) m�� spe
trum, as des
ribed in Se
tion 4.3. The resulting m��spe
trum is presented in Figure 4-10. See Appendix A for explanation of the numbers on ea
hplot.
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]2 Mass [GeV/cππψJ/
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rel
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N

 0.0± = 3686.0 
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 0.00± = 3.03 relσ 0.0   ± = 2.7 
(2S)ψ

σ

 2.35± = 3.79 β 0.61   ± = 0.89 α 0.82   ±A = 1.80 

 = 70.8    DoF = 76  ==>  Prob = 64.6%2χ
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 = 108.6    DoF = 76  ==>  Prob = 0.7%2χ
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 = 68.6    DoF = 76  ==>  Prob = 71.5%2χ
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 1.83± = 3.43 β 0.37   ± = 0.59 α 0.33   ±A = 1.60 

 = 79.1    DoF = 76  ==>  Prob = 38.6%2χ

2) range (0.380, 0.390) GeV/cππ in m(ππψMass of J/
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 = 73.5    DoF = 76  ==>  Prob = 56.1%2χ
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 = 72.4    DoF = 76  ==>  Prob = 59.5%2χ
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 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/

3.6 3.7 3.8

2
C

an
d

id
at

es
 p

er
 2

.5
 M

eV
/c

0

50

100

150

200

250

300
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/

138



3.6 3.7 3.8

2
C

an
d

id
at

es
 p

er
 2

.5
 M

eV
/c

0

50

100

150

200

250

300

350

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�� Sli
es for the X(3872)
This Appendix, just like the previous one, 
ontains the J= �+�� mass histograms in di�erentm�� sli
es. We �t these histograms to obtain the X(3872) m�� spe
trum, as des
ribed in Se
-tion 4.4. The resultingm�� spe
trum is presented in Figure 4-14. See Appendix B for explanationof the numbers on ea
h 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
 Un
ertainty on the LastFew Sli
es in the m�� Spe
traDuring the J= �+�� mass �ts in the m�� sli
es we �x the means and widths of the signals to thevalues obtained from the whole-sample mass �t in all the sli
es ex
ept the last a few. In normalsli
es the entries 
an smear in and out of the sli
e from both low and high mass neighboring sli
es.In the last sli
es the entries 
an only smear in one dire
tion, thus biasing the mean value towardshigher mass. If we allow the mean and width to 
oat in all the sli
es, they indeed remain quite
onstant throughout the whole m�� range, ex
ept the last a few sli
es, as shown in Figure F-1for the  (2S).Another spe
ial feature of the last a few sli
es in the m�� spe
tra is that the mass peaks inthem are very 
lose to the turn-on of the ba
kground. As a result, the �t may have diÆ
ulty indetermining the ba
kground turn-on point.To determine the systemati
 un
ertainty on the yield in these sli
es 
oming from the variationof the ba
kground parametrization, we perform a few spe
ial �ts, in addition to the normal onesand see how mu
h the  (2S) yield 
hanges. These additional �ts in
lude, e.g., the shift of theturn-on value x0 up and down, be
ause for the last sli
es this may signi�
antly 
hange the yield.Su
h variation need not to be done for the regular sli
es in the m�� spe
tra. Some �t variationsfor these spe
ial sli
es are skipped, e.g. we do not try to �t the ba
kground with a polynomial,be
ause the polynomial does not work very well in the vi
inity of the turn-on.Spe
ial treatment is given for the last three (14th, 15th and 16th) sli
es in the X(3872) m��spe
trum and the last two (27th and 28th) sli
es in the  (2S) m�� spe
trum. Below are giventhe �ts with the following variations for ea
h sli
e:� Fit \A" for ea
h m�� sli
e represents the nominal �t, ex
ept for 15th and 16th sli
es 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
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 Mass [GeV/cππFigure F-1: The  (2S) mass (top) and narrow width (bottom) versus m��. Both of them are almost 
onstantfrom one m�� sli
e to another, ex
ept for the last a few sli
es, 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) andse
ond to the last (15th) sli
es 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 sli
es. 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�e
t 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 ba
kground turn-on point x0. These �tswill be dis
ussed next. Fits \O" are a

epted as nominal ones for 15th and 16th sli
es forthe X(3872).� Fit \R" is done only for the last (28th) m�� sli
e for the  (2S). It will be dis
ussed later.144



The ba
kground 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�� sli
e.But in the last few sli
es the turn-on 
omes very 
lose to the mass peak and it be
omes hard forthe �t to determine its value and un
ertainty for it. This is an espe
ially deli
ate problem forthe X(3872), due to the poor signal-to-noise ratio it is un
lear what kind of signal is present.In the last  (2S) sli
es at least there is unequivo
al signal present, but one might debate howmu
h. Being in su
h an un
ertain situation, we used the results of the lower m�� sli
es to proje
tan appropriate turn-on point, and an un
ertainty on it, for the nominal �t of the last X sli
es.To obtain the turn-on point and a reasonable systemati
 for the asso
iated un
ertainty inea
h m�� sli
e, we plot the dependen
e of x0 on m��, �t it with the straight line x0(m��) =A + B(m�� � m0��) and determine the proje
ted value of x0 at a given point m0�� (where thevalue of x0 is simply equal to A) as well as the proje
ted un
ertainty on A. The m0�� is 
hosento be the low edge of the given m�� sli
e.The linear �ts are shown in Figure F-2, where the last two points are not in
luded in thestraight-line �t (the last three in the bottom plot) be
ause we do not trust them, but we stillplot them as open 
ir
les as a 
he
k that they are not too far o� the �tted straight-line. Ea
h ofthe three plots in Figure F-2 have the identi
al data, the only di�eren
e is that the linear �ts areperformed around di�erent expansion points m0�� for di�erent sli
es, whi
h are indi
ated by thelarge �lled 
ir
les. The text in the plots lists numeri
al details of the �t results. Noti
e that wefound it more 
onvenient to measure x0 from an arbitrarily 
hosen referen
e point of 3:7 MeV=
2.These linear �ts provide us with a proje
tion A of the expe
ted turn-on point x0, and the�tted standard deviation �A de�nes a plausible range for the pre
ision with whi
h we may knowthe turn-on value. This range for the turn-on is un
onne
ted with what the J= �+�� spe
trumfor that parti
ular sli
e tells us. We study the \validity" of the proje
ted 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
 un
ertainty on x0, when we �x it to the proje
ted x0, isobtained by shifting the proje
tion by one �A up and down.Now we 
onsider this method in detail. First, let us look at the very last sli
e (sli
e 16) inthe m�� spe
trum 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 pra
ti
ally does not 
hange, though one would expe
t it to in
rease by 1 unit. From thiswe 
on
lude that the normal �t grossly underestimates the un
ertainty on the turn-on value x0.Be
ause of the unreliability of the \would-be" nominal value (and \would-be" nominal standarddeviation) of the turn-on, we adopt the proje
ted value of the x0 (3:7 + 169:604=1000) (Fit \F-16-O") and the proje
ted standard deviation as the nominal ones. If the x0 value is shifted byplus or minus one proje
ted 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 systemati
un
ertainty 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�e
ts that will give a largerun
ertainty on the high side.The same pro
edure is followed for the se
ond-to-last (15th) sli
e. In this 
ase the �tter failsto �nd the minimum in the nominal �t at all, be
ause 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 proje
ted value (Fit \F-15-O") instead ofits \would-be" nominal value (Fit \F-15-A") and vary it by a proje
ted 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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Figure F-2: The linear �ts for the proje
ted turn-on value of the J= �+�� mass distributions for m�� sli
es.In ea
h plot the �rst few lower m�� sli
es (small full 
ir
les) determine the line, and the big full 
ir
le is 
omparedto the proje
ted value on this line. The big full 
ir
le itself is not in
luded in the �t. The big open 
ir
les are notin
luded in the �t too, they are only drawn for the 
omparison's sake.
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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 s
an for the last (28th) sli
e in the  (2S) m�� spe
tra. The �rst line shows the x0 valuewith its reported un
ertainty. The hand-made s
an 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 s
an for the se
ond-to-last (27th) sli
e in the  (2S) m�� spe
tra. The �rst line shows thex0 value and the nominal un
ertainty for it. The hand-made s
an 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
 un
ertainty on the yield of only afew 
andidates. The e�e
ts of the other systemati
 �t variations, though, will be mu
h moreimportant.For the  (2S) we treat the un
ertainty related to the x0 position di�erently. The mainproblem here is that the error matrix, 
al
ulated by MINUIT, is not 
omplete, though the �t
onverges. This results in a gross underestimation of the nominal un
ertainty on the x0 value.The x0 values and the un
ertainties on them for both last (28th) and last-but-one (27th) m��sli
es are given in the �rst lines of Tables F.1 and F.2. Fits \F-27-A" and \F-28-A" are produ
edwith these x0 values. Had the un
ertainties on x0 been 
orre
t, 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 be
ause the reported un
ertainties on the x0 values are extremely low,we determine them by hand. Namely, we do a s
an of the �t �2, re-minimizing at ea
h pointof the s
an. Then we �nd the �2 minimum and the pla
es whi
h 
orrespond to the in
rease 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
 un
ertainty by varying the x0 by plus-minus one nominal standarddeviation and looking at the respe
tive  (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�� sli
e 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 dramati
types of distortion, and for the  (2S) there is enough signal that we might a
tually be sensitive tosu
h an e�e
t. In parti
ular, by 
hopping the data into sli
es 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 a
tually prefers to zero out the low-mass half of the Gaussian. But someresidual mass smearing is going to take pla
e anyhow and a vanishing low-side � is not physi
al.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 respe
table �2, whi
h is in fa
t better than what our nominal �t (Fit \F-28-A")gives for this sli
e.The purpose of all these �t variations is to see how mu
h the yield 
hanges among them. Forea
h m�� sli
e we �nd what are, generally,1 the highest and the lowest yields, 
al
ulate how farthey are from the default �t, and assign this di�eren
e as an asymmetri
 systemati
 un
ertaintyto the yield from the nominal �t. The �nal systemati
 results are summarized in Table F.3,whi
h also indi
ates from whi
h �ts the un
ertainties are derived.Sli
e # 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 sli
es in the m�� spe
tra.
F.1 Fits for the Last Three Sli
es in m�� Spe
trumfor X(3872)
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]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 o

a-sionally variations for whi
h we have reasons to doubt their suitability, but this turns out to rarely, if ever, impa
tour �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 de
reased 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 in
reased 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 proje
ted 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 proje
tedstandard deviation up from the proje
ted 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 proje
tedstandard deviation down from the proje
ted 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 proje
tion(X(3872) mass �xed, X(3872) width 
oatingabove 3:0 MeV=
2). Had we a

epted 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 de
reased 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 in
reased to250 MeV=
2.
150
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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 whi
h drasti
ally 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 whi
h drasti
ally 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 proje
ted 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 proje
tedstandard deviation up from the proje
ted 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 proje
tedstandard deviation down from the proje
ted 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 proje
tion(X(3872) mass �xed, X(3872) width 
oatingabove 3:0 MeV=
2). Had we a

epted 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.
3.9 4 4.1

2
C

an
d

id
at

es
 / 

5.
0 

M
eV

/c

0

20

40

60

80

100

120
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 de
reased 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 in
reased to250 MeV=
2.
3.9 4 4.1

2
C

an
d

id
at

es
 / 

5.
0 

M
eV

/c

0

20

40

60

80

100

120
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.
152
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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 proje
ted 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 proje
tedstandard deviation up from the proje
ted 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 proje
tedstandard deviation down from the proje
ted value.
F.2 Fits for the Last Two Sli
es in m�� Spe
trum 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 de
reased 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 in
reased to250 MeV=
2.
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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

 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.

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/

 0.14± = 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 sli
es ex
eptfor 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 in
reased 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 in
reased 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 de
reased 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 in
reased 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 in
reased 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 in
reased 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 GEÆ
ien
y Corre
tions for Phase Spa
em�� DistributionTo estimate the systemati
 un
ertainty due to our imperfe
t knowledge of the m�� spe
trum forthe X(3872), we grossly 
hange our nominal S-wave parametrization of this spe
trum to a phasespa
e parametrization, given by Equation 5.1. The appropriate dete
tor eÆ
ien
y 
urves and theinput pt spe
tra for the Monte Carlo generation for this phase spa
e model are shown in Figure G-1 for the  (2S) and Figure G-2 for the X(3872). We �t them with the same parameterizingfun
tion 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�eren
e for theX(3872) is mu
h smaller: only 0:3 standard deviations. Of 
ourse, these small di�eren
es 
annot be dismissed as statisti
ally insigni�
ant, as the same data is being �t in both 
ases. We willuse these di�eren
es to estimate the systemati
s.The 
omparison plots for the � and pt spe
tra between the phase spa
e Monte Carlo and thedata are displayed in Figures G-3 and G-4. As we 
an see, the �2 mat
h quality is almost thesame as for the S-wave parametrization (Figures 4-5 and 4-6).We use the phase spa
e Monte Carlo result to obtain the inverse dete
tor eÆ
ien
y 
orre
-tion fun
tion �PS(m��), whi
h is di�erent from the nominal S-wave inverse dete
tor eÆ
ien
y�(m��). The inverse eÆ
ien
y �PS(m��) is obtained by �tting the ratio of the 
orrespondingm�� distributions before and after the dete
tor, �PS(m��)=�PS(m��), as shown in Figure G-5 forboth the  (2S) and X(3872). The plots in this �gure display the m�� spe
tra before (triangles)and after (boxes) dete
tor simulation and event sele
tion. The points with error bars give theinverse dete
tor eÆ
ien
y with the 
orresponding s
ale at the right-hand side of the plot. The�tting fun
tion �PS(m��) is also shown in ea
h plot. The graphi
al 
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 dete
tor eÆ
ien
y 
orre
tions are only slightly sensitive to the m�� shapeand that it is not ne
essary to a
hieve a better approximation for the X(3872) than the S-waveshape, whi
h we use.
157



10 20 30

Y
ie

ld
 p

er
 1

 G
eV

/c

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

(2S), dataψpt spectrum for 

pt, GeV/c

(2S), dataψpt spectrum for 

10 20 30

Y
ie

ld
 p

er
 1

 G
eV

/c
5000

10000

15000

20000

25000

30000

35000

ππ(2S), MC, phase-space mψEfficiency curve for 

pt, GeV/c

ππ(2S), MC, phase-space mψEfficiency curve for 

10 20 30

Y
ie

ld
 p

er
 1

 G
eV

/c

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
ππ(2S), phase-space mψTrue pt spectrum for 

Quadratic fit

/ndf = 6.9/8, prob 55.2%2χ
 = 10.2t0p

 0.006± = -0.477 
1

a

 0.001± = 0.008 
2

a

pt, GeV/c

ππ(2S), phase-space mψTrue pt spectrum for 

10 20 30

Y
ie

ld
 p

er
 1

 G
eV

/c

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

ππ(2S), phase-space mψTrue pt spectrum for 

Quadratic fit

/ndf = 6.9/8, prob 55.2%2χ
 = 10.2t0p

 0.006± = -0.477 
1

a

 0.001± = 0.008 
2

a

pt, GeV/c

ππ(2S), phase-space mψTrue pt spectrum for 

Figure G-1: The pt distributions of  (2S). Upper-left plot: raw data. Upper-right plot: the dete
tor eÆ
ien
y
urve. Two lower plots are the ratio of the data and the eÆ
ien
y 
urve in both linear and logarithmi
 s
ales.The m�� parametrization used in the Monte Carlo generation for this Figure is phase spa
e (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 dete
toreÆ
ien
y 
urve. Two lower plots are the ratio of the data and the eÆ
ien
y 
urve in both linear and logarithmi
s
ales. Them�� parametrization used in the Monte Carlo generation for this Figure is phase spa
e (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-spa
e m�� parametrization (Equation 5.1); middle and bottom: the 
omparisonbetween the pt distributions in linear and logarithmi
 s
ales.
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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-spa
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