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ABSTRACT 

The decays of the t/1(3770) resonance to final states that do not contain 

charmed D mesons are measured for the first time. Using a sample of 9.3pb-1 

of e+e- annihilations at ,fS = 3.77 GeV, collected with the Mark III detector 

at SPEAR, we have measured the branching ratio for the decays t/1(3770) --. 

J jtjl1r+1r- and "YXr These branching ratios together with the electronic widths 

of the t/1(3685) and t/1(3770) are used to determine the mixing angle between the 

23 St and 13 Dt Charmonium states and are compared with a number of predic­

tions. In addition, evidence is found for other non-D.D hadronic final states, 

such as 37r, 47r, and S1r, as well as '727r, '747r, pp27r and pp37r. 
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1. INTRODUCTION 

1. 1 OVERVIEW 

There are two classes of resonances found in the charmonium system. The 

first class having a mass greater than 3. 7 4 Ge VI c2 can decay into a pair of 

charmed mesons, while the second, having masses below 3. 7 4 Ge VI c2 , can not. 

Many resonances of the charmonium system have been observed: YJc, J 11/J, 
XJ, and ¢(3685) below the charmed threshold and t/J(3770), ¢(4030), ¢(4160), 

¢(4415) above the threshold2• These resonances provide a rich source for the 

study of the interactions of quarks at relatively low energy. 

The t/J(3770) is a very interesting state of the cc family. It is the first cc state 

above the charmed meson production threshold and is 80 MeV above the t/J(3685), 

which is below the charm threshold and is well studied. It is also assumed to have 

a large D-wave component in its wave function in the non-relativistic quarkonium 

model, and is the only state with orbit angular momentum 2, which has been 

experimentally accessible in a heavy quark system. 

A state above the charmed meson threshold can, in principle, decay into five 

major channels: 1) the c and c can annihilate into three gluons (Fig. 1.4.1); 2) 

it can annihilate into two gluons and one photon (Fig. 1.4.2); 3) it can radiate 

gluons or photons, making a transition to a lower energy charmonium state (Fig. 

1.5.1 and Fig. 1.6.1); and 5) it can decay into a pair of charmed mesons (Fig. 

1.7.1). 

In the past, it has been assumed that the dominant decays of t/J(3770) would 

be DD decays3• Recently, however, several problems stimulated interest in look­

ing into the non-DD decays in more detail. First, there is no direct evidence 

indicating that DD is the only t/J(3770) decay channel. Second, as discussed 

later, the mixing of cc states can have a large effect on the EM (electromagnetic) 

transition rates of both the t/J(3685) and ¢(3770). This is an old problem; it 

has long been noticed that there are discrepancies between the predicted and 
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Experiment U.p(377o) (nb) 

Crystal Ball39 6.7±0.9 

Delco39 ~6 

Lead Glass Wall44 10.3 ± 1.6 

Mark II37 9.3±1.4 

Mark III5 5.0±0.5 

Table 1.1. ¢(3770) cross section. 

experimental EM transition rates for the decays of the ¢(3685) into XJ even 

with relativistic corrections6 •21•22•13. This discrepancy could be caused by the 

mixing of the S and D wave components of the cc resonances40•47. Third, the 

ratio of the annihilation rates of the J /¢ and ¢(3685) are not constant for dif­

ferent decay modes8 •23 . We would therefore like to find the annihilation rates of 

the ¢(3770) into these modes. Finally, the Mark III experiment has the ability 

to search for non-DD decays of the ¢(3770) because of its high photon detec­

tion efficiency, high charged track reconstruction efficiency and good momentum 

resolution. 

Measurements of the resonance parameters of the ¢(3770) are summarized 

in Table 1.1. The agreement between measured values of the production cross 

section are not consistent. Thus, while the presence of the ¢(3770) in the e+e­

annihilation cross section provides the possibility of extracting D meson branch­

ing ratios from u · B measurements at the peak of the ¢(3770) (on the assumption 

that the ¢(3770) decays solely to DD pairs), it has not been possible to do this 

in a reliable manner. The Mark III has recently made absolute measurements of 

D meson branching ratios by a double tag method, which is independent of the 

¢(3770) resonance parameters5•43. Using these branching ratios together with the 

Mark III u · B measurements, one obtains a value of u(¢(3770)) = 5.0 ± 0.5 nb, 

smaller than the average of 8.0 ± 0. 7 nb obtained from direct measurements. 
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These comparisons suggest that there are problems either with experiments 

or with the assumptions regarding the decay properties of the t/1(3770) . The Mark 

m value of a(t/1(3770)) is based on the assumption that DD decay is 100% . The 

most direct way to test this assumption is to search for non-DD decays of the 

t/1(3770) . 

1.2 THE QCD LAGRANGIAN 

As in any other theory, we would like to find some fundamental rules that 

guide the strong interaction between quark and antiquark. 

In QED, the Lagrangian takes the form: 

(1.1) 

where, t/1 is the fermion field, AI-' is the vector potential, and 

(1.2) 

is the field strength tensor. 

Now, in QCD, in an analogous way, the Lagrangian takes the form: 

(1.3) 

It is a little different from QED because of the SU(3) color symmetry. In Eq. 

1.3, the quark field q has three colors R, G, B and is therefore a vector: 

(1.4) 

The vector potential AI-' is given by: 

(1.5) 

where G~ is the gluon field; a = 1. .. 8 is an eightfold color index; Ta are SU(3) 



generators. The field strength tensor is given by: 

(1.6) 

Because of the different vector gauge field A~ in QCD, the interactions are 

quite different from those in QED. One of the typical examples is the running 

coupling constant of the perturbation theory because of the additional gluon­

gluon coupling. It gives asymptotic freedom at short distances and approaches 

unity at large distances, causing the perturbation theory to fail. 

In principle, we could calculate all decay processes shown in Fig. 1.4.1, 

Fig. 1.4.2, Fig. 1.5.1, Fig. 1.6.1, and Fig. 1.7.1 by using the Lagrangian of QED 

(Eq. 1.1) and QCD (Eq. 1.3). However, in reality we cannot, as the coupling 

constant a,(q2 ) at q2 ,...., 1.5- 2 GeV2 fc4 places us in a non-perturbative region. 

The physical1/1(3685) and the 1/1(3770) are not pure S wave or pure D wave. 

Rather, they are linear combinations of the pure S wave and the pure D wave. 

From the quark currents14•15 

and the definition 

the interaction tensor responsible for the mixing is:15 

1'\,2 ..... ..... 
Vr = -

2 
(§2- 3(8 · n)(S · n))(V"(r)- V'(r)fr). 

6m 

The matrix element between 23 81 and 13 D1, 

00 

(13 D1 1Vri23 Sl) = ~-:;
2 j R1v(r)(V"- V'fr)R2s(r)r2dr, 

0 

(1.7) 

(1.8) 

{1.9) 

(1.10) 

may not be zero. Where Rnl are the radial part of the wave functions with 
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energy level n and orbit angular momentum l. Therefore, from the first-order 

perturbation theory, two eigenstates of the Hamiltonian are: 

(1.11) 

or approximately, 

(
1/1(3685)) = (cosO -sinO) ( 2

3
S1 ) ' 

1/1(3770) sin 0 cos 0 13 D1 
(1.12) 

with 

(1.13) 

For a simple harmonic oscillator potential V ( r) = ar2 , it is clear that (V" -

V' /r) = 0, and therefore no mixing could take place because of the tensor inter­

action. For the potential of the form V(r) = -a/r + br + Vo, the mixing is about 

4% or the mixing angle 0 is about - 2°. 15 

The wave functions of the 1/1(3685) and 1/1(3770) are also coupled to the ID.D) 

and ID* .D•) .... : 

(1.14) 
+ aiDD;p- wave)+ ,BID* D*; f - wave)+ .... 

(1.15) 
'I - ) 'I • - . ) +a DD;p-wave +,8 D D ;/-wave + ..... 

This coupling introduces a mixing of 17%, which is much larger than the mixing 

that is due to the tensor interaction (Eq. 1.13)21 • 
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e 

c 

'if; II ('if; I • • • • ) 

c 

Figure 1.3.1: cc annihilating into two electrons. 

That mixing between S and D wave is indeed taking place has been supported 

by experimental measurements on the electronic width of the tf!(3770). The 

annihilation of the cc states into lepton pairs is shown in Fig. 1.3.1. The leptonic 

decay rates of the n3 S1 states are given by12: 

(1.16) 

The experimental results in Fig. 1.3.2 show that the tf!(3770) is not a n 3 S1 state; 

the electronic width of the tf!(3770) is much smaller than that for neighboring 

states. On the other hand, the electronic width of the 3 D1 based on the non­

relativistic charmonium model is given by:15 

(1.17) 

The numerical estimate is 120 eV, which is less than half the experimental meas-



1 

t • 
- -0 0 -M t co V) 

+~ 
.... ..... ... 

+1 ~ ':j;: 
+ ~ "1'-

3 3 .5 4 4.5 

Mass (GeV) 

Figure 1.3.2: Electron partial widths of the ce resonances. 

urement of 276±40 e V 37 • Thus, the t/1(3770) cannot be a pure D wave. It can 

therefore be concluded that mixing of the 23 S1 and 13 D 1 is indeed taking place. 

Due to the existence of mixing, some characteristics of t/1(3770) decays will 

be different from those of a pure 3 8 1 or a pure 3 D 1 state. The details will be 

discussed in the following sections. 

1.4 ANNIHILATION OF THE t/1(3770) 

The annihilation processes contributing to the decays of the t/1(3770) are 

shown in Fig. 1.4.1 and Fig. 1.4.2. At least three gluons or two gluons plus one 

photon are required in each process. The cc must annihilate into at least two 

gluons to conserve color. The processes must also conserve charge conjugation. 

Two gluons can only have one charge conjugation eigenstate with eigenvalue +1, 

while three gluons can have two eigenstates with eigenvalues ±1. Therefore for 

the annihilation of the t/1(3770), at least three gluons or two gluons plus one 

photon are required to conserve both color and charge conjugation. 
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c 

1/J" ( 1/J' .... ) 

c 

Figure 1.4.1: Three-gluon annihilation of the cc. 

c 

1/J" ( 1/J' ..... ) 

c 

Figure 1.4.2: cc annihilating into one photon and two gluons. 

From Eq. 1.12: 

(1.18) 

Thus, the amplitude for three-gluon annihilation is: 
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(3giVinteraction I1P(3770)) = cos 0(3giVinteractionl13 Dl) +sin 0(3giVinteractionl23 Sl)· 

(1.19) 

The three-gluon annihilation of quarkonium is very similar to the three­

photon annihilation of positronium. In the lowest order QCD calculation, the 

3-gluon coupling does not play a role. Therefore, the last term in the Lagrangian 

of QCD (Eq. 1.3) is neglected, making the QCD and QED calculations almost 

identical. The calculation of the positronium 3 8 1 state had been performed in 

19499•10 , and the three-photon annihilation rate of the cc is obtained by multi­

plying by a factor of 3Q~. The factor 3 comes from a quark's having three colors 

and Qc = 2/3 is the charge of the charm quark in a unit of electron charge. The 

rate becomes: 

(1.20) 

The ratios of the decay rates for gluons and photons can be calculated by the 

comparison of the interacting vertex. For three gluons and three photons, this 

ratio is: 

fsg = o:! ~ITr()."{).b Ac})l2= (0:")3(5·3
3
). 

f 3 9o:3Q6 L- 2 2 ' 2 o: 27 
1 c a,b,c 

(1.21) 

For two gluons plus one photon and three photons, this ratio is: 

(1.22) 

Using Eq. 1.20 and Eq. 1.21, we can find the annihilation rate of the n3 S1 

charmonium into three gluons: 

(1.23) 

Using Eq. 1.20 and Eq. 1.22, the annihilation rate of two gluons plus one photon 
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is: 

3 128 2 aa2 

r(n sl --+ '"'(2g) = -(1r - 9)-2' IRn s(O)I2. 
8l1r M ' (1.24) 

The three-photon and three-gluon annihilation rates of the D wave can also 

be calculated by using the QED method and Eq. 1.21.11 The three-photon 

annihilation rate is: 

(1.25) 

and the three-gluon annihilation rate is: 

a3 IR" (0)12 
r(1sD --+ 3 ) = 48640 , 1,D l M 

1 g 8111" M6 n .6. ' {1.26) 

where the bound-state mass is approximated by M !::! 2mc and the cutoff mass 

by .6. = 2wa,min = fry ,.., 1 Ge V.15 

The one-photon, two-gluon annihilation rate of the D wave can be calculated 

using Eq. 1.22 and Eq. 1.25: 

r(3 D1--+ '"'(2g) = r 1
,.,29 f(3D1--+ 3...,) ra,., 

= (a')2(~)s57 x 2
16 a

3
IR:,v(O)i

2

1nM 
a 2 38 1r M6 .6. 

19 · 213 aa~IR: v(O)I 2 M 
= 3•1!" M6 lnt;. 

{1.27) 

These predictions are to lowest order in a,. For higher orders in a,, the 

decay rates are: r = r 0 [1 + Ba, + O(a~)], where fo is from the lowest order 

a, calculation and B is a constant. Some predictions based on higher order a, 

calculations may be found in Ref.(34). According to Ref.(34), the sign of the B 

for gluon annihilation is positive for 1 So, negative for 381, and not known for 
3D1. 
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The three-gluon annihilation rates in lowest order can be estimated numeri­

cally using Eq. 1.23 and Eq. 1.26. Since these estimations do not include higher 

order a, correction, large errors are expected when compared with experimental 

results. Using IR1,s(O)I = 0.67 and2 r(J/¢ -t 3g) = 43 keV as input15, we ob­

tain a, = 0.19. Using this a,, R 2,s(O)/R1,s(O) = .J3fi, IR;,v(O)I = 0.28 and 15 

tl. ~ 1., the three-gluon annihilation rates are predicted to be r(23 S1 -t 3g) = 46 

keV and r(13 D1 -t 3g) = 44 keV. 

Following Eq. 1.16 and Eq. 1.17, the electronic widths of the S and D 

components in terms of radial wave functions are: 

(1.28) 

(1.29) 

The three-gluon annihilation widths of the Sand D waves can also be calcu­

lated without an explicit model for the wave functions. The ratios of three-gluon 

and electronic widths for S and D wave components, following Eq. 1.23, Eq. 

1.26, Eq. 1.28 and Eq. 1.29, are: 

(1.30) 

R 2 _ r(3 D1 -t 3g) = a~ 304ln(M) 
D- r(3Dl -t e+e- ) a 2 4511" tl. . 

(1.31) 

Therefore, the three-gluon annihilation rate of the ¢(3770) can be calculated 

based on the electronic widths of the ¢(3685), ¢(3770) and the mixing angle: 

( 
vr(¢(3685) -t 3g)) 

vr(¢(3770) -t 3g) 

= ( Rscos28 + Rvsin28 cos 8 sin fJ(Rs - Rv)) 

cos 8 sin fJ(Rs - Rv) Rvcos28 + Rssin28 ( 
vr(¢(3685) -t e+e- )) . 
vr(¢(3770) -t e+e ) 

(1.32) 
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Figure 1.4.3: Predicted three-gluon annihilation widths. The predictions 

are based on the electron widths as functions of the mixing angles. 

The electronic widths of the S, D wave components and the three-gluon 

annihilation widths of the ~(3685) and ~(3770) as functions of the mixing angles 

are summarized in Fig. 1.4.3. Both Rs and RD are assumed to be positive. 

The region in the neighborhood of 0 = 6.5° is the physically interesting one. At 

this mixing angle, r(3 D 1 --+ e+e-) = 120eV, r(~(3685) --+ 3g) = 16 keY, and 

r(~(3770) --+ 3g) =50 keV 

1 . 5 HADRONIC TRANSITIONS OF THE ~(3770) 

The hadronic transition processes, illustrated in Fig. 1.5.1, are particularly 

interesting. In these processes, the QQ in the higher energy states radiate glu­

ons, making a transition to a lower energy state, where gluons converted into 

hadrons26•27 , in analogy to nuclear transitions. We certainly would like know 

more about these transitions, just as we have learned a great deal about nuclear 

transitions. The most interesting finding is the possibility of fixing the matrix 
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Figure 1.5.1: Hadronic transition in the cc system. 

element (7r+7r-IEkOE1IO), which describes how gluons are converted into pions 

starting from first principles.30 

Since quarks and gluons carry color charges, interactions between gluons and 

gluons, or between gluons and quarks can occur. The hadronic transitions in 

quarkonium are therefore very difficult to predict. The simplest case is that in 

which quarkonium is made of heavy quarks (charm or heavier), where ka::; 1 is 

satisfied by the transitions between states, k ,..... H ~initial - ~final) and a is the 

size of the quarkonium. With this restriction, the predictions for the transitions 

can be made by the multipole expansion methodl6,24,27,28 • 

Let us briefly review the multipole expansion method, following Yan.16 

Beginning from the gauge-invariant effective Lagrangian: 

Lq = j d3x{ tjj[i-y~a~'- m]¢- gtJi"f~ A~'¢} 

- ! 92 ~~d3xd3ypa(x,t) 1 _ 
1 

VJPa(y,t) 
247r L- X-!/ 

a 

(1.33) 
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with color charge density 

Pa(x, t) = wt(x, t)Ta 'll(x, t), {1.34) 

where the quarks are represented by 

w = u-1 (x, t)t/J, {1.35) 

with 

z 

U(x, t) = Pexp(ig I d~ · A(x, t)), {1.36) 

0 

Y an showed that 

LQ =I d3x{wt[h"8"- m]w- gWt"f" A~ w} 

- !£. L I d3 xd3YPa(x, t) 
1 

.... 
1 ~ Pa(Y, t), 

2 411" X- y 
a 

(1.37) 

where 

(1.38) 

The term responsible for gluon radiation is: 

(1.39) 

Now, A~(x, t) can be written as46 : 

1 

Ab(x, t) = Ao(O, t)- I dsU- 1 (sx, t)x. E(sx, t)U(sx, t) (1.40) 

0 



where 
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1 

A'(x,t) =-J dssU-1 (sx,t)xx ii(sx,t)U(sx,t), 
0 

(1.41) 

(1.42) 

(1.43) 

and G~v is the field strength tensor defined in Eq. 1.6. Expanding A~ in powers 

of x and using Eq. 1.40, Eq. 1.41, the QCD multipole expansion is: 

L1 =-I d3x(gwt1~ A~ w) 

= 2:) -QaAoa(O, t) + J. Ea(O, t) +rna . Ba(O, t) + ... ], 
(1.44) 

II 

where 

(1.45) 

(1.46) 

.... I d3 1 .... ~ ( .... t) m 11 = g r2r X Ja r, , (1.4 7) 

and 

(1.48) 

In Hamiltonian form, the expansion can be written as: 

HI= QaAoa(O,t)- da. Ea(O,t)- rna. Ba(O,t) + ... ' (1.49) 
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where 

(1.50) 

(1.51) 

(1.52) 

By analogy with the conventional QED multipole expansion, the first three terms 

are called monopole, electric dipole and magnetic dipole. The monopole term 

annihilates a color singlet; the hadronic transitions are caused by the other terms 

in HJ. 

One immediate prediction of the multipole expansion formalism is the ratio 

of the rates for electric dipole and magnetic dipole transitions. The ratio of these 

rates is given by 

r electric dipole ( )2 =------''---- - am 
r magnetic dipole ' 

(1.53) 

where a is the size of the quarkonium system and m is the mass of the quark. For 

the charmonium system, this ratio is about 20, compared with the experimental 

value of 19±3 at the t/1(3685). 

Another important prediction is the mass distribution of the two pions pr~ 

duced in the transitions. Incorporating PCAC (Partial Conservation of Axial­

vector Current) into the multipole expansion method, Yan predicted the mass 

distribution of the two pions. Two particular cases are interesting here. The first 

is for the transition lt = li = 0 or J 1 = Ji = 0, w bile the second is for lt -=/= li 

or J1 -=/= Ji . Here, i and f denote the initial and final state, l and J represent 

orbital angular momentum and total angular momentum, respectively. For the 

t/1(3770), we are interested in both cases because of the mixing of the S and D 
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(1.54) 

where 

(1.55) 

The angular distribution of the pion system with respect to the beam axis is 

also predicted for 13 D1 --+ 13 S1 + 1r+ 1r-: 

clr(13 Dl--+ 1381 + 27r) =K(M2 -4 2)1/2{(M2 -4 2)2 (1 47 K2 ) 
dM d cos 9 """ m"" """ m"" + 60 M2 

lrlr lrlr 

2 K• ( _. 2 2 _.) + - M2 Mn + 2m""M"""" + 6m"" 
3 lrlr 

[ 7 K2 ( 2 2)2 
- 20M2 M"""- 4m"" 

lrlr 

2 K• ( 4 2 2 4 )] 2 } + -M4 M"""" + 2m""M"""" + 6m"" cos 9 . 
5 lrlr 

(1.57) 

Following Eq. 1.49, the electric dipole transition matrix element can be 

written asl6,17,24,29: 

(1.58) 

where G represents the intermediate states, and E~r,OEz are the operators that 

produce hadrons h from the vacuum. 
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Kuang and Yan proposed that these intermediate states are the excited states 

of a vibrational string.17 Therefore, the transition matrix element can be written 

as: 
2 

MEt= i~ (flx.:G(e.:)xlli)(hiEkPEliO), (1.59) 

where 

li) and I/) represent the initial state and final states of quarkonium; e.: is the 

energy of the initial state; P is the projection operator for the sector of the 

lowest string excitation; lv, kl) are the intermediate states of the string of energy 

ev kl and angular momentum l. 
' 

With this model for the intermediate states, the transition rates of the dif­

ferent wave components are predicted17: 

(1.60) 

(1.61) 

where 

(1.62) 

(1.63) 

and dro/dM-,;+-,;- is defined by Eq. 1.54; 

_ M 1 3 J dM dr2(13 Dt -+ 13
81 + 1r+1r-) 

H- 10M.:1r n dMu ' 
(1.64) 

and dr2 jdM-,;+-,;- is defined by Eq. 1.56; c1 and c2 are constants; .R.:(r), 

R1(r), Rk1 (r) and M.:, M1, Mkl are the radial wave functions and masses of the 

initial, final, and intermediate states, respectively. 



19 

The constant c1 is determined from the decay rate of the 1/1(3685). The 

relationship of c1 and c2 is determined from the two-gluon calculation; lc21 = 

3lcll·17 The wave functions Rkl of the intermediate states are model-dependent, 

but numerical calculations show that the ratio of decay rates for 8 and D waves 

has a very small dependence on the specific model for the intermediate states. 

The ratios of transition rates for the 8 and D wave components of the 

1/1(3685) and 1/1(3770) from Eq. 1.60 and Eq. 1.61 can be written as: 

R _ r(23 8 1 --+ 13 81 + 1r+1r-) = Glcll
2
1/},ifl

2 
,..., 15GI/},i/l

2 
,..., 

1 0 
H- r(13 Dl--+ 1381 + 'lr+'lr-) l~Hic212 1/1,i/l2 - 36Hifb,itl2 - . 

(1.65) 

It can be proven that there is no interference between the 8 and D waves in 

this hadronic transition. Thus, using RH and the mixing angle, the hadronic 

transition rate of the 1/1(3770) is: 

r(,P(377o) --+ J f,P + 1r+1r-) 

= cos2 Or(13 D1--+ 1381 + 1r+1r-) + sin2 Dr(23 81--+ 13 81 + 1r+1r-) 

( 
cos2 0 + RH sin2 0) 

= r(,P(3685)--+ Jf,P + 1r+1r-) 
2 

• 2 
RHcos (J + sm (J 

~ r(,P(3685) --+ J f,P + 1r+1r-) = 71 keV. 
(1.66) 

There are other predictions of the decay rates that are quite different (see 

Ref.(25) and Ref.(29)). The major differences of these approaches from the cal­

culation discussed above is in the determination of the factor (h iEkOEziO), which 

converts gluons Ei = TaGf0 into hadrons. 

Billoire, et al. 25 predict r 0+ = 0.73a~ keV, using the two-gluon intermediate 

state with JP = o+. For a. ~ 1.0, the width is: 

(1.67) 

and R# ~ 100. 
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With additional low energy QCD theorems, Moxhay29 predicts: 

. ?rj/ ,,2l:i7 
r(238 138 + + -) S,S S,S' 

1 --+ 1 1r 1r ~ 39 ' (1.68) 

(1.69) 

where 

(1.70) 

Go can be approximated by a constant to be determined from experimental data; 

pG ~ 0.5; a..(Jjt/;) ~ 0.7; l:i;,,/ is the mass difference between the initial state 

and the final state. The ratio of Eq. 1.68 to Eq. 1.69 is: 

(1.71) 

A numerical estimate for the cc system gives the R'H ,...._ 83. This corresponds to a 

decay rate f(13 D1 --+ 13 81 + 1r+1r-) ~ 0.9 keY, using f(23 8 1 --+ J /t/J + 1r+1r-) '""' 

r(¢(3685)--+ Jjt/; + 1r+1r-) = 71 keY. 

The predicted hadronic transition rates of t/;(3770) for Billoire, et al.25 and 

Moxhay29 calculations as functions of the mixing angle are shown in Fig. 1.5.2. 

The predictions of the multipole expansion method and the intermediate 

string model are consistent with the experimental measurements in the bb 

system18•19 except for mass distribution of the two pions, which has been only 

partially successful. For the transition 23 8 1 --+ 13 8 1 + 1r+ 1r-, the predictions are 

consistent with the experimental results, but this is not true16 for the transitions 

33 8 1 --+ 13 8 1 + 1r+1r- and 33 8 1 --+ 23 81 + 1r+1r-. The mass distribution of the 

two pions from the ¢(3685) is also predicted by this calculation; it is consistent 

with the measurements. 
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Figure 1.5.2: Predicted hadronic transition widths. a). is from Ref. {25), 

and b) . is from Ref. {29). 

Taking into account the mixing, following Eq. 1.54 and Eq. 1.56, the mass 

distribution of the two pions for the t/1{3770) transition is: 

di' 

{1. 72) 

where 

(1.73) 

{1.74) 
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Figure 1.6.1: Electromagnetic transition in the cc system. 

1.6 ELECTROMAGNETIC TRANSITIONS OF THE t/1(3770) 

The electromagnetic decay of the t/1(3685) or t/1(3770) is shown in Fig. 1.6.1. 

This transition is calculable in QED, if the wave functions of the qij system are 

determined. 

Two basic approaches are used to predict the transition rate: one is based 

on the non-relativistic quarkonium model; the other incorporates additional rel­

ativistic corrections. 

The electromagnetic transition probability is given by: 

(1. 75) 

For the electric dipole transition, this is:21 

(1. 76) 
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Decay Grotch6 D aghighian 22 Li13 Yamamoto31 Lane40 Exp. 

(keV) (keV) (keV) (keV)c (keV) (keV) 

2381 --t /XO 23 46 

2381 --t /Xl 28 41 

2381 --t IX2 24 29 

13Dl --t /Xo 204 155d 260 301 

13 D1 --t /Xl 324 66.1d 82 98 

13Dl --t IX2 354 2.9d 3.3 3.82 

1/1(3685) --t /Xo 12 na(3.78)b 20±4 

1/1(3685) --t /Xl 23 46 22a(15)b 19±4 

1/1(3685) --t IX2 24 24a(22)b 17±4 

1/1(3770) --t /Xo 0.2-133 37la(386)b 

1/1(3770) --t /Xl 0.2-57 155a(175)b 

1/1(3770) --t /X2 9-21 22a(33)b 

Table l.II. Predicted electric dipole transition widths. a). with mixing 

angle 15° and b). 21°; c). Predicted with a harmonic oscillator poten­

tial. Yamamoto also predicted f(,P(3770) ,...... /Xo) : f(,P(3770) --t /XI) : 

f(,P(3770) --t /X2) = 81: 25: 1. d). See Re£.(47) . 

where k is the momentum of the radiated photon, and 

00 

Eif = 
3
k J dr [(1 + ~ )u,(r)[Krio(Kr)- jl(Kr)]ui(r) 

2 4mc 
0 

+ ~[J(J + 1)- 4]u,(r)ui(r)jl(Kr) 
4mc 

(1.77) 

+ ~u,(r)r[8ui(r)/8r]jl(Kr)], 
2mc 
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Figure 1.6.2: Predicted electromagnetic transition widths6 • 

Sif is a statistical factor; K = !ka(mca)-113 • For the magnetic dipole transition, 

this is: 

where 
00 

Mil= J drui(r)u,(r)io(Kr). 
() 

(1. 78) 

(1.79) 

There are large discrepancies between the non-relativistic calculations and 

the experimental measurements for 1P(3685) --+ XJ +I· The predictions are a 

factor of 2 to 4 larger than the experimental measurements.21 

Two methods are used to resolve these discrepancies. The first is to take into 

account mixing: the amplitude of S and D waves thus cancel in the 1P(3685) and 

enhance each other in the 1P(3770).40 The second employs additional relativistic 

corrections6 •22 • 
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Figure 1.7.1: tP(3770) decays into two D mesons. 

Table l.II lists the different predictions of electric dipole transition rates for 

the 238~, and 13 D~, states, as well as for the physical tP(3685) and tP(3770) . 

The most realistic estimates of the tP(3770) and tP(3685) electric dipole tran­

sition rates employ relativistically corrected transition rates of the S and D wave 

component and a mixing angle. The correlation of the rates and the mixing angle 

are shown in Fig. 1.6.2, with predicted Sand D component from Ref.(6) . The 

Sand D waves are assumed to enhance each other at tP(3770). 

1. 7 THE DD DECAY OF THE tP(3770) 

The DD decay of the tP(3770) is illustrated by Fig. 1.7.1. This process is 

sometimes referred to as an OZI- allowed 33 decay. "A realistic description of 

such interactions, rooted in the foundations of QCD, is not yet in sight." 21 

One model used to describe this DD decay is the coupled-channel model.21 

This model assumes "that the instantaneous interaction which causes the bind­

ing of the cc and qq states is also responsible for the decay". The interaction 
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Hamiltonian takes the form: 

(1.80) 

with the octet color density Pa(r) = ,pt(r)Tat/l(f), and quark field 1/1. The decay 

amplitude is: 

(cc, 1/1(3770) IUicq, a; cq, iJ; P), (1.81) 

where a, iJ are spin-parities, and pis the relative momentum of the D mesons. 

U = PaHI PvD 1 Pel and PvD are the projection operators onto cc and cq, cq 

subspaces. 

The total width of the 1/1(3770) is predicted from the coupled-channel model 

to be 30 MeV. 

Another prediction is based on a "Field-theoretic model of compos­

ite hadrons" .32 This model gives the coupling between 1/1(3770) and DD as: 

R2 R2 2 
__ 1_7r-15/4(R2)3f4(R2 )3/2a-3/2p' a ( )exp(- D .P A2.:;) -

8
y'6 .p D iJ m .p 3770 2/J 11' , 

(1.82) 

where 

( 
2 ) 1/2 2 2 

a.p(s77o) = 
15 

(R.pl {J ){5g(bl2- A2g) 

- ~(g2 I fJ)[7bg- 3AI( -R3. + 5Rb)] + 
35 

A} (g4 I {J2 )(2R3.- 5R1)}. 4 'I' 32 'I' 

(1.83) 

R.,., Rv are the "size" of the J 11/1 and D mesons, h. = mm, , AI +A2 = 1, b = m
1 , 

'I' A2 •(.1) o+ 

{J = ~R~ +Rb· 
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With g = 1.67GeV-1
, and R1 = 6Gev-2, the t/1(3770) partial width to D 

meson pairs are predicted to be: 

r(,P(377o) --. n+ n-) = 12.1 Mev (1.84) 

and 

r(,P(3770) --+ D 0 D0 ) = 16.8 MeV. (1.85) 

The sum of above two gives 28.9 MeV. With R1 = 9Gev-2 , this width be­

comes 21.3 MeV. These predictions can be compared with the measurement: 

rtotaz(t/1(3770)) = 25 ± 3 MeV2• 

1.8 THE RELATED TOPICS OF THE NON-DD DECAYS OF THE t/1(3770) 

There are several other issues related to the non-DD decays of the t/1(3770). 

One is the rescattering process shown in Fig. 1.8.1. Another is the anomalous 

vector-peudoscalar decays of the J /t/J and t/1(3685). 

The DD decays are often called "OZI-allowed decays", as mentioned earlier; 

annihilation decays and hadronic transitions are often called "OZI-suppressed 

decays" .33 In previous sections, we have already seen that based on QCD, the 

0 Zl-suppressed decays should have much smaller branching ratios compared with 

the OZI-allowed decays. In the t/1(3770) case, the ratio of the branching ratios of 

the OZI suppressed to those of the OZI-allowed should be of order of 2 x 10-3 , 

which is based on predictions in Fig. 1.4.3 and the measured total width of the 

t/1(3770). 

However, the rescattering process as in Fig. 1.8.1 could result in a large 

branching ratio for the OZI-suppressed decays of the t/1(3770). In this process, 

each step is OZI-allowed, even though the entire decay is OZI-suppressed. Be­

cause of this rescattering, the total OZI-suppressed decay could have a large 

branching ratio 7• 
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Figure 1.8.1: The rescattering process. 
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The other issue is related to the ratios of the branching ratios of the vector­

peudoscalar decays of the J/1/J and 1/J(3685). This ratio is predicted to be8 : 

r( 1/J(3685) - e+ e-)r tot( J /1/J) 
Q = f(J1/J-+ e+e-)ftot(1/J(3685)) = 0.135 ± 0.023, (1.86) 

based on perturbative QCD. This prediction agrees very well with experimental 

results, except for the case of vector-peudoscalar decays. The measured results 

for the final states p1r and K-± K=f are: 

Q(p1r) ~ 0.63 X 10-2 • (1.87) 

(1.88) 

far below the QCD prediction. A number of explanations have been advanced23• 

Measurements of the OZI-suppressed decays of the 1/J(3770} may help us under­

stand more about this unusual behavior. 
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2. MARK-III EXPERIMENT 

2 .1 MARK- II I HISTORY 

Design of the detector started in 1978 using as a shell the flux return steel of 

Mark I, the original SPEAR magnetic detector. Construction was completed in 

the spring of 1981 and the detector was installed at SPEAR that summer. Check 

out started during the fall and the first data were taken in the spring of 1982. 

Time Ec.m. Luminosity or Events 

1982 Spring J /t/1(3097) -0.9 M J f,P produced 

1982 Fall t/1(3684) -150 K hadronic events produced 

t/1(3770) -1800 nb-1 

1983 Spring J /t/1(3097) -1.8 M J f,P produced 

t/1(3770) -3800 nb-1 

1984 Winter t/1(3770) -3400 nb-1 

1985 Spring J /t/1(3097) -3.1 M J f,P produced 

1986 Winter 4.14 GeV -6300 nb-1 

Table 2.I: Mark-III data taking history. 

2. 2 OVERVIEW 

Physical Layout of the Detector 

Axial and side views of the Mark-III detector are shown in Fig. 2.2.1 and 

Fig. 2.2.2. 

The electron and positron beams collide at the center of the detector, inside 

the Be vacuum beam pipe. Encircling the beam pipe is the inner trigger drift 
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Figure 2.2.1: Axial view of MARK-III detector. 

chamber {Ll), which provides both trigger information and part of the position 

measurements of the charged tracks. Surrounding the inner trigger chamber is 

the main drift chamber layer 2 to layer 8 (L2 to LS). L2 has a higher density of 

sense wires than L3 to L8 for additional dE/dx measurements and more accurate 

position measurements used to reconstruct the vertex. L3 to L8 give the position 

measurements of the charged tracks only. 

Surrounding the main drift chamber is the Time of Flight (ToF) counter, 

which measures the time of the flight of the particles for particle identification. 

It is also used in the trigger system and for rejecting cosmic-rays. 

The electromagnetic shower counters enclose all detector subunits described 
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Figure 2.2.2: Side view of the MARK-III detector. 

above. The part encircling the Time of Flight counter is called the Barrel shower 

counter, and the parts located at the two ends of the central drift chamber are 

called the End Cap shower counters. The shower counters provide the energy 

and position measurements for both neutral and charged particles. 

All of the above detector units are inside a magnetic field provided by a 

solenoid surrounding the barrel shower counter and flux return steel covering the 

solenoid and supporting the End Caps. 

Finally, outside the solenoid and the steel shell is a set of muon counters for 

muon detection. 

The main parameters of the detector are listed in the Appendix, Table A.I 
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to Table A.V. 

What can be Measured? 

In order to understand a reaction completely, we need to investigate what 

caused the reaction, how the reaction took place and what the final products are. 

Fig. 2.2.3 illustrates a reaction: an e+ and e- annihilated into a photon; the 

photon produced a tb(3770) resonance; the tj~(3770) radiated a pair of pions and 

decayed into a J /tP ; the J /tP annihilated into a photon again and the photon 

produced an e+e- pair. 

e 

Figure 2.2.3: Illustration of a reaction: e+e- - tb(3770) - J /tb + 
1r+1r- - e+e-7r+7r-. 

e 

In the Mark-III experiment, the initial reactions are caused by collisions of 

electrons and positrons. The center-of-mass energy of the reaction is determined 

from the magnetic field of the storage ring and the orbit of the beam. The reaction 

rates are found using luminosity, which is determined from luminosity monitors 

or from radiative Bhabha events during off-line analysis. 
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Unless an intermediate state has a long enough lifetime to have a measurable 

track, the detector will not be able to measure it, but information about the 

intermediate state can still be obtained from its final products. In the energy 

region of the Mark-ill experiment, most intermediate states are bound states 

of a charm quark and a light antiquark (or an anticharm quark and a light 

quark). The final state contains photons, neutrinos, electrons, muons, pions, 

kaons, protons and neutrons. Except for neutrinos, most of the final products 

are detectable by at least parts of the detector. We can therefore find information 

about the intermediate states by looking at the properties of their final products. 

A complete particle description must include the four-momentum vector, 

charge and the production coordinates. Therefore, the detector is required to 

perform good measurements of the momentum and the energy of the particles 

and the initial vertices of the particles. For a charged particle, the momentum and 

initial vertex are measured by the central drift chambers, and the energy can be 

determined from the momentum and the particle type. For a neutral particle, the 

four- momentum vector can sometimes be determined from the shower counter 

measurements. 

The particle identification is another major part of the measurements. Be­

sides being interesting in itself, it is required for determining the energy of a 

charged particle. Charged particles are identified by o:E/ dx , ToF, muon counter 

measurement, the combination of the central drift chamber and shower coun­

ters, and shower counters. Some neutral tracks can be identified by the shower 

counters. 

The Design Concerns 

The detector is designed for investigation of the production and decay of par­

ticles at a center of mass energy of 3 to 5 GeV. Since the average momentum of 

final particles in this region is about 600 MeV /c to 900 MeV jc, multiple Coulomb 

scattering is a major source of error of the momentum measurement. Multiple 

scattering can be reduced by minimizing the number of radiation lengths of ma-
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terial traversed by particles. Table A.l of Appendix A gives a list of the material 

thickness traversed by particles. The total, 0.0214 radiation lengths, contributes 

1.5% to the momentum measurement error, !:ipjp, of the drift chamber. 

Since 1r
0 's play a very important role in physics at 3 to 5 GeV, it is very 

important to have very good, low-energy photon detection efficiency. Efficiency 

for low-energy photons is increased by locating the shower counter inside of the 

solenoid and the steel shell to avoid having a large amount of material in front 

of it. 

2. 3 THE TRIGGER SYSTEM 

The function of the trigger is to select most efficiently events produced by 

the collision of the electron and positron while rejecting backgrounds such as 

cosmic-rays, beam-gas interactions and noise. The trigger system first looks to 

see if there is any track produced during the beam crossing. H there is, then the 

trigger system searches for any possible track inside the central drift chamber 

and any ToF hit. H all trigger criteria are satisfied, the trigger system will tell 

the computer to record all data. 

The detector efficiency is at a maximum for the trigger decision time less the 

time between a two-bunch collision, 780 ns at SPEAR. To achieve this maximum 

efficiency, the trigger system is divided into several levels: level 0, level 1, and 

level 2, where each higher level will be started only if the lower level is satisfied. 

Level 0, the lowest level, can be started by the inner drift chamber and ToF, 

and is designed to make a decision faster than is required to achieve maximum 

efficiency. 

The First Level of the Trigger (level 0) 

The level 0 trigger relies on the inner trigger chamber and the time of flight 

counter information. There are up to six configurations possible for the level 0 

trigger. During the t/J(3770) running, the trigger simultaneously looked for two 
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Figure 2.3.1: Axial view of layer 1 (a) and a cell in layer 1 (b). 

different event configurations called "two-track" and "one-track". H either one 

of them was satisfied, a level 1 trigger process would be started. 

"Two-track" requires at the least two chronotron outputs. This can occur 

only if two charged tracks are found by the inner trigger chamber. "One-track" 

requires at least one chronotron output and one time of flight hit. 

The inner drift chamber is described in detail in Section 2.4. The drift time 

of an ionization track in a cell is in the range of 0 to 250 ns; however, the sum 

of the drift times of two nearby layers is constant because of the half-cell offset 

of the sublayers. Fig. 2.3.2 shows the distribution of this constant for hadronic 

events and the cosmic-ray background. 
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Figure 2.3.2: Chronotron resolution for hadrons. Tl and T2 are the times 

for sublayer la and lb of layer 1. 

Outputs of both ends of each inner drift chamber wire are discriminated and 

are sent to an "OR" gate to remove the effects of the large pulse-height variations 

caused by the resistive wire. The output of the "OR" gate is then connected to 

one end of a tapped chronotron delay line. The other end of the chronotron delay 

line is connected to the "OR" gate output of an adjacent wire. The time delay 

of the delay line between the two ends is designed to equal the maximum drift 

time of the cell (250 ns) . The pulses of a track produced by colliding beams from 

two adjacent wires will therefore meet each other in the delay line. When the 

two pulses overlap each other on the delay line, the pulse height on the delay line 
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will be doubled and will be above the threshold of the discriminators connected 

to points along the delay line. Firing a discriminator generates a candidate for a 

level 0 trigger required to come in coincidence with a window, 100 ns in width, 

associated with beam crossing and controlled by a VAX computer (Fig. 2.3.3). 

Since a beam crossing at SPEAR occurs every 780 ns, the 100 ns window 

reduces the cosmic-ray trigger by a factor of 7.8. Using the cosmic-ray rate 

(......, 2 x 102m-2s-1), the total area of the inner trigger chamber(......, 10-1m 2) and 

the reducing factor 7.8 that is due to the 100 ns window described above, the 

cosmic-ray trigger rate is estimated to be about 1 Hz. This is small compared 

with the total level 0 trigger rate( 4-10 KHz at .P(3770) ) that is due to beam 

gas scattering. 

Second Level (level 1) 

The Ievell trigger relies on the information from layers 1, 3 and 5 of the drift 

chamber. It also has "two-track" and "one-track" configuration corresponding 

to those of level 0. The difference here is that level 1 uses programmable logic 

arrays to implement a rudimentary track-finding algorithm. 

The "one-track" trigger covers 80% of the 41r solid angle, while the "two-
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track" trigger covers 88% , which is the coverage of the layer 5. 

Each cell in layer 5 is fed to a programmable logical array IC, along with the 

appropriate cells from layer 1 and 3 (see Fig. 2.3.4). The logical arrays recognize 

triple coincidences of cells. The minimum transverse momentum of the track that 

can produce a "TRUE" output is adjustable by the online computer through the 

programmable logical arrays from 50 to 250 MeV fc. 

The total time required for a level 1 decision is 550 ns of the drift time plus 

the delays of the TTL logical circuits about 1J.Ls. 

For the t/1(3770) run when the luminosity was 2.5x 1030 /cm2sec, the total 

level 1 event rate was 3.5 Hz, 0.25 Hz from real e+ e- interactions, 1.5 Hz 
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from cosmic-rays, and 1. 75 Hz from beam-gas. A level 1 trigger will generate 

a computer interrupt, causing the event to be written onto tape. Since 30 ms 

are needed to complete this writing procedure, an event rate of 3.5 Hz results in 

10% dead time at this level. 

Third Level (level 2) 

Level 2 uses the Z measurements of the tracks. Since the electronics for the 

Z measurements is slow, 100 p.s are required to make a decision at this level. 

Off-line studies of the data indicate that the trigger rate could be reduced by 

a factor of 3 or 4 if level 2 were implemented. However, at ,P(3770) running, 

because of the need to balance between the reliability of the system and the dead 

time caused by the background, this level was not used. 

2.4 THE DRIFT CHAMBERS 

Inner trigger chamber (L1) 

The inner trigger chamber (layer 1) consists of four sublayers, each of 32 drift 

cells, forming concentric cylinders of 18.4 em to 27.3 em in diameter and 100 em 

long. The sense wires are offset by half a cell in alternate layers (Fig. 2.3.1.) 

Two of the four layers are incorporated in the trigger; the other two are used for 

tracking only. The 4 x 32 sense wires of 38 p.m stainless steel are maintained at 

about +2100 volts. The 4 x 32 guard wires of 178 p.m BeCu are maintained at 

about -200 volts. 

The sense wires, made of 38 p.m resistive stainless steel, allow determination 

of Z from charge division. The wires are terminated with amplifiers at both ends. 

When a charged track passes a cell, a pulse will be generated on the sense wire 

near the track. Since the wire has non-zero resistance, the relative amplitude of 

the pulses at two ends will reflect the location of the track in the Z direction. 

The average transverse resolution for each wire at ,P(3770) running is about 

400 p.m. The Z information obtained from the charge division of the sense wires 

has a resolution about 1% of the total length of the wire, about 1 em. 
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Over View of the Main Drift Chamber 

The main drift chamber encircles the inner trigger chamber with 7 layers, L2 

to L8. There are two portions of the chamber, the inner part L2, and the outer 

part L3 to L8. L2 is designed with a high density of 13 sense wires in each cell 

and a total of 32 cells in the layer, allowing the measurement of dE/dx, vertices, 

and kinks. L3 to L8 are designed with the total number of cells N, in a layer 

given by the relationship: N = 16 X j. All cells in L3 to L8 have three sense 

wires and are designed to be nearly identical in geometry and dimension except 

that the Z information is obtained in L3, L5, L1 by the charge division method 

discussed above, whereas in L4 and L6, it is obtained by putting wires at slight 

angles to each other in 4> and by using the difference of the drift time to calculate 

z. 

Layer 2 (L2) 

L2 covers 93% of 47r solid angle of the detector. Each of the 32 azimuthal 

cells consist of 13 sense wires of 20 p.m diameter tungsten and 2 guard wires of 

57 p.m stainless steel. The cells are equally separated by 32 groups of 15 field 

wires of 175 p.m diameter BeCu (see Fig. 2.4.1). The 15 sense and guard wires 

in a cell are spaced radially in steps of about 1 em. An equal amount of charge is 

therefore collected by each sense wire, for later use in the dE/dx measurements. 

Alternate sense wires are staggered in 4> by ±150p.m to aid in resolving the left­

right ambiguity. The central sense wire is not read out during operation, and 

therefore the total number of sense wires readout is 12. Pulses of about 20% the 

height of the neighbor sense wires are induced on the guard wires. These are used 

by the charge division method to obtain the Z position. A set of resistors are 

connected between sense wires at the read-out to compensate for the opposite 

polarity signals. The properties of L2 are summarized in Table A.II of Appendix 

A. 

The sense wires are operated at the proportional region with a low gas gain 

(~ 2 x 104) to provide dE/dx measurements and to avoid saturation. 
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Figure 2.4.1: A cell in layer two. 

The 16xj cells in each layer Lj contain three sense wires and two guard wires 

at either side of each sense wire. The sense wires are offset ±400J.Lm with respect 

to the guard wires to allow resolution of left-right ambiguity. Layers 4 and 6 are 

stereo layers with stereo angles of 7. 7° and - 9.0°, respectively. Fig. 2.4.2 shows 

the cell structure of L2 to L8. 

The radius of layer Lj is j x 13.45 em, giving all cells from L3 to L8 approx­

imately equal size of 5.28 em full width and 4 em height. This gives a reasonable 

similarity of electrical characteristics for later operation and analysis. 

The voltages on the field wires are set to be radially increasing to create a 
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Figure 2.4.2: The cells from layer 2 to layer 8. 

uniform field in each cell. The voltage on the central field wires is 4,300 volts for 

all cells. All sense wires are set at ground potential. With this voltage setup and 

with the gas mixture of 89% Argon, 10% C02, and 1% Methane, a gas gain of 

approximately 2 x 105 is achieved. 

The inner surfaces of the chamber are maintained at voltages of about half 

that of the field wires of the respective layer, to prevent the deterioration of the 

field close to these surfaces. 

Calculation shows that the field is remarkably uniform over approximately 

90% of the cell volume, with a value of 800 volts/em. With this field and the gas 

mixture mentioned above, the drift velocity of the electrons is about 5.2 emf p,s; 
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see Fig. 2.4.3. The cells have a width of about 5.28 em, resulting in a maximum 

drift time of about 510 ns. 

Chamber operation 

A cell in L2 could give 12 measurements of the track location in the </> di­

rection. The pulse-height corrections are made for these position measurements. 

The left-right ambiguity is resolved by comparing the x2 of the fits, assuming the 

track to be left or right. 

A cell in L3 to L8 gives 3 measurements of the location of the track. With 

these measurements, the left-right ambiguity can be resolved, and the resolution 

of a wire and the amount electrostatic deflection of wires can also be found. 
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Assuming that a track in a cell is a straight line, then one can define a quantity: 

(2.1) 

where, T1 to T3 represent the arrival time in wires 1 to 3, and Vdrift represents the 

drift velocity of the electron in the gas mixture. Fig. 2.4.4 shows the distribution 

of !:1 for layer 5. There are two clear peaks that represent left and right tracks. 

Since o ~ = y'3/2oi with o ~ the error of the !:1 and Oi the error of each Ti 

measurement, and using the resolution of 220 J.Lm of each wire, one gets 06=250 

J.Lffl. The distance between two peaks is much greater than 4o, giving excellent 

separation of left and right tracks. The distance between the two peaks is also 

larger than the four times offset (twice the nominal distance between the central 

wire and the other two), because of electrostatic repulsion that further separates 

the wires. 

The performance of the chamber is tested by using the J /t/J data sample. 

The resolution achieved is approximately 250 J.Lm for layer 2 with pulse-height 

correction and 220 J.Lm per wire for layer 3 to layer 8. The final resolution of the 

chamber is: 

!l.pjp = 0.015y1 + p2 (2.2) 

!l.,P = 0.002 (2.3) 

!:it an>. = 0 .011, (2.4) 

where, pis momentum measured in GeV jc, ,Pis the azimuthal angle in radians 

and >. is the dip angle. 

Fig. 2.4.5 shows the momentum distribution of the t/;(3770) di-muon events 

from several selected runs. The momentum resolution is 77±3 MeV jc, which 

is larger than the 60 MeV jc predicted by Eq.2.2. The major reasons for this 

discrepancy are that part of layer 2 had not been operating properly and that 

the drift chamber was not ideally calibrated. 
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Figure 2.4.4: Resolutions of a cell. Distribution of !J.. = Vd,.ift[(Tl + 
T3)/2- T2], T1, T2, T3 represents the drift times of a track respect sense 

wire 1 to 3. Two peaks correspond to the track passing on the left and 

right of a cell. 

2.5 dEjdX SYSTEM 

The dE/dx measurements are performed by layer 2 with 12 sense wires out 

of 13. When a charged particle passes through layer 2, an ionization track is left 

in the layer, and each read-out sense wire collects a 1 em sample of the track. 

These measurements are used to calculate the total dE/ dx loss of the particle. 

The height of a pulse represents an integral of the current on a sense wire 
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Figure 2.4.5: Momentum resolution in the 1/1(3770) run. 

over a microsecond period. For each charged track, there are a total of 12 pulse 

heights that could be found. 

The dE I dx system is tested by using data on the decay J I 1/1 - J.I.J.I. from the 

J 11/1 data sample. The pulse height distribution is shown in Fig. 2.5.1. Because 

the distribution has a long tail on the higher side, the 12 measurements of a 

track are truncated to insure the best performance. The truncation consists of 

using only the lowest 9 values of the 12 measurements to obtain the mean value 

of the pulse height. The truncated mean pulse-height distribution is shown in 

Fig. 2.5.2. The test indicates that the system gives good K - 1r separation up to 

500 GeV lc (see Fig. 2.5.3 and Fig. 2.5.4). 

2.6 TIME OF FLIGHT 

Once the time of the flight, the distance of the flight, and the momentum of 

a particle track are measured, the mass of the particle can be determined. The 

relationship between the mass M and the momentum p, speed {3, track length l 
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Figure 2.5.1: Single pulse-height distribution of dE/ dx . 

and the time of flight t is: 

(2.5) 

The major components of the time of flight system include the scintillation 

counters, light guides, photomultiplier tubes, read-out electronics and calibration 

systems. 

The particles interact with the scintillator, which then emits photons. Pho­

tons pass through the light guide and are received by the photomultiplier tubes. 

The pulses coming out of the tubes are sent to the DISCO in which the pulses 

are discriminated and the time to analog conversion is made. 
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Figure 2.5.2: Truncated mean pulse-height distribution. 

The scintillator is 5.1 em thick, 15.6 em wide and 317.5 em long, and is 

made of Nuclear Enterprises Pilot F plastic scintillator. The edges are angled 

in order to minimize the gap between neighboring counters. The scintillator is 

chosen to be as thick as possible and to still fit within the space allowed between 

the drift chamber and the shower counter in order to produce the maximum 

possible number of photons. The guides are made of ultraviolet-transmitting 

(uvt) plexiglass and are bonded to the scintillator by NE581 epoxy. The guides 

are shaped to fit the holes in the iron yoke of the magnet. They are shown in 

Fig. 2.6.1. 

The scintillators are read at both ends by Amperex XP2020 photomultipliers, 
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Figure 2.5.3: K-1r separation from dE/ dx . Solid curves are calculated 

from Landau form for the most probable energy loss. 

which are protected magnetically by two concentric mu-metal cylinders. With 

the shielding in place, the magnetic field measured at the position of the photo­

cathode was about O.lG. The voltages on the photomultipliers range between 1.8 

kV and 2.5 kV, and the pulses are in the range of 0-2000 pC. The output of the 

photomultipliers are sent to a DISCO, which is a four-<hannel discriminator and 

TAC as well as a charge sampling holder. The two thresholds of the discrimina­

tors are computer-<ontrolled and are generally set at 50 m V and 200 m V, while 

the typical photomultiplier pulse varies around a mean of about 1 V. 

Using the J /t/J data sample, the measured time resolution is about 171 ps 
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Figure 2.5.4: Calculated K-1r and e-1r separation in unit of u1r. 

for Bhabha events , is about 175 ps for di-muon events, and is about 189 ps for 

J /t/J-+ p1r0 -+ 1r+1r-1r0 events. 

A measure of the resolution of the ToF system, M 2 vs p for hadronic events 

at t/J(3770) , is shown in Fig. 2.6.2. Note that charged particles must have a 

minimum momentum of 75 MeV to reach the ToF because of the magnetic field. 
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Figure 2.6.1: An assembled ToF counter. 

2. 7 SHOWER COUNTER 

North 

The shower counters are used to measure the energy and the direction of 

particles and can also provide particle identification. They are the only places 

that the photon information can be efficiently collected. 

The shower counters consist of two sections, the barrel and the end cap shower 

counters. The barrel shower counter is a cylinder encircling the drift chamber. 

The end cap shower counters are mounted on removable steel doors at the two 

end sides of the main drift chamber. They are inside the iron to allow a good low 

energy photon detection efficiency and consist of 24 layers of proportional drift 

chamber separated by 0.5 radiation length aluminum clad lead sheets to achieve 
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Figure 2.6.2: ToF resolution at tf7(3770). Scatter plot of mass-squared 

versus momentum of the tracks at tf7(3770) energy. (a) at low momentum 

showing e- 1r, p.- 1r separation, and (b) the full momentum range. 

good energy and position resolution. 

A layer of barrel shower counter is made on a lead sheet of 0.28 em thickness 

(the first layer is on the 2.3 em aluminum spool) and consists of 320 cells with 

widths ranging from 2.4 to 3.2 em from the inner layer to the outer layer and a 

height of 1.24 em. The cells are separated by aluminum I-beams. In the center of 

each cell, there is a sense wire of 46 p.m stainless steel with resistance of about 

2600 ohms which allows use of the charge division method to determine the Z 

position of the shower. 

A layer of end cap shower counter also consists of a lead sheet 0.28 em thick 

and aluminum tubes of 2. 71 width and 1.17 em height. In the center of each tube 
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is a stainless steel resistive sense wire for longitudinal position measurements. 

The gas mixture used for both barrel and end cap shower counters is 20% 

methane 80% argon, flowing through the counter at a rate of one volume per day. 

Specifications of the barrel and end cap shower counters are given in Tables 

A.III and A.IV in Appendix A. 

Each wire of the first 6 layers of the shower counter is read out at both 

ends, while the next 18 layers are read in groups of three radially. The wires are 

operated at 2100 volts with a gas gain of approximately 5 x 104 • 

The performance of the shower system is studied by using Bhabha and con­

strained Jftj;--+ 7r+7r-1r0 events. Fig. 2.7.1 shows the energy scale from Bhabha 

events. Fig. 2.7.2 shows the linearity of the shower system by using constrained 

7r+7r-7ro events. Fig. 2.7.3 shows the efficiency for photons by using constrained 

7r+7r-7ro events. The conclusion of these studies is that the energy resolution is 

given by ~E/E = 17%/VE, the photon detection efficiency is 70% at 70 MeV 

and is higher than 98% at 100 MeV. The resolution in the Z direction is 0.8% of 

the wire length or about 2 em. 

2.8 MAGNET 

The magnetic field is essential for the momentum measurement of charged 

tracks. The magnet provides a magnetic field of 0.4 Tesla at the center of the 

spectrometer. The coil is located behind the electromagnetic shower detector. 

The coil consists of four layers of 5 em by 5 em aluminum conductor with a 2.5 

em diameter hole through, flowing with cooling water. The power consumption 

of the coil is 1 MW. 

Two compensators are built into the end cap flux return iron to compensate 

for the effect of the axial magnetic field on the beam. 

The magnetic field inside the spectrometer was measured before the drift 

chamber and the shower counters were installed. The measured field was fitted 



Figure 2.7.1: Measured shower energy of Bhabha events. Data are shown 

for two different regions of cosO. 

with a polynomial expression. A total of 17 parameters was required to describe 

the field to an accuracy of about 0.2% over the volume of the tracking chamber. 

2.9 THE MUON DETECTION SYSTEM 

Since the masses of pions and muons are very close to one another, it is almost 

impossible to separate them by ToF (see Fig. 2.6.2). However, the cross sections 

for interacting with material of the pions and muons are different, pions having 

a larger cross section. Using this difference of cross sections, the muon detector 

can separate muons from pions. 
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Figure 2.7.2: Measured '"Y energy vs. predicted '"Y energy, where the pre-­

dicted energy comes from the fitted photon energy in the 5C fit of events 

J /..P _. 7r+7r-7ro . 

The muon detector is located outside the magnet flux return steel. The de-­

tector consists of two layers of counters separated by 13 em steel plates, covering 

a total of 65% of 47r solid angle. Each layer is constructed by overlapping pro­

portional tubes of radius 2.5 em and length 420 em. The sense wires located at 

the center of the tubes are 50 p,m with resistance 380 ohms/m to allow charge 

division to determine the Z position of the hits. The magnet flux return steel 

and the separating steel plates are used to stop pions. 

The sense wires operate at 2700 V with a gas mixture of 20% methane and 



56 

t t t t 
100 

T T T 
-

75 
-

100 

80 

60 

> 
Q) 

<.9 
~ 
0 
0 -' (j) r 

u 
z 
w 50 40 ~ 
u 
lL 
lL 
w 

25 

0 
0 0.2 0.4 

y ENERGY 
0.6 0.8 

(GeV) 
1.0 

20 

0 

Figure 2.7.3: '"'f detection efficiency vs. "'energy, where the energy of the 

"' is determined from the 5C fit of the events J /t/J -+7r+7r-7r0 • 

w 
> w 

80% argon. The efficiency of the counter has been measured to be 99% or better 

for a muon momentum larger than 800 MeV with the gas flowing at a rate of one 

volume every 36 hours. 

Using the data sample of the decay J /t/J --+ p1r --+ 1r+1r- 1r0 , the fraction of 

pions or their decay products that reach the muon detector inner layer and outer 

layer is shown in Fig. 2.9.1. For a pion momentum range of 1 GeV fc to 1.5 

GeV fc, the fraction of the pions reaching the inner layer is about 14% and of 

those reaching the outer layer, about 4.5% . 
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Figure 2.9.1: Pions or their decay products reach the muon detector. The 

upper data are for the inner layer and the lower are for the outer layer. 
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3. PARTICLE IDENTIFICATION 

3. 1 INTRODUCTION 

Particle identifications played a very important role throughout the analysis. 

In this chapter, the definitions of "track type" and of "possible track type" are 

given. The "good photons" and "good charged tracks" are defined. The effi­

ciencies of the identifications and some comparisons between the real and Monte 

Carlo data are also made. 

A track is said to be of a given type if and only if a parameter (i.e., ToF, E/P, 

etc.) has been measured, indicating that this type is the most likely explanation. 

For example, a track is said to be a proton track based on ToF, if this track has 

ToF weight of proton greater than 1.1% and weight of other particles less than 

1.1%. 

A track is said to be a possible type if there is more than one explanation 

for all the measured parameters. For example, if a track has only ToF, and the 

weights of kaon and pion are greater than 1.1% and the weights of others are less 

than 1.1% , then this track is called a possible kaon and a possible pion track. 

A particle may be directly identified by any one of the following methods: 

1. dE/dx. 

2. Time of Flight (ToF). 

3. E/P orE, where E is the energy measured by shower counters and Pis the 

momentum measured by the central drift chamber. 

4. Muon counters. 

For charged tracks with momentum greater than 80 MeV, the ToF counters 

can be reached. Electrons and pions can be separated by ToF when their mo­

mentum is below 200 MeV fc (see Fig. 2.6.2). Kaons can be separated from 

other particles for a momentum below 800 MeV jc. Protons can be separated 

from other particles in the entire momentum range of this experiment. 
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Since muons and pions are very close in mass, it is very difficult to distinguish 

between them. Muons can be identified by muon counters if they are in the 

direction covered by the counter and have a momentum greater than 800 MeV /c. 

Electrons and heavier mass particles can be partially separated by using the 

E/P method. The measured momentum vs. the E/P is shown in Fig. 3.1.1. 

The electrons have E/P centered at 1 at all momenta. For P ~ 500 MeV fc, 
the E/P method gives very good separation between electrons and muons or 

pions. For P $ 500 MeV fc, E/P distributions of electrons, muons and pions 

start intersecting, since the E/P of the muons and pions approaches 1 because of 

energy loss in the shower counter which is comparable to the total particle kinetic 

energy. Therefore, the E/P method can find all electrons in the full momentum 

range but a large contamination of heavier particles is expected for momentum 

of the tracks less than 500 MeV /c. 

The E/P method is efficient and simple for selecting electrons. This is not 

true for selecting muons or pions, since their E/P distribution is not a straight 
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Figure 3.1.2: Shower energy of muon tracks. 

line. 

Pions and muons can be identified by the total energy deposit in the shower 

counter. For muons with momentum greater than 800 MeV jc, the energy distri­

bution of the showers is shown in Fig. 3.1.2. For pions, the correlation between 

the momentum and the shower energy is shown in Fig. 3.1.3. 

In the following sections, the details of how each particle type has been iden­

tified are discussed. 

3. 2 ELECTRONS 

Electrons are identified by E/P and ToF. 

An electron is defined as a track with E/P greater than 0.6 c and at least a 

possible electron from ToF. H a track does not have a shower, then it must be 

identified as an electron from ToF. 
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A possible electron track is a track without a shower with a ToF identification 

as a possible electron. 

As mentioned earlier, the EIP method gives very good separation for track 

momenta greater than 500 MeV lc, and ToF gives good separation below 200 

MeV I c. There is a region from 200 MeV lc to 500 MeV lc in which none of the 

simple methods can give good separation. A more complex binary tree algorithm 

can give reasonable separation in this region36• For simplicity, only EIP and ToF 

are used in this analysis since the poor separation from 200 MeV I c to 500 MeV I c 

has not been found to be crucial to the analysis. 

The efficiency of electron identification is tested by a Monte Carlo sim­

ulation; see Fig. 3.2.1 for the efficiency distribution. In this and in following 

figures, efficiency for a type of identification (type, possible type, or not type) 

is defined as the number of tracks with this identification divided by the total 

number of the tracks in the sample. The efficiencies are better than 90% and the 

distribution is fiat for momenta greater than 300 MeV I c. 
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3.3 MUONS 

The momentum of muons in this analysis is greater than 1 GeV; therefore, 

the muon tracks have a momentum large enough to reach the muon counters. 

A muon track is defined as a track having two layer hits in the muon counter. 

A possible muon track is one with total shower energy less than 300 MeV 

but in a region not covered by muon counters. The shower energy distribution of 

muons is shown in Fig. 3 .1.2. It can be seen that more than 90 % of the tracks 

have shower energy less than 300 MeV jc. 

The efficiency of the muon identification is tested by using a Monte Carlo 

simulation (Fig. 3 .3 .1). 

3 . 4 PIONS 

The masses of a pion and a muon are very close to one another; therefore, it 

is very difficult to distinguish between them unless they hit the muon counters. 

In this analysis, a muon track maybe called a pion track unless a tw<rlayer muon 

counter hit has been associated with the track. 

A pion (or a possible pion) track is one with: 

1. shower energy in the shower counters less than 500 MeV (see Fig. 3.1.3), 

2. no associated tw<rlayer muon counter hits, and 

3. ToF indicating that it is a pion (or a possible pion) track. 

Fig. 3.4.1 shows the efficiency distributions determined from real J /.P and 

Monte Carlo data; both are for process J /t/J -+ p1r -+ 1r+1r- 1r0 • The Monte 

Carlo data show a slightly higher efficiency than the real data. Pions have been 

misidentified as muons or kaons less than 5% of the time. 
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1.2 

Kaon tracks are identified by ToF only. A (possible) kaon track is: a (possi­

ble) kaon from ToF. 

Fig. 3.5.1 shows the efficiency of kaon identification. A large fraction of the 

kaons are misidentified as non-kaon tracks at low momentum because of decays 

of the kaons. At about 1 Ge V, the distributions ToF of the pions and kaons start 

to overlap, and the efficiency of the identification starts decreasing. 
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3.6 PROTONS 

1.25 1.5 

A (possible) proton is defined as a track that is a (possible) proton from ToF. 

Fig. 3.6.1 shows the efficiency for proton identification. At very low mo­

menta, the efficiency is low because of the large cross section for proton nuclear 

scattering. 

3. 7 GOOD PHOTON 

In each event, many photons may be found; some of which are real photons 

and some fake photons from noise or cosmic-rays. The fake photons are a major 

source of the background. 

A "good photon" is a track found in the shower counters, which is very likely 

to be a real photon. A "good photon" is defined as one for which the following 
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requirements are satisfied: 

1. The shower length is at the least 2 layers deep. The purpose of this cut 

is to reduce the noise background. In general, the noise is most likely to 

appear in a single layer; the probability that two layers have noise hits close 

to each other is very small. Fig. 3. 7.1 is the distribution of the lengths of 

the photon shower from real events of the type J /t/1 --+ p1r0 • The "true" 

energy of the photon is determined by a 5-C fit of the events. The true 

energies of the tracks are 500 ± 5 MeV, 100 ± 5 MeV and 50 ± 5 MeV. 

2. The shower should start before layer 8. This cut reduces background from 

both noise and cosmic-rays. For a photon we have: 

(3.1) 

where P(x) is the probability of finding a photon at distance x inside a 
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material having radiation length xo. The first six layers are 0.5 radiation 

length each. Each of the remaining(from layer 7 to layer 12) layers is 1.5 

r.l. The total material in front of the first layer of the shower system is 

about 0.5 radiation length. Therefore, the efficiency of this cut for good 

photons can be estimated as: 

Tx6.6 
E = 1.- e--o- = 0.97 (3.2) 

Using real data of type J / t/J --+ p1r0 , the distribution of starting layers for 

the showers is shown in Fig. 3. 7 .2. The "true energies " of the photons is 

defined as the same as for the previous point. 
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3. There is no charged track entering the shower counter near the photon with 

a cosine of the direction angle respect to the photon greater than 0.95. This 

requirement is also referred to as a cone cut. This requirement is applied 

to reduce the misidentification of a shower from a charged track. Fig. 3. 7.3 

shows the distribution of cos fJ for the six prong events in the t/1(3770) data. 

The fraction of the good photons that are lost by this requirement can 

be estimated as follows: for an event that has six charged tracks and one 

photon; five charged tracks may have direction independent of that of the 

photon. Therefore, the probability of a charged track's falling into the 

rejective region is then given by 
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AO 
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411" 
(3.3) 

A Monte Carlo test indicates that about 88% of the photons pass this 

requirement, consistent with this estimate. 

4. The cosine of the angle between the shower axis and the direction of the 

photon should not be less than 0.8, or (J = 37°. The distribution of the 

cosine angle of photons from real J /t/J- p1r0 events is shown in Fig. 3.7.4. 

The energy of the photons is defined in the same way as in the previous 

points. From Fig. 3.7.4, we can see the alignment of the shower axis, and 

the direction of the photon gets better with increasing energy. 

5. The photon does not hit the joining parts of the end caps and barrel shower 

counters or the edge of the end caps. And finally, 
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6. the energy of the shower is also required to be greater than a minimum, 

the value of which depends on the nature of each analysis. 

The efficiency of good photon identification is tested by using J /t/J --+ 

p1r--+ 1r+1r- 1r0 events. Again, the true photon energy of the photons is determined 

from a SC fit. The minimum energy of the photons is set at 30 MeV. Fig. 3.7.5 

shows good photon detection efficiency. 
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3.8 GOOD CHARGED TRACKS 

Each event is required to have equal numbers of positive and negative charged 

tracks. A good charged track is a track originating in a cylinder centered at the 

beam interaction point with a radius of 2 em and a length of 16 em. A good 

charged track is required to have Z information and to have been "helix" fit. 
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4. HADRONIC TRANSITION 1/7(3770) ~ J /1/J + 1r+1r-

4.1 EVENT SELECTION 

Events that are candidates for reconstruction as 1/1(3770) --+ J j,P + 7r+7r­

and J /1/1--+ e+e- or J.L+ J.L- must meet several criteria. First, events must contain 

only good, charged tracks, two positive and two negative. Second, the events may 

contain no good photon with shower energy greater than 50 MeV. The events are 

then fitted to the hypothesis 1/1(3770) --+ 7r+7r-e+e- and 1/1(3770) --+ 7r+7r- p,+ p,-. 

Each event may be fitted many times, because of the different hypotheses for 

decay processes and for the tracks. Momentum range restrictions and particle 

identification requirements are imposed on fitted tracks to further reduce the 

background levels and to guarantee the correct use of the tracks. 

The tracks used as pions are required to have a momentum less than 900 

MeV jc, since for signal, the pion momentum is less than 514 MeV jc. This cut 

affects only the events that the invariant mass of the two leptons is less than 2.7 

GeV jc2 ; therefore, it will be no bias on determining the continuum background. 

The tracks used as leptons by the fitter must also be identified by a combi­

nation of E/P methods and muon counters. E here refers to the unfitted energy 

of the shower and P to the unfitted momentum of the tracks measured by the 

drift chamber. For the 1/1(3770)--+ 1r+1r- p,+p,- mode, each track used as a muon 

is required to satisfy E ~ 0.4 GeV and to have a two layer hit in muon counters 

if it is in the range of the muon system. For the 1/1(3770) --+ 7r+ 7r-e+e- mode, 

each track used as an electron is required to satisfy E/P ~ O.Sc. These cuts 

are looser than those used in Chapter 3, because the background that is due to 

misidentifications in this channel are low, while it is necessary to have higher 

efficiency. 

The fourth requirement is that the total energy of the two pions be greater 

than 608 MeV, to reduce the initial state radiated 1/1(3685) background. 
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The major difference between this t/1(3685) background and the signal we are 

seeking is in the sum of the total energy of the pions. The energy of the pions 

from signal reaction is greater than 623 MeV, while from initial state radiated 

t/1(3685) events it is less than 588 MeV. There is thus at least 35 MeV energy 

difference between the signal and initial state radiated t/1(3685) background. The 

energy resolution for the pions is the same as or better than the momentum 

resolution. The energy resolution can be estimated as: 

ll.p = p x 0.015 x v'1 + p2 ~ 10 MeVjc (4.1) 

with p = 600 MeV jc or: 

ll.E ~ 10 MeV . (4.2) 

Taking advantage of the energy difference and the resolution of the energy mea­

surement, by requiring the total energy of the two pions to be greater than 

608 MeV, we can achieve a clear separation (better than 2u cut on rejecting 

initial state radiated t/1(3685) background) between the initial state radiated 

t/1(3685) background and the signal with little loss in efficiency. 

The total energy of the two pions is shown in Fig. 4.1.1. The dotted line is 

the t/1(3685) background distribution calculated by Monte Carlo with the pions 

uniform by distributed in phase space. The solid line is the Monte Carlo signal 

with the two pions also having a uniform phase space distribution. The histogram 

is the real data. Fig. 4.1.1 shows a clear separation between the signal and the 

background from initial state radiation from t/1(3685). 

The fifth step is to reject background from radiative Bhabha scattering, 

which arises when the photon converts into an electron positron pair and is then 

misidentified as pions. We require that the two lowest momentum tracks have an 

invariant mass greater than 50 MeV/ c2 , when they are assumed to be electron 

positron pairs, thereby eliminating this source of background. 
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Figure 4.1.1: E1r+1r- from hadronic transition. 

0 .715 

The last step requires the minimum x2-probability of the 4C fit to be greater 

than 1%. 

Finally, the invariant masses of the two leptons is shown in 4.1.2, and the 

correlation of the invariant masses and the x2 -probability is shown in Fig. 4 .1.3. 

Nine events are good signal candidates; five of these contain Jf¢-+ 1'+1'- ; four 

contain J /¢-+ e+e- . 

Before making the cut on total energy of the two pions, we can use the 

information on the two pions to calculate the mass of the initial state: 

Msnitial •tate =V(Eff'+ff'- + EJN)2- (P1r+1r- + PJjtp) 2 

(4.3) 
~E1r+1r- + E~N + 0(10 MeV) (for ¢(3685) and t/;(3770)). 

Here, EjN = JMjN + P;+1r-' and P1r+1r- is the momentum of the two-pion 

system. Fig. 4.1.4 shows the initial state mass distribution. We can clearly see 

the separation between the ¢(3685) and ¢(3770) events. 
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The shape of the Monte Carlo-predicted curves are different from the mea­

sured data for a number of reasons: a) For the t/1(3770), the Monte Carlo events 

are generated with r .p(3770) = 0, while the real t/1(3770) has a full width of 25 

MeV. In fact, in this data sample, the shape of the t/1(3770) resonance is de­

termined by the energy at which the data were taken; b) For the t/1(3685), the 

Monte Carlo events are generated with two pions uniformly distributed in phase 

space. The data, however appear more like a two-body decay distribution with 

M1r+1r- peaked at high mass. The energy of the J /.P is approximated by 

(4.4) 

and will be smaller if P1r+1r- is peaked lower than that given by a uniform 

distribution. 
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4. 2 NUMBER OF tJ1(3685) EVENTS IN THIS DATA SAMPLE 

The ratio R, the total hadronic cross section scaled to the muon pair cross sec­

tion, has been measured by a number of groups. Fig. 4.2.1 shows the measured R 

at different center of the mass energies. We can see that the tJ1(3770) sits on the ra­

diative tail of the tJ1(3685) ; the tJ1(3685) is therefore a major source of background. 

In this section, the determination of the total number of tJ1(3685) background 

events in this data sample is summarized. 

The tJ1(3685) events are reconstructed from the decay tJ1(3685) __. 1r+1r- J /t~J; 

J /t~J __. l+l-. The reconstruction is the same as for the tJ1(3770) __. 1r+1r- J /t~J; 
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J 1 t/J -+ z+ z- except that: 

1. Good photons are allowed in each event; 

2. The fit is to the hypothesis e+e- -+ (missing- '"Y)7r+7r- J lt/J; J lt/J-+ z+z-; 

3. There is no requirement on the total energy of the pions; 

4. This is a 2C fit instead of a 4C fit . One constraint comes from the mass 

constraint of the J I t/J , and another comes from requiring the missing energy 

to be equal to the missing momentum in order to ensure that it is a missing 

photon. 

Fig. 4.2.2 shows the invariant mass of the J lt/J1r+1r- system and the 

x2 -probability distribution. The t/1(3685) resonance is clear and has a small 

background. 

The efficiency l,p(3685) of the reconstruction for the t/1(3685) events is deter-
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mined from Monte Carlo: 

l\11(3685) = 0.50 ± 0.05. (4.5) 

There are a total of 361 ± 211/1(3685) events observed. The total number of 

the 1/1(3685) events are: 

N - 361 ±21 
\11(3685) -

£\11(3685) X Br(1/1(3770) -t 1r+1r-J /1/1) X Br(J /1/1 -t J+J-) (4.6) 

= (16.0 ± 0.9 ± 2.1) X 103 • 

The large systematic error is dominated by the uncertainty in B(J/1/1 -z+z-). 

4. 3 BACKGROUND 

As mentioned earlier, the major source of the background is from 1/1(3685): 

(4.7) 

In this process, an electron (a positron) radiates a photon of 84 MeV and annihi­

lates with a positron (an electron) to form a 1/1(3685). The 1/1(3685) then radiates 

two pions, becoming a J /1/1, and the J /1/1 decays into lepton pairs. 

Most 1/1(3685) background can be rejected by the 4C SQUAW fit and by 

requiring no good photon to be found. Some events are not rejected by the fit 

because of poor track measurements and because of having a large fraction of 

the radiated photons pointing along the beam direction.42 

The additional cut on the total raw energy of the two pions rejects almost all 

1/1(3685) events; the combination of the fit and the cut on the total raw pion energy 

leaves essentially no 1/1(3685) background in the final results. This is confirmed 

by a Monte Carlo calculation (see Fig. 4.3.1). In the Monte Carlo test, the 

radiated photon is generated following the predicted distribution42• 5,000 events 
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Figure 4.3.1: M.C. tests for rejecting initial state radiated ¢(3685) 

are generated in the electron mode and 5,000 in the muon mode. This is 14 

times the number of expected background events. Four events fall into the signal 

region. The ¢(3685) background contribution is thus 0.29 ± 0.15 events. The 

continuum background determined from Fig. 4.1.2 is about 1.4 events. The total 

background contribution is therefore about 1. 7 events. 

4.4 EFFICIENCY AND RESOLUTION 

The mass resolution for lepton pairs, calculated by Monte Carlo, is 7 MeV 

shown by the solid curve in Fig. 4.4.1. Since, as mentioned earlier, a number 

of kinematic cuts are made to reduce the background level, it is important to 

determine the effects of these cuts on the efficiency as a function of the invariant 

mass of the lepton pairs. The histogram in Fig. 4.4.1 shows this efficiency. There, 

the events of the type 

(4.8) 
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Figure 4.4.1: Resolution and efficiency from Monte Carlo tests. 

are generated with masses X from 2.8 to 3.4 GeV jc2 with a spacing of 5 

MeV jc2and 100 events per entry. The histogram in Fig. 4.4.1 indicates that 

the efficiency for X with mass 2.9 to 3.1 GeV jc2 is flat. The muon detection 

efficiencies are determined from di-muon events in this data sample. The fact 

that the efficiencies are close to two constants for muons with momentum greater 

than 1 GeV is used. The muon identification efficiencies are 96% in the muon 

counter covered region and 98% outside the muon counter covered region. The 

over all reconstruction efficiency is E = 0.51 ± 0.03 . 

4.5 SYSTEMATIC ERRORS 

Systematic errors arise from a number of sources: 

1. The mass distribution of the two pions is assumed to be uniform for the 

Monte Carlo. The actual distribution is unknown. For a uniform phase 

space distribution, E = 0.51, while for the distribution predicted by Yan16, 

E = 0.52. 



82 

2. Monte Carlo simulation is not accurate for large angle charged tracks (10%). 

3. How the background is determined (10%). 

4. There is about a 13% error on the measured branching ratios of J Jt/J --. 
1+1-. 

The total systematic error is estimated to be 20%. 

4.6 BRANCHING RATIO 

We are now ready to determine the branching ratio. The efficiency of the 

reconstruction is Eprogram = 0.51 ± 0.03. The number of signal events N 6 is 

9 and the number of background events Nb is 1. 7. The total luminosity L = 

9300 ± 150 nb-1 • Therefore, 

+ N.- Nb 
u.p• x Br(.,P" --. 1r 11"-J /1/l) = + _ 

LX Ereco,utruction X Br(J /1/J -t l l ) (4.9) 

=(1.1 ± 0.5 ± 0.2) X 10-2 • 

Table 4.1 lists the partial width for different total cross sections of the t/J(3770). 

U.p(3770) r(t/J(377o) --. 1r+1r- J Jt/J) Br(t/J(3770) --. 11"+11"-J /1/J) 

(nb) (keY) (xl0-3) 

5.005 55. ±23. ±11. 2.2 ±0.9 ±0.4 

6.7539 41. ±17. ±8. 1.6 ±0. 7 ±0.3 

9.337 30. ±12. ±6. 1.2 ±0.5 ±0.2 

Table 4.1. Partial widths and branching ratios of t/J(3770) --. J j.,P1r+1r-. 
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Figure 4.7.1: The distribution of x = ~tJ,:-. 

4. 7 THE MASS AND ANGULAR DISTRIBUTIONS OF 1r+ -1r- SYSTEM 

The mass distribution of the two pions is given by Eq. 1.54, Eq. 1.56 and 

Eq. 1.72. The angular distribution of the two-pion system is given by Eq. 1.57. 

Comparisons between the predicted and measured mass distribution of the 

two pions are shown in Fig. 4. 7 .1. 

Fig. 4. 7.2 shows the distribution of the momentum of the two-pion system 

with respect to the beam direction. Dotted line represents the reconstruction 

efficiency determined by the Monte Carlo. According to Eq. 1.57, the expected 

distribution should be almost flat and therefore parallel to the dotted line. 
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pion system and the beam direction. 

4.8 CONCLUSION 

The decay ,P(3770) --+ J j,P1r+1r- has been observed. The cross section times 

the branching ratio is found to be: 

ut/1(3770) X Br(,P(3770) --+ ,P1r+1r-) = (1.1 ± 0.5 ± 0.2) X 10-2 nb. (4.10) 

The branching ratio is in the range from 1 x 10-3 to 2 x 10-3 , and the partial 

width is in the range from 30 to 55 keY, depending on the value used for u,p(377o)· 

For more details, see table 4.1. 

It is also found that there are (16.0±0.9±2.1) X 103 ,P(3685) events in this 

tJ1(3770) sample. The production cross section is therefore: 

ut/1{36Ss)(at 3.77 GeV) = 1.7 ± 0.1 ± 0.2 nb. (4.11) 

Within statistical errors, the predictions for the angular distribution ( Eq. 
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1.57) are consistent with these measurements. The limited statistics made it 

difficult to distinguish between the two-pion mass distribution predicted by Eq. 

1.54 and 1.56. 
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5. ELECTROMAGNETIC TRANSITIONS 

5. 1 INTRODUCTION 

The t/1(3770) can also radiate a photon and decay into the X.J states. The 

branching ratios for the four major decays of the X.J states are listed in Table 5.1. 

In this analysis, the X.J states are reconstructed in three modes: 

1. ')(J--+"'fJ/t/1; Jjt/1--+JJ.+J.I.-

Decay processes Branching ratio (%) 

X.o --+ 1r+1r-,..+1r- 3.8±0.8 

X.o--+ ,..+,..-K+ K- 2.9±0.8 

X.o--+ ,..+,..-,..+,..-,..+,..- 1.5±0.5 

x.o --+ "'fJ /t/1(3097) 0.7±0.2 

Xl --+ "YJ /t/1(3097) 25.8±2.5 

X1 --+ ,..+,..-,..+1r-1r+,..- 2.2±0.9 

Xl --+ 1r+1r-1r+1r- 1.7±0.5 

Xl --+ 1r+,..-K+ K- 0.9±0.4 

X2 --+ "'fJ /t/1{3097) 14.8±1.7 

X2 --+ ,..+1r-1r+1r- 2.2±0.5 

X2--+ 1r+1r-K+ K- 1.9±0.5 

X2 --+ 1r+1r-,..+,..-,..+1r- 1.1±0.8 

Table 5.1. The major decays of the XJ 2 • 

The decay mode XJ--+ K+ K-,..+,..- is not reconstructed here because of the 
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large D meson background . 

5.2 KINEMATICS OF THE DECAY PROCESSES 

Table 5.II shows the predicted angular distributions of the "'' and the velocities 

of the XJ in laboratory frame. The angular distributions of the"'' from the decay 

t/1(3770) -+ "'fXJ are the same as those for t/1(3685) 41,20. 

Decay Process JPC(XJ) Pred. dis. ("'f) E,.,(MeV) f3xJ 

t/1(3770) -+ "'1Xo(3415) o++ 1 + cos2 (J 338.4 0.0986 

t/1(3770) -+ "''Xl (3510) I++ 1-! cos2 (J 3 250.4 0.0711 

t/1(3770) -+ "''X2(3555) 2++ 1 + ..!... cos2 (J 13 207.6 0.0583 

Table 5.II. The predicted angular distributions41• 

5.3 ANALYSIS OF XJ-+ "'(Jjt/J; JjtjJ-+ p.+p.-

Events selection 

In this analysis, the J /t/1 is reconstructed from muon pairs. The decay J /t/1-+ 
e+ e- is not used, because of the large radiative Bhabha background. 

Two good charged tracks with opposite signs are required in each event. They 

are required to satisfy E ~0.3 GeV, which is tighter than in the earlier analysis 

in order to more effectively reject radiative Bhabha background. Each charged 

track is also required to have at least one layer hit in the muon counter if it is in 

the direction covered by the muon counter. 

Two "good photons" are required in each event, each with measured shower 

energy greater than 50 MeV. A "good photon" is a shower measurement that 

satisfies a set of criteria, given in Chapter 3. The requirement of two a.nd only 

two "good photons" is necessary to achieve a good signal-to-noise ratio. 
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Figure 5.3.1: M,.,,.;JN vs. x2 -probability of the 5C fit . 

The events passing all cuts are fit to hypothesis 1/1(3770) --+ 2"{J j,P; J j,P --+ 

p.+ p.- • This is a 5C fit, 1C coming from the mass constraint of the J J,P and 4C 

from the four momentum constraints. In the fit, the photons used by the fitter 

must be those identified as good photons. Events with x2 - probability of the fit 

greater than 10% are retained. 

Fig. 5.3.1 shows the invariant mass of the higher energy photon with the 

J J,P vs. x2-probability of the 5C fit. The signal candidates are those with 

M,.,,.;JN "' 3510 MeV. The x2 -probability for these candidates is almost fiat. 

Most background events have x2- probability less than 10% . The background has 

smaller x2 -probability, since there is no direct decay process of the 1/1(3770) into 

2"{ +J j,P with a notable branching ratio, and most of the background therefore 

arises from events with more than two photons, or with tracks that are not muons. 

Since each event has two photons, it is necessary to determine which is the 

correct one to combine with J /,P to reconstruct the XJ • For the XI and X2 , 

the photon energies radiated by the XJ are larger than those radiated by the 
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Figure 5.3.2: M...,,.;J N from the 5C fit. 

t/1(3770). The photon with the higher fitted energy is therefore used. For the 

xo , the situation is more complicated. This is not, however, expected to be 

observable, because of the small branching ratio. 

The fitted masses are shown in Fig. 5.3.2. The quantity M...,,.;J N is the 

invariant mass of the higher energy photon and J /t/1 . There, M...,,oJft/J is the 

invariant mass of the lower energy photon and the J /t/1 . The dotted line is for 

the XI , and the dashed line is for the X2 produced by initial state radiation from 

the f/1(3685). 
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Background 

The initial state radiation 1/1(3685) events are the major background. Each 

such event contains three photons, one from the initial state radiation, one from 

the 1/1(3685), and one from the XJ · This background is rejected by detailed 

consideration of the angles between the initial state photon and the other photons 

or the direction of the beam: 

1. H three photons are well identified, the event is rejected by the cut requiring 

no more than two good photons. 

2. H only two good photons are found, and the missing one is not in the same 

direction as these two, then the calculated mass of the XJ will shift to a 

higher value. 

3. H the initial state photon and the photon from XJ are in the same direction, 

this background will have a different mass distribution from the signals. 

4. H the initial state photon is in the same direction as the photon from the 

1/1(3685), there is no distinction between this background and the signal. It 

will therefore not be rejected. 

Only the last situation provides a major potential source of indistinguishable 

background. However, since the probability of the two photons' being in the 

same direction is small, this background is negligible. The total number of the 

1/1(3685) events in this data sample is about 16x103 • Two photons can be sepa­

rated from each other when cos(0...,1 ,...,,) ~ 0.95 and only about 30% of the initial 

state photons escape the beam pipe. The detection and reconstruction efficiency 

is about 50% . The number of background events from this source is thus: 

Nx 1 = 16 X 103 X O.OS X 0.3 X 0.5 X Br(1/1(3685) --+ /XJ) X Br(XJ --+ 1J /1/1). (5.1) 
2 

For the three XJ states, the result is: 

Nxo = 0.0 (5.2) 
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(5.3) 

(5.4) 

The overall ,P(3685) background contributions are determined by using a 

Monte Carlo simulation method. The initial state photon has an angular dis­

tribution generated according to the prediction of Ref.(42). 2000 events are 

generated for each X.J with J = 0, 1, 2. This is about 100 times more events 

than there are in the real background. The x.2 -probability distribution and the 

invariant masses distribution of X.J are shown in Fig. 5.3.3. The widths of the 

X.1 and X.2 from the ,P(3685) are much broader than those from the ,P(3770). 

The masses of the X.l and X.2 are also shifted up by about 40 MeVjc2• Most 

events are peaked at the small x.2-probability region. Fig. 5.3.3 also indi­

cates that requiring x.2-probability greater than 10% very effectively reduces 

the ,P(3685) background. 

Finally, the ,P(3685) and continuum background contributions Nb are listed 

in Table 5.111. The continuum background is determined by a polynomial fit on 

the continuum background. 

Efficiency 

The reconstruction efficiencies are determined by using a combination of 

Monte Carlo generated and real di-muon events. The Monte Carlo method is 

first used to determine the reconstruction efficiencies without muon identification. 

The Monte Carlo events are generated with a uniform phase space distribution. 

Since the real events are not generated with a uniform phase space distribution, 

errors due to the angular dependence are expected. The correction to the angular 

dependence of the radiated photon of the ,P(3770) has been made according to 

Table 5.11. The errors that are due to the angular distribution of the radiated 

photon of the X.J are included in systematic errors. These errors are small (a 

few percent compared with the statistical errors of 50%). Then, the muon iden­

tification efficiency is determined from the real di-muon events, using the fact 
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Figure 5.3.3: Monte Carlo simulations of initial state radiated t/1(3685) 

background. 

that the efficiency is flat for muons with momentum greater than 1 GeV. The 

muon identification efficiencies are 90% in the muon counter covered region and 

92% outside the muon counter-covered region. The reconstruction efficiencies 

£ 1 are listed in Table 5.1II. 

A check has been made to find out whether the kinematic cuts had introduced 

a bias in selecting events. Such a bias could result in an incorrectly estimated 

background level, especially for continuum background. A set of Monte Carlo 

events are generated with masses of M,.,J N uniformly distributed from 3.45 Ge V 

to 3.70 GeV. If the detection and reconstruction efficiency have a bias, then the 

resulting distribution will not be uniform. The results of the Monte Carlo tests 
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3700 

shown in Fig. 5.3.4 indicate that the efficiency is a smooth curve from 3.45 Ge V 

to 3.7 GeV. 

In the Monte Carlo simulation, the photon showers are generated by using a 

"fake-shower" method. Only the energy, the shape distributions of the showers, 

are generated. Comparing the fake photons with these from data on the decay 

J /.P -+ p1r-+ 1r+1r-1r0 , the major differences are the energy distributions and the 

detailed shapes of the shower at the ribs and the edges of the shower counters. 

This can introduce an error less than 10% in efficiency, which is included in the 

systematic errors. 

Branching ratios 

From the number of events N., the background Nb, the reconstruction effi­

ciency E., the total luminosity L and the branching ratios Br(xJ -+ "fJ /V;), the 

cross section times the branching ratios a.re: 



States Num. of Candidates Nb E, (% ) O'.p(3770) X Br( t/1(3770) --+ "YXJ) 

Xl 8.0 2.4 41. (8.3 ± 4.2 ± 1.5) x lo-2 (nb) 

X2 2.0 1.0 39. ~ 1.4 x 10-1 nb (at 90% C.L.) 

Table S.III: XJ branching ratios from "YJ ft/1. 

The statistical errors are determined by the number of signal candidates of 

the signals. For the state Xl , this will be v'8 counts or v's/(8.0- 2.4) ~51%. 

The systematic errors are dominated by the errors on the branching ratio of the 

J /tP --+ p.+ p.- (13% ) and XJ --+ "YJ /tP (10% ) and the difference between the 

Monte Carlo and real event distributions, especially for photons, which is also 

about 10% . In this analysis, the statistical errors are much larger than the 

systematic errors, which total 19% . 

An upper limit for the decay t/1(3770) --+ 11J /t/1 can also be determined from 

this analysis. Monte Carlo calculations show the efficiency for reconstruction of 

the processes 

t/1(3770) --+ ,J /t/1; '1 --+ "Y"Yi J /tP --+ p.+ J.l.- (5.5) 

to be 45 % . There is one event that is a candidate for this decay (see Fig. 5 .3.6 

with M'J'J around 549 MeV fc2). Using the branching ratios from Ref.(2), the 

upper limit is determined to be: 

O'.p(377o) X Br(t/1(3770) --+ 11J /t/1) ~ 3.5 X 10-2 nb at 90% C.L.. (5.6) 

The angular distributions 

The predicted angular distribution of the photon radiated by the t/1(3770) 

relative to the beam direction is listed in Table S.II. The comparison with the 

data is shown in Fig. 5.3.5. The prediction and the experimental measurements 

are consistent with one another. 
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5.4 ANALYSIS OF t/1(3770) --+ 'YXJi XJ --+ 1r+1r- 1r+1r-

1r+ 1r- 1r+ 1r- is the largest decay mode of the xo (see Table 5.1) . All charged 

tracks in the event are identical, making it is relatively easier to reject background 
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than the case for non-identical particles. As in the earlier analysis, the major 

difficulty in this analysis is the 1b(3685) background. 

Events selection for 1b(3770) -+ "Y7r+7r-7r+7r-

Each event is required to have four good charged tracks, with none identified 

as an electron, muon , kaon or proton. No more than one good photon with 

shower energy greater than 50 MeV is permitted. 

The electron identification is based mainly on the E/P method. ToF plays 

only a very small role in this analysis, since the mean momentum of the pions is 

about 800 MeV /c. 

Muon candidates are those associated with two muon-layer hits. In the mo­

mentum range of this analysis, very few tracks are misidentified as muons. 

Details of the particle identification have been discussed in Chapter 3. 

A cut on the initial state masses reconstructed from pion pairs is used to 

reduce the 1b(3685) hadronic transition background that is due to the processes: 

e+e- -+ "Y1P(3685); 1P(3685) -+ 1r+1r-J /1P j J /1P -+ z+z- 'where the leptons are 

misidentified as pions. Using the two pions as in Chapter 4, we can calculate the 

mass of the initial state: 

Miniticd .tate =V(E~+~- + EJ;.p)2- (.P~+"'- + PJ;.p)2 

~E~+~- + E~N + 0(10 MeV) (for 1b(3685) and 1b(3770)). 
(5.7) 

Here, E~N = JMJ;.p + P;+~- ' and P~+~- is the momentum of the two-pion 

system. The difference between this procedure and in Chapter 4 is the track se:­

lection. Only events containing two pairs, one of which has two opposite charged 

tracks with momentum greater than 1000 MeV /c, and the other with momen­

tum less than 600 MeV jc, are background candidates. Fig. 5.4.1 shows this mass 

distribution. There is a clear 1b(3685) signal structure. Any events in the region 

around 1P(3685) mass ±20 MeV will be rejected. 
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Figure 5.4.1: The ¢(3685) reconstructed from the two lower momentum pions. 

The invariant mass of each pair of oppositely charged tracks is required to 

be greater than 40 MeV fc2 when the tracks are assumed to be electrons. This 

cut reduces the radiated Bhabha background with the photon converted into 

electron-positron pairs. 

Fig. 5.4.2 shows the total momentum vs. the invariant mass of the charged 

tracks after these cuts. The region around a total momentum of 338 MeV fc and 

the invariant mass of the pions 3.415 GeV fc2 is the potential xo signal. 

A cut is now used to reduce the background with recoil mass not equal to 

zero. The idea is to use the constraint so that for a one-photon process, the 

missing energy should equal the missing momentum of the charged tracks. We 

define U as: 

U = Emiuing - Pmiuing· (5.8) 

Here, Emiuing = 2Ebeam - Et=l E, and P miuing = I Et=l ft, I are the missing 

energy and missing momentum. Ebeam is the beam energy, E, and fl. are the 
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energy and momentum of the ith charged track. 

In this analysis, events with lUI > 0.1 are rejected. This corresponds to a 

,..._ 2u cut on the signal according to Monte Carlo studies (see Fig. 5.4.3). Most 

background that is due to heavy neutrals such as Kl, 17 etc. will be removed 

by this cut. Some 1r0 background, from the reaction e+e- --+ 1r+1r-1r+1r- 1r0 and 

the initial state radiation t/1(3685) background, will, however, not be removed by 

this U-cut. To see this, we can use the 1r0 background as an example. One notes 

that by definition : 

(5 .9) 

so, for 1r0 in this reaction, 

u ..... 0.02 < 0.1 (5.10) 

To remove the 1r0 background, the events a.re fitted to the hypothesis 

t/1(3770) --+ 1r+ 1r- 1r+1r- + "f"f, a 4C fit and t/1(3770) --+ 1r+1r-1r+1r- 1r0 , a 5C fit . 
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After the 4C fit, the invariant masses of the two photons indicate the presence 

of a clear 1r0 background. To use the measured information most efficiently, a 

cut is made on the x2 -probability of the 5C fit. Any event with the 5C fit 

x2-probability greater than 1% are rejected as 1r0 background. 

The 4C fit to 1/1(3770) --+ 7r+7r - 7r+7r- +11 also allows us to reject some initial 

state radiation 1/1(3685) background. Any event with the 4C fit x2- probability 

greater than 1% and with the invariant mass of the 4 pions and the higher energy 

photon less than 3700 MeV, is rejected. Monte Carlo tests indicate that this cut 

reduces the efficiency for signals by less than 2%, while rejecting about 35% of 

the 1/1(3685) background. Fig. 5.4.4 shows the mass distribution in the data 

and the Monte Carlo. The Monte Carlo distribution is different from the data, 

indicating that this cut also reduces other types of background, which contain 

two photons in each event. 

Using the track pairs from the 4C fit, a background that is due to K: is also 

observed. Therefore, any event with an invariant mass of pion pairs within ±10 
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Figure 5.4.4: The invariant masses of the higher energy '1 and 1r+1r-1r+1r-

MeV /c2 of the K. mass is rejected. Monte Carlo tests indicate that this cut 

causes less than 1% loss of signal. 

Another requirement, effective in reducing the tJ!(3685) background, is on 

the alignment of the missing momentum and the direction of the photon. The 

alignment is defined as the largest cos IJ between the missing momentum of 

the charged tracks and the direction of the photons. A number of situations 

may occur. First, if a good photon has been found, then the alignment is the 

cos IJ between the missing momentum and this photon. Second, if no good photon 

has been found, but there is at least one neutral track in the shower counters, 

the alignment is defined as the largest cos IJ between the missing momentum and 

all shower tracks. Third, if no neutral track been found in the shower counter, 

then the alignment is defined as greater than 1. In this way, events in which the 

photon hits the edges of the showers counter and the ribs will still be collected 

to achieve a maximum efficiency. Finally, it is required that the cos IJ of the 

alignment be greater than 0.98. 
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A comparison of the best alignment between data and Monte Carlo for the 

signals and for the 1/J(3685) background is shown in Fig. 5.4.5. The cut at 0.98 is 

seen to be very effective in reducing 1/J(3685) background, with only a small loss 

of signal. 

Events with no detected photon are not shown in Fig. 5.4.5. These amount 

to about 5% for the signal, 4% for the 1/J(3685) background according to Monte 

Carlo studies, and 12% for the data. The data have a larger fraction of events 

without a detected photon because of additional non-1/J(3685) background. 

The final step is to fit the events to the hypothesis 1/J(3770) -+ (missing -

"f) + 1r+1r- 1r+1r- . This is a lC fit, the constraint coming from the requirement 

that the missing energy equal the missing momentum. A lC fit is used instead of 
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a 4C fit because the 1C fit gives a higher efficiency that is due to photon detection 

efficiency and lack of alignment of the measurements from the drift chamber and 

shower detector. 

According to the Monte Carlo, in this analysis the difference between the 

mass resolution of the 1C and 4C fit is small. The additional three constraints 

of the 4C are the energy, the angle t/> , and angle >. of the photon. The photon 

energy contributes a negligible constraint on the M'J(+'J(-1(+1(- which is due to the 

large error on the photon energy measurement, compared with the both energy 

and momentum resolution of the four charged tracks. The missing momentum 

and the direction of the photon before the fit have already been required to be 

very well aligned. The constraint on the alignment has only a small effect on the 

resolution of the M1r+1r-1f+ff-. Therefore, the additional three constraints have a 

very small effect on the resolution of the M1f+•-•+•-. 

The x2 -probability of the 1C fit is required to be greater than 10% . This 

is a very tight cut compared to the other cut on the x2 -probability of the fit, 

because of the looser constraints. 

A scatter plot of the 1C fitted invariant mass of the four pions vs. the 

x2 -probability is shown in Fig. 5.4.6. The invariant mass of the four pions 

with x2 -probability greater than 10% is shown in Fig. 5.4.7. A global fit to the 

Fig. 5.4.7 gives the mass of the xo as 3412±6 MeV /c2 and the Xl as 3504±8 

MeV j c2 , and yields 13± 4 event candidates for the xo , 4.6±2.8 event candidates 

for the Xl and no candidates for the X2 • Fig. 5.4.6 shows that candidate events 

for theses resonances have a flat x2-probability distribution within statistical 

errors. 

Background 

The most important background comes from the initial state radiated 

1P(3685) background. There are two photons in each event for this background, 

but one has a small probability of being detected because it is likely to be along 
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the beam-pipe direction.'n About 70% of these events will be detected with one 

photon, and 30% with two photons. Four cases can be distinguished: 

1. Only one photon has been detected; the other is along the beam pipe or 

has not been found for some other reasons. 

2. Two photons are detected, which are not in the same direction, and are 

therefore distinguishable. 

3. Both photons are detected, but they are in the same direction and cannot 

be distinguished from each other. 

4. No photon has been detected. 

For case 1, events are likely to be rejected by the alignment or U cut. The 

events of case 2 are most likely removed by the mass requireiiJ.ent in the 4C fit or 

by the alignment cut. Case 3 is the worst one, as there is no way to distinguish 

between the signal and the background, but the probability of two photons' being 

in the same direction is very small. Case 4 may be partially rejected by the U 
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cut. The cut on the x2-probability of the IC fit, in fact, is very similar to the 

U cut except that it takes account of the measurement errors and also helps to 

reduce the background level. 

The XJ background from the t/1(3685) is also studied using the Monte Carlo. 

One thousand Monte Carlo events have been generated for each XJ; J = 0, 1, 2 

with the initial state photon having a distribution predicted by Ref.(42). We 

have already discussed many characteristics of this background under the U cut, 

4C fit, the best alignment cut and the IC fit. The invariant mass distribution of 

1r+1r- 1r+1r- from this background, after the IC fit to the hypothesis t/1(3770) --+ 

(missing- 'Y) + 1r+1r- 1r+1r- and the cuts, is shown in Fig. 5.4.8. 
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Mode freject Br(x -+ 1r+1r-1r+1r-) Background events 

xo -+ 'lr+'lr- 'lr+'lr- 0.043 0.038±0.008 2.5 

Xl -+ 1r+1r- 1r+1r- 0.041 0.017±0.005 1.0 

X2 -+ 1r+1r- 1r+1r- 0.035 0.022±0.005 1.0 

Table 5.IV. 1/1(3685) background for 7r+7r-7r+7r- of the XJ • 

Table 5.IV gives the number of 1/1(3685) background events from the Monte 

Carlo calculation. 

There are also other potential types of background events. For example, 

1. 1/1(3770) -+ DD and DD-+ (4- prongs)+ neutral. 
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2. e+e- --+ --y¢(3685); ¢(3685) --+ (4- prongs). 

3. e+e- --+ --yJ /¢; J /¢ --+ 1r+1r-1r+1r-. 

4. ¢(3770) --+ 1r+1r-1r+1r-1ro. 

6. e+e- --+ (m- --y)(4- prongs). 

Here, m = 0, 1, 2 ... 

All these backgrounds are negligible. They are rejected by the U cut, the 

lC fit, the 5C fit for 1r0 , the 4C fit, the K 6 cut, the photon conversion cut, the 

alignment cut and the good photon cut. 

Efficiency 

The total efficiency has been analyzed by a Monte Carlo calculation. The 

Monte Carlo events are generated with a uniform phase-space distribution for the 

photons and pions. Since the efficiencies are not strongly related to the direction 

of the photon or photon-detection efficiency, corrections for the actual angular 

distributions (Table 5.II) have been found unnecessary. 

During the determination of the efficiency, the misidentification of the pions 

as electrons is studied by using both real J /¢ --+ p1r --+ 7r+7r-7ro events and 

Monte Carlo events, where electron identification has been described in Chapter 

3. First, by using the pion tracks in J /¢ --+ p1r --+ 7r+7r-7ro events, the fraction of 

the misidentifications as a function of momentum is measured. Then, during the 

Monte Carlo test of the reconstruction programs, instead of using the electron 

identification procedure, this function is used for the probability of misidentifi­

cation for this momentum. In this way, the error in the reconstruction efficiency 

is controlled within a few percent. 

The distribution of the efficiency as a function of the invariant masses of the 

1r+1r- 1r+1r- has the same shape as the lower boundary line in Fig. 5.4.7. The 

efficiency for each state is listed in Table 5.V. 
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Decays Efficiency 

Xo-+ ')'11"+1r-7r+7r- 0.31 

X1 -+ ')'1r+1r-1r+1r- 0.28 

X2 -+ ')'1r+1r-1r+1r- 0.25 

Table 5.V: Reconstruction efficiencies for 1r+1r-1r+1r- • 

States Event~ U.p(3770) X Br( t/J(3770) -+ "YXJ) 

t/J(3770) -+ "YXo 10 0.091 ±0.037 ± 0.021 

t/J(3770) -+ "YXl 3.6 0.081 ±0.063 ± 0.025 

t/J(3770) -+ "YX2 0.0 ~0.104 (90% C.L.) 

The branching ratio t/J(3770) -+ "YXJ from the 1r+1r-1r+1r- mode 

The branching ratios are given by: 

u x Br(t/J(3770) -+ "YXJ) = :u~b:r ~~ events . 
L X Br. (XJ -+ 1r 1r 1r 1r ) X Eef ficiencJI of the •Jidem 

(5.11) 

The integrated luminosity L for this t/J(3770) sample is 9.3 pb-1• Using the 

branching ratios from Table 5.1, the total cross section of the t/J(3770) times the 

branching ratios of the t/J(3770) -+ XJ are shown in Table 5.VI. 

Systematic errors arise from several sources. For example: 

1. Monte Carlo shower simulations: 10 to 20% (see Ref.( 45)). 

2. Uncertainty of the branching ratios of the decay XJ -+ 1r+1r-1r+1r-. 

3. Background: a). The Monte Carlo simulation of the t/J(3685) back­

ground. b). Uncertainty in the determination of event loss due to pions 

misidentified as electrons. 
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The analysis of the XJ decay into 7r+7r-7r+7r-7r+7r- is very similar to the 

analysis of XJ decay into 7r+7r-7r+7r- , except for the following differences: 

1. There are six prongs in each event. 

2. The particle identification method is slightly different. Events with tracks 

identified as electrons are not rejected. It is required, however, that the 

sum of the total identified pion tracks and the possible pion tracks is six. 

Details of the particle identification criteria have been discussed in Chapter 

3. 

The change of particle identification criteria is necessary because of the re­

construction efficiency. First, since the mean momentum of the charged tracks 

in this channel is 500 to 600 MeV I c compared with 800 to 900 MeV I c for the 

1r+1r-1r+1r- case, the simple EIP method of electron identification would cause 
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a large fraction of pions to be misidentified as electrons. Also, since there are six 

charged tracks in each event, the probability of at least one track in each event's 

being misidentified as an electron is larger than in the four prong case. 

A scatter plot of six-pion mass vs. x2 -probability of the 1C fit to the 

hypothesis t/1(3770) --.. (missing- "Y) + 1r+1r-1r+1r-1r+1r- is shown in Fig. 5.5.1. 

The invariant masses of the 1C fitted 1r+1r-1r+1r-1r+1r- is shown in Fig. 5.5.2 

for events with x2-probability greater than 10% . 

Fig. 5.5.2 also shows the global fits of the 1C fitted invariant masses of the 

1r+1r-1r+1r-1r+1r- • The xo and Xl signals are significant. The fit gives the mass 

of the xo as 3417±7 MeV, the Xl as 3500±12 MeV, and the X2 as 3551±8 MeV, 

consistent with the masses from the "(J /.P and the 1r+1r-1r+1r- cases as shown in 

Fig. 5.3.2 and Fig. 5.4.7, and from other experiments. 

The initial state radiated t/1(3685) background contributions are again deter­

mined by the Monte Carlo method. The momentum resolution of the six prong 

case is better than that in the case of four prongs; the t/1(3685) background is 

thus more likely to be rejected. 



5 

4 1-

3 -

2 -

r- ~ 
-~--" 

1 

0 
3000 

A 

r-

c 

110 

I I I 

-

r-

r- .. 
:,· -

'(\ 

r-

~ 

r-- f ~ 
~~ v 

~ A v 
l\.. 

I I 

3200 3400 3600 

M + - + - + - (Me V/c 2 ) 
1T 1T 1T 1T 1T 1T 

Figure 5.5.2: The 1C fitted masses of the 1r+1r-1r+1r-1r+1r- • 

Modes Events .P(3685) Bkgd frecon. ut/1(3770) X Br(.P(3770) --+ "YX) 

xo 7.2 1.4 0.30 0.14±0.07±0.04 

X1 6.7 0.9 0.28 0.10±0.05±0.04 

X2 4.0 0.4 0.28 0.13± 0.08±0.09 

Table 5.Vll XJ branching ratios from 1r+ 1r- 1r+1r- 1r+1r- . 

5.6 CONCLUSION 

15 

10 

5 

0 

The electromagnetic transitions of the .P(3770) to the XJ states have been 
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Modes Number of events Ut/1(3770) X Br( t/J(3770) - '"YX) (nb) 

Xl - --yJ /t/J 5.6 0.083±0.042±0.015 

X2- --yJ /t/J 1 < 0.14 (at 90% C.L.) 

xo - '"Y.,...+.,...-.,...+11"- 10. 0.091 ±0.037 ± 0.021 

Xl - '"Y7r+7r-7r+7r- 3.6 0.081 ±0.063 ± 0.025 

X2 - --y.,...+.,...-11"+11"- 0.0 <0.10 (at 90% C.L.) 

xo - '"Y7r+7r-7r+7r-7r+7r- 5.8 0.14±0.07±0.04 

Xl - '"Y1r+1r-1r+1r-1r+1r- 5.8 0.10±0.05±0.04 

X2 - '"Y1r+1r-1r+1r-1r+1r- 3.6 0.13±0.08±0.09 

Table 5.Vm: XJ branching ratios from all modes. 

t/J(3770) - --r+ ut/1(3770) x Br( t/J(3770) - '"YX) (nb) 

xo 0.10±0.04 

Xl 0.088±0.032 

X2 ~ 0.10 (at 90% C.L.) 

Table 5.IX: Weighted average and errors of electric dipole transitions. 

observed in three decay modes of the XJ . The results are summarized in Table 

5.VIII. 

From Table 5.VIII, the weighted average and error can be calculated. These 

are listed in Table 5.IX. Table 5.X gives a list of the partial widths and the 

branching ratios based on the three different experimental measurements of the 

total cross section of the t/J(3770) . 

These results can be compared with the predicted values in Table l.II. The 
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0'"(3770) r(tf1(3770) -+ "YXo) Br(tf!(3770) -+ "YXo) 

(nb) {100xkeV) (xlo-2) 

5.00 (Mark-III)5 5.1±1.9 2.0±0.7 

6.75 {Crystal-Ba11)39 3.8±1.4 1.5±0.6 

9.3 (Mark-II)37 2.7±1.0 1.1±0.4 

r(tf1(377o) - "YXl) Br( tf1(3770) -+ "YXI) ( x 10-2) 

5.00 (Mark-III) 4.4±1.6 1.8±0.6 

6.75 (Crystal-Ball) 3.3±1.2 1.3±0.5 

9.3 (Mark-H) 2.4±0.9 0.95±0.34 

r(tf1(377o) -+ "YX2) Br( tf1(3770) -+ "YX2) ( x 10-2) 

5.00 (Mark-III) $5.2 $2.1 

6.75 (Crystal-Ball) $3.9 $1.6 

9.3 (Mark-II) $2.8 $ 1.1 

Table 5.X Branching ratios and partial widths. 

experimental measurements and the predicted values are shown in Fig. 5.6.1. It 

seems that with the total cross section of the tf1(3770) in the range of 6 to 8 nb, 

the predictions are consistent with the experimental measurements. 
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6. DIRECT HADRONIC DECAYS OF THE t/l(3770) 

Introduction 

The studies for the p1r final states may help clarify the V-P puzzle and the 

rescattering as discussed in Section 1.8. 

Event selection 

Each event is required to have two good charged tracks, none of tracks is 

identified as an electron, muon, kaon or proton. Each event is required to have 

two good photons with a minimum energy of 30 MeV. The recoil mass of the 

two charged tracks in each event is required to be less than 1 GeVjc2 • Particle 

identification methods have been discussed in Chapter 3. 

The events are fitted to the 4 constraint hypothesis e+e- --+ "'Y"'Y7r+7r- by 

using SQUAW. The events with x2-probability of the 4C fit greater than 5% are 

retained. The invariant mass of two photons is shown in Fig. 6.1.1 

The rest-frame decay angle of the 1r0 and '1 can be measured and used to 

reject the background. H cos 8' is the cosine of the angle between the direction 

of the photon and the direction of the missing momentum of the charged tracks, 

then the decay angle in the rest frame of the 1r0 or '1 will be: 

8 
COS 81 + f3~o 

cos ~0 = ----::---;__..:.;_---::-
1 + f3~o X COS 8' 

(6.1) 

8 
cos 8' + {3, 

cos = -----:::---;__..:.;_= 
'I 1 + {3, X COS 81 

(6.2) 

Here, f3~o is the velocity of the 1r0 , and {3, is the velocity of the ,.,, which can 

be calculated from the momentum of the charged tracks. Since both the 1r0 and 

the '1 are spin-zero mesons, the decay angles of the photons from 1r
0 (or '1) are 

uniformly distributed in the 1r0 or '1 rest frame. The background, in general, is 
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Figure 6.1.1: M,.,,., before the rest-frame decay angle cut. 

peaked at cos 6 = ±1. H we reject those events with large I cos 61 , we can improve 

the signal to background ratios. 

Fig. 6 .1.2 is this cos 6 distribution of the data with the rest frame calcu­

lated from the fitted invariant masses and the fitted total momentum of the two 

photons. The photon with larger energy is used to calculate the angle. The dot­

ted and dashed lines are the Monte Carlo calculation for the signals for 1r0 and 

17 decay. It is clear that a cut on I cos 61 ~ 0.8 is very effective in reducing the 

background. 

A hand scan is performed on these events after the rest- frame decay angle 

cut. Seven events are rejected by this scan. Three events are found to have four 

charged tracks, with the additional charged tracks not being reconstructed. Four 

events are found to have three photons. 

Finally, following the hand scan, the invariant masses of the two photons are 

shown in Fig. 6 .1.3. There are two structures, one at the 1r0 mass and another at 
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0 

the f1 mass. The curves are from a global fit that takes account of the efficiency 

correction, with fixed widths for the 1r0 and f1 determined from the Monte Carlo. 

The fitted masses of the two photons vs. the x2-probability are shown in Fig. 

6.1.4. Within the statistical error, the distribution for the signals are flat when 

the x2 -probability is greater than 5% . Eight events are 1r0 candidates and seven 

aref1. 

A study is made to investigate the p1r intermediate state. Requiring the 

invariant mass of the two photons within ±20 MeV /c2 of the 1r
0 mass, Fig. 

6.1.5. shows M!+.o vs. M!-.o (see Fig. 6.1.6 for Monte Carlo data). 

Background 

The possible sources of the background are: 

1. Radiative Bhabhas and di-muon events. 

2. Radiative f/J(3685) events. 
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4. Continuum production of 1r+1r- 1ro . 
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The radiative Bhabha background gives a continuous mass distribution of 

the two photons peaked at low masses; they can be easily separated from signals. 

The total number of initial state radiative ~(3685) events before reconstructing 

in this decay channel is about 1.4 events. This background is therefore negligible. 

The background that is due to misidentification of K±1r=T1r0 and K+ K - 1ro has a 

small effect on the signal, since the total number of events is small, and they are 

also rejected by the event selection procedure. 

There is, in fact, no serious background except for the continuum background. 

Since the continuum contribution is identical to the signal, we cannot separate 

these events from those that is due to the decay of the ~(3770) . 
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Efficiency 

The reconstruction efficiency is determined by a combination of Monte 

Carlo calculation and of data at the J /.P • The situation is very similar to the 

case of the calculation of the reconstruction efficiency for the process t/J(3770) -t 

--y1r+ 1r-1r+ 1r- . First, using the data sample for the process J / .P -t p1r, we deter­

mine the fraction of pions misidentified as electrons as a function of momentum. 

This function is then used during the reconstruction of the Monte Carlo events 

to determine the overall efficiency. 

This method omits the dependence of the misidentification probability for 

the pions as electrons on polar angles. As an example, this misidentification 

probability in the region between the barrel and end cap shower counters could be 

different from that in other regions. This uncertainty is included in the systematic 

error. 

Finally, the reconstruction efficiencies including the uncertainty that is due 
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Mode Ere con. 

po1ro 0.23 ± 0.05 

p±1r=f 0.26± 0.05 

7r+7r-f7 0.27 ± 0.05 

Table 6.1 Reconstruction efficiencies for 1r+ 1r-"1"1· 

Ut/1(3770) r(¢(377o) - p1r) Br(¢(3770) --+ p1r) 

nb (KeV) (at 90% C.L.) (at 90% C.L.) 

5.00 (Mark-III)5 ~ 31. ~ 1.3 X 10-3 

6. 75 ( Crystal-Ba11)39 ~23. ~ 9.4 X 10 _ _. 

9.3 (Mark-II)37 ~17. ~ 6.8 x to-• 

Table 6.II Upper limits for p1r final states. 

to the use of the fake shower method and the uncertainty in the misidentification 

function of the pions as electrons are listed in Table 6.1. 

Conclusion 

The total cross section for the p1r final state including contributions from the 

¢(3770) and from the continuum is: 

Ut/1(3770) X Br(p1r) + Ucontinuum = (3.5 ± 1.2 ± 0.7) X 10-3 (6.3) 

An up limits of the ¢(3770) --+ p1r are summarized in Table 6.II. 

These values can be compared with the partial width of the r(<t>--+ p1r) -

633 KeV, r(J/t/J--+ p1r) = 800 eV and r(¢(3685)--+ p1r) = 17 eV. 
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6.2 OTHER NON-CHARMED HADRONIC FINAL STATES OF THE t/1(3770) 

Introduction 

In this section, searches for a number of other non-charmed hadronic final 

states of the t/1(3770) are summarized. These modes are listed in Table 6.III. 

Event selection 

The "good charged track" and "good photon" identification methods have 

been discussed in Chapter 3 and will therefore not be repeated here. A good 

photon is required to have a shower energy greater than 30 MeV. 

The basic requirements for each mode are listed in Table V.III. In addition to 

these requirements, no identified muon can be present in any final state. No good 

photon is found for modes that do not contain photons. A minimum of two good 

photons are required for modes containing a n-0 or a '1 ; the maximum number 

of photons allowed in each event is determined from the background level. 

As an example: for mode p+p-n-+n--n-0 , it is required that each event have 

two or three good photons, one or two pions, one or two protons, and no muons, 

or kaons. 

The events are fitted to the hypotheses listed in Table 6.III by using SQUAW. 

In the fit, a track used by the fitter as a certain type is required to be at least 

a "possible" of this type if particle identification is present. Unidentified tracks 

are always accepted. All photons must be "good photons." Only the events with 

the x2-probability of the 4C fit greater than 5% are retained. 

A rest frame decay angle cut is also applied to those modes that contain a 

1ro or a '1 • The rest frame is the frame calculated using the fitted momenta 

and mass of the two photons. The absolute value of the cosine of the decay 

angle is required to be less than 0.9 except for mode K+ K- K+ K--·ry, where it 

is 0.8. The tighter cut in the K+ K- K+ K-,..,,.., mode is found necessary to keep 

a reasonable single to noise ratio. 
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Final states Minimum Maximum Fit hypo. ( e+ e- --+) 

7r+7r-7r+7r- 4 possible 7r± oK±, op± 7r+7r-7r+7r-

71"+ 71"-71"+ 71"-71"0 2"'( , 4 possible 7r± 2"'1 ,oK±, op± 7r+7r-7r+7r-"'("'( 

7r+7r-7r+7r-,., 2"'( , 4 possible 7r± 2"'1 ,oK±, op± 7r+7r-7r+7r-"'("'( 

K+K-K+K- o1r±, op± K+K-K+K-

K+ K- K+ K-1ro 2"'( 3"'( ,071"±, op± K+K-K+K-"'1"'1 

K+K-K+K-,., 2"'( 3"'( ,071"±, op± K+K-K+K-"'1"'1 

p+p-'11"+'11"- 171"±, 1p± 21r± 2p± oK± , , p+p-'11"+'11"-

p+p-'11"+'11"-,...o 2"'( ,171"±, 1p± 3"'( ,271"±, 2p±,oK± p+p-'11"+'11"-"'("'( 

p+p-,..+,..-,., 2"'( ,171"±, 1p± 3"'( ,271"±, 2p±,oK± p+p-11'"+'11"-"'("'( 

Table 6.III Cuts and fit hypotheses. 

The invariant masses of the two photons are shown in Fig. 6.2.1 for modes 

containing two photons. A ,..o signal is found in each mode with high statistical 

significance. A large '1 signal is also found in the mode 7r+7r-7r+7r-"'f"'f· An '1 may 

also exist in the mode p+p-7r+'1r-"'f"'f but with less statistical significance. No '1 is 

found in the K+ K- K+ K-"'("'( mode. 

The x2 -probability distributions for the modes whose final states do not 

contain photons are shown in Fig. 6.2.2. 

Background 

The sources of background are: 

1. DD background. 

2. Decays of tJ1(3685) produced via initial state radiation. 

3. Misidentification of particle types. 

4. Continuum background. 
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Figure 6.2.1: M..,.., from the 4C fit with the rest frame decay angle cut. 

The contributions of the DD background can be calculated, since most 

branching ratios for the interesting final states are available. This background 

contributes a very small percentage to the total number of events. 

The contributions of the DD background can also be checked by using the 

maximum momentum track method. The decays of the f/1(3770) into each final 

state through DD are two-step decays. Now, if we compare the largest mo-



100 

50 

l() 
0 . 0 
0 

""-
20 

rn 
~ 
1--4 10 
~ 
E--4 z 
~ 0 

20 

10 

0 
0 

124 

2(K+,K-) 

p+p-7r+7r-

0.2 0 .4 0 .6 0.8 

x2 -prob. 
Figure 6.2.2: x2 -probability of modes with photons. 

1 

mentum of the tracks in the decays through DD and not through DD , we find 

that the decays through DD yield smaller laboratory momenta than those not 

through DD. The momenta of tracks from the decays through DD are limited 

by half of the mass of the D or about one-quarter of the t/l(3770) mass, since the 

Dis produced almost at rest. However, for the one-step decay, the momentum 

is limited by about one-half of the t/J(3770) mass. 



30 

~ 
0 
0 20 

'-... 
(/) 

t:£l ...... 
0::: 
E-o z 
t:£l 10 

2.0 

1.0 

0.5 

0 

0.5 

... · .. 
'· . 

. /~ ·. 
::·.F.: . . 

, r •• 
: . 
-.. . 

-:. : . 

200 

. .. 

125 

I .. 
• .. ··. 

.. :. · .. .. . ... . . , 
:~ ... :. 

0 , ... • ... 

400 600 

Mn (MeV/c2
) 

Figure 6.2.3: M'7'7 vs. Pzu.rgelt· 

BOO 

From Unlform Pha1e Space Diltrlbullon 

1 1.5 

P1arae (GeV /c) 

Figure 6.2.4: Pzu.rgut from modes without "f • 

2 



126 

Fig. 6.2.3 shows invariant masses of the two photons vs. the largest momen­

tum of the charged tracks for the mode of 1r+1r-1r+1r-"f"t· For the 1ro band, 

DD background could exist only with this momentum, less than 1 GeV Jc, while 

most events in this plot indicate that this momentum is greater than 1 GeV Jc. 
In the rJ band, at least half of the events have this momentum greater than 

1 GeV Jc. 

Fig. 6 .2.4 shows the distribution of the largest momentum for the mode 

1r+1r-1r+1r-. The events in the figure have x2-probability greater than 10% . 

All events have at least one track with momentum greater than 1 GeV Jc. The 

distribution also appears quite different from the uniform phase space distribution 

shown by the dotted line. The difference indicates the existence of intermediate 

states. 

The 4C fit for modes containing only charged tracks have very strong kine­

matic constraints. Almost no background events except continuum could pass 

the fits with a x2 -probability greater than 10% . 

The rejection factors for the initial state radiation ~(3685} are determined 

using the Monte Carlo method and are found to be 1% to 7% , depending on 

the mode. For the modes whose final states contain two photons, less ~(3685} 

background is rejected, but the invariant mass distributions of the background 

are different from the signals because of the pulls on the energy of the photons. 

This difference amounts to 50 MeV at the 'I mass. The contribution of this 

background for most modes is negligible except for the 1r+1r-1r+1r- 1r0 mode, where 

it is estimated to be 3.5 events. 

The contributions from the continuum background is undeterminable because 

of the unknown production cross section at the ~(3770) energy. 

The total background contributions are summarized and listed in Table 6 .IV. 

Efficiencies 

The efficiency for each mode is determined by Monte Carlo calculation. For 
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Mode Eventf Background Ere con. u,p(3770) X Br. + O'continuum 

(%) (x1o-2 nb) 

71'+71'-71'+71'- 229 0 48 5.1±0.3±0.5 

71'+71'-71'+71'-71'0 94 7 26 3.6±0.4±0. 7 

71'+71'-71'+71'-'7 83 0 28x0.38g 8.2±1.0±1.2 

K+K- K+K- 17 0 20 0.91±0.22±0.09 

K+ K-K+ K-1ro 14 0 12 1.3±0.4±0.3 

K+K-K+K-'1 1 0 llx0.38~ ~ 0.98 (at 90% C.L.) 

p+p-71'+11'- 41 0 32 1.4±0.2±0.1 

p+p-11'+11'- 11'0 54 0 16 3.6±0.5±0. 7 

p+p-11'+11'-'1 3 0 20x0.38g ~ 0.93 (at 90% C.L.) 

Table 6.IV Branching ratios of non-charmed hadronic decays. The factor 

0.389 in the efficiencies comes from Br('1 -+ "Y"Y) = 0.389. 

a final state not containing photons, the efficiency is determined directly. For a 

final state containing photons, the efficiency is studied to ensure that there is no 

significant bias in reconstruction. The efficiencies as a function of the invariant 

masses of the two photons for the 7r+7r- 7r0 mode are shown as the dashed line in 

Fig. 6.1.3. The efficiency for the other modes is very similar. 

The efficiencies are listed in Table 6.IV. 

The branching ratios and conclusion 

The total cross section u for each mode listed in Table 6.IV is the sum 

of O',p(3770) X Br and the continuum production. The total cross section u is 

determined from 
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Mode Num. Event! frecon.(%) u(4.14) x 10-2 (nb) 

1r+1r-1r+1r- 50 43 1.8±0.3±0.2 

""+""-""+""-""o 23 23 1.6±0.4±0.7 

1r+1r-1r+1r-'1 26 27x0.389 3.9±0.8±0.6 

K+K-K+K- 3 25 ~0.42 (at 90% C.L.) 

K+ K- K+ K-1ro 6 12 0.79±0.42±0.16 

K+K-K+K-'1 1 14x0.389 ~ 1.1 (at 90% C.L.) 

p+p-1r+1r- 19 33 0.91±0.21±0.09 

p+p-1r+1r-1ro 15 19 1.3±0.3±0.3 

p+p-1r+1r-'1 1 24x0.389 ~ 0.66 (at 90% C.L.) 

Table 6.V Number of events and cross sections at 4.14 GeV. 

"Num. Events"- "Num. of Background" 
U= --------------------~~----~------

frecon. X L 
(6.5) 

where the "N um. Events" is the number of observed signal candidate events 

from Fig. 6.2.1 and Fig. 6.2.2; "Num. of Background" is the sum of DD , 

1P(3685) and misidentification tracks; Erecon. is the reconstruction efficiency 

determined from the Monte Carlo tests, and L is the total luminosity for this 

data sample. 

For modes that do not contain 1r0 and '1, only those events having an x2-

probability greater than 10 % are used. 

The systematic errors are estimated in the following way: 

1. For modes having no photons in the final state, the error is estimated to be 

10% , which is due to mainly the unknown distribution of charged tracks 

in the detector and particle identification errors. 
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2. For modes having 1r0 in the final state, the error is estimated to be 20% . 

10% is due to the unknown distribution of the tracks in the detector and 

particle identification errors; 17% is due to the uncertainty in low-energy 

photon simulation. 

3. For the final states containing an '1 , the uncertainty is estimated to be 

15% . It is less than that for the 1r0 case, as photon energies are higher. 

6.3 MEASUREMENT AT y's = 4.14 GEV 

A data sample, at an energy close to but not on the tJI(3770) resonance with 

a large integrated luminosity, would be necessary to determine the continuum 

background contributions in Table 6.IV. Since this data sample is not available, 

the data sample at 4.14 GeV, which is 370 MeV above the tJI(3770) , has been 

analyzed to improve our understanding of the OZI-suppressed decays of the 

.P(3770) . 

Table 6.V gives a list of the measurements of the 4.14 GeV data, based on 

the same reconstruction procedure as the measurements listed in Table 6.IV. 

6.4 CONCLUSION 

A number of possible non-DD , non;:harm hadronic decays have been ob­

served at the .P(3770) resonance. Since the continuum background has not been 

measured, the branching ratios of the tJI(3770) decay into these states cannot be 

determined directly . H we treat the measurements at 4.14 GeV as continuum 

and then assume that the cross section falls as 1/ s, the branching ratios of the 

non;:harmed hadronic decays at the tJI(3770) can be estimated (see Table 6.VI). 

Properly these should be viewed as lower bounds. 
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Mode 0'"'(3770) X Br r 
(xl0-2 nb) (keV) (u.p(3770) = 8.0 ± 0.7 nb) 

1r+7r-1r+7r- 2.9±0.8 91±25 

7r+7r-?r+7r-7ro 1.7±1.0 53±31 

7r+7r-7r+7r-'7 3.4±2.0 106±63 

K+K-K+K-

K+ K-K+ K-1ro 

K+K-K+K-'1 

p+p-7r+7r- 0.28±0.38 9±12 

p+p-?r+7r-7ro 2.1±1.0 66±31 

p+p-7r+7r-'7 

Table 6.VI Branching ratios treating 4.14 GeV as continuum. 



131 

7. CONCLUSION 

The non-Db decays of the t/1{3770) are observed and measured for the first 

time, including hadronic transitions, electromagnetic transitions and a number of 

non-charmed, hadronic, final states. These measurements provide us additional 

information to understand the quarkonium system, especially in the unique sit­

uation when quarkonium is in aD-wave and is mixed with an S-wave. 

The hadronic transitions are measured to be: 

Ut/1(3770) X Br{t/1{3770) --+ 7r+7r- + J /tJ!) = {1.1 ± 0.5 ± 0.2) X 10-2 nb {7.1) 

and an upper limit: 

ut/1(3770) x Br{t/1{3770) --+ '7 + J /.P) ~ 3.5 x 10-2 nb at 90% C.L. (7.2) 

The partial width f{t/1{3770) --+ 1r+1r- + J /.P) is related to the production 

cross section of the t/1{3770) . It has two different values since, as discussed in 

Chapter 1, the cross section has two different values, depending on the methods 

used for the measurement. Using the average, ut/1(3770) = 8.0 ± 0. 7 nb, of the 

previous measurements, it is 34 ± 14 ± 7 keV. Using the Mark III measurement 

ut/1(3770) = 5.0 ± 0.5 nb, it is 55± 23 ± 11 keV. The later one is close to 71 keV, 

the predicted value calculated by using Kuang-Yan's method17• It requires the 

mixing angle to be (35!~) or ( 41!~) degrees for the prediction based on Moxhay's 

method, to be consistent with the measurement, using ut/1(3770) = 8.0 ± 0.7 nb or 

ut/1(3770) = 5.0 ± 0.5 nb, respectively. 

The angular and mass distributions of the two-pion system from the hadronic 

transition are measured (see Figs. 4.7.1 and 4.7.2). Because of limited statistics, 

the results do not allow significant conclusions when they are compared with the 

different predictions based on Eqs. 1.54, 1.56, 1.72, and 1.57. 
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Mode 0'¢(3770) x Br. r(8.0 ± 0.7 nb) r(5.0 ± 0.5 nb) 

(tJ1(3770) -+) (x1o-2 nb) (100xkeV) (100xkeV) 

"YXo 10±4 3.2±1.2 5 .1±1.9 

"YXl 8.8±3.2 2.8±1.0 4.4±1.6 

"YX2 ~ 10. (90% C.L.) ~ 3.3 (90% C.L.) ~ 5.2 (90% C.L.) 

Table 7.1: Radiative decay rates. 

The electromagnetic transition rates are listed in Table 7 .I. 

A comparison between the measured widths and the predictions indicate that 

the measurements are more consistent with a total tJ1(3770) production cross sec­

tion 0'¢(3770) = 8.0 ± 0. 7 nb. With this cross section and similar measurements at 

the tb(3685), the mixing angles and the minimum x2 of the fit can be determined. 

The results are listed in Table 7 .II. Combining these with the results from the 

hadronic transition, the relation of the x2 and the mixing angles is shown in Fig. 

7.1.1. 

Several non-charmed hadronic final states at the tb(3770) energy are observed 

with an undetermined continuum background and the results are listed in Table 

7.111. The measurements of similar channels at 4.14 GeV may give some intuitive 

understanding of this continuum background. Based on the continuum back­

ground extrapolated from 4.14 GeV, the measurements in Table 7.111 indicate a 

possibility of a large width of non-charmed, hadronic, final states. 

One should understand that the determination of the continuum background 

at tJ7(3770) energy based on 4.14 GeV data is not well justified. At 4.14 GeV, it 

is not necessary that all the events arise from the uncharmed continuum, and it 

need not be the case that the cross section for the continuum varies 1/ s. 
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Figure 7.1.1: Comparing predictions, mixing angles and data. This fig­

ure showes the relationship between the x2 and the mixing angle based 

on the measured and the predicted values for the electromagnetic transi­

tion rates at the t/1(3685) and t/1(3770), the hadronic transition rate and 

the electronic annihilation rate at t/1(3770) . a). based on the predic­

tion from Grotch6 • b). based on the predictions from Daghighian and 

Silverman22•47• c). based on the predictions from Lane40 • 

60 

Finally, because of these measurements, we now have more knowledge about 

the quarkonium system. First, the hadronic transition rate of the t/1(3770) is 

smaller than the t/1(3685) . The multipole expansion method gives a prediction 
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Model 2 
X,mall O,mall 2 

Xzarge Ozarge 

(per Constraint) (0) (per Constraint) (0) 

Grotch6 0.4 2 1.7 32 

Daghighian22•47 2.5 -1 2.9 36 

Lane40 1.1 9 2.9 36 

Table 7.II: Comparison with predictions and mixing angles. 

correct in order of magnitude. The prediction based on Moxhay's method requires 

a large mixing angle between the 23 8 1 and 13 D 1 , to be consistent with the data. 

There is also a suggestion that the mass distribution of the two pions does not 

agree with the predictions, as is also the case at the T(3S). The possibility 

of a very large mixing angle between S and D wave suggests that some decay 

properties of the ¢(3685) and ¢(3770) should be correlated and may lead to a 

resolution for the V - P puzzle23 • 

Second, the electromagnetic transition rates of the ¢(3770) are found to be 

much larger than those of the ¢(3685). Grotch's predictions with relativistic 

corrections are consistent with the measurements6 • Two different mixing angles 

can be found based on the predictions; one is very small and one is very large. 

The larger angle is consistent with the mixing angle determined from the hadronic 

transition measurement. 

Third, a large number of unexpected, non-charmed, hadronic final states are 

observed, but with uncertain contamination by a continuum background. The 

total rates are predicted to be about 50 keY; however, the measurements are at 

least a factor of six larger. H these large decay rates can be confirmed, they may 

be explained by the rescattering process. A comparison with the decays of the 

4> -+ K K will lead us to a further understanding of the strong coupling constant 

a,(q2). 
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Mode <1.p(3770} X Br. + <Tcontinue u(4.14GeV) <T.p(3770} X Br.a 

(x1o-2 nb) (x1o-2 nb) (x1o-2 nb) 

?r+?r-?ro 0.35±0.12±0.07 

7r+7r-'7 0.59±0.27 ±0.12 

7r+7r-7r+7r- 5.1±0.3±0.5 1.8±0.3±0.2 2.9±0.8 

7r+7r-7r+7r-7ro 3.6±0.4±0. 7 1.6±0.4±0.7 1.7±1.0 

7r+7r-7r+7r-'7 8.2±1.0±1.2 3.9±0.8±0.6 3.4±2.0 

K+K-K+K- 0.91±0.22±0.09 ~0.42 (90 % C.L.) 

K+ K-K+ K-1ro 1.3±0.4±0.3 0. 79±0.42±0.16 

K+K-K+K-'1 ~ 0.98 (90% C.L.) ~ 1.1(90% C.L.) 

p+p-7r+7r- 1.4±0.2±0.1 0.91±0.21±0.09 0.28±0.38 

p+p-7r+7r-7ro 3.6±0.5±0. 7 1.3±0.3±0.3 2.1±1.0 

p+p-7r+7r-'7 ~ 0.93 (90% C.L.) ~ 0.66 (90% C.L.) 

Table 7.III: Non-charmed final state decay rates. a). Obtained by using 

4.14 GeV measurements as continuum background and assuming the cross 

sections of the continuum background scale as ~· 
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APPENDIX 

A: MAJOR PARAMETERS OF MARK-III DETECTOR48 

Detector component Thickness (% r.l.) 

Beam pipe {1.5 mm thick Be) 0.40 

Inner Trigger Chamber 0.68 

Inner wall of drift chamber 0.16 

Drift Chamber gas 0.75 

Drift Chamber wires 0.15 

Total above 2.14 

ToF 12.0 

Aluminum spool 28.0 

Table A.l: Material thicknesses traversed by particles 
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Overall inner radius 14.47 em 

overall outer radius 114.26 em 

Layer 2: 

Length 177.8 em. 32 cells 

Number of wires/cell 15 

Innermost wire N1 17.45 em radius 

Outermost wire N15 31.45 em radius 

Charge division wires N1 and N15 57 p.m diam. stainless steel 

Sense wire N2 to N14 20p.m diam. tungsten 

Smallest half-width (at wire N2) 1.81 em (400 ns) 

Largest half-width (at wire N14) 2.99 em (660 ns) 

Displacement of alternate wires ±150p.m 

Layer 3-8: 

Length 233.7 em 

Number of wires/cell 5 

N1 and N5, quard and charge division 57 p.m diam. stainless steel 

N2, N3 and N4, sense wires 20 p.m diam. tungsten 

Field wire 17 5 p.m BeCu 

Radius at center wire N3 13.45xL em (L=layer number 

Number of cells/layer 16xL 

Angle of stereo layer 4 7.7° 

Angle of stereo layer 6 -9.0° 

Charge division layer 3, 5 and 7 

Half-cell width 2.64 em ~ 580 ns 

Staggering ±400p.m 

Table A.II: Drift chamber specifications. 
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Barrel shower counter: 

Spool length 385.0 em 

Spool outer diameter 252 em 

Spool thickness 2.3±0.4 em 

Flange outer diameter 261.8 em 

Cell width, inner layer 2.4 em 

Cell width, outer layer 3.2 em 

Gas thickness/ cell 1.27 em 

Length of active volume (including anterior ribs) 348.00 em 

Number of layers 24 

Thickness of aluminum sheets 0.064 em 

Thickness of Pb sheets 0.28 em 

Thickness of Al, Pb, Al glue sandwich 0.46cm 

Length of Pb sheets 348.00 

Number of Pb per circumference 10 

Width of ribs 2.67 em 

Height of I beams 1.24 em 

Width of top flange of I beams 1.02 em 

Thickness of I beam material 0.076 em 

Sense wire type Stablohm 800 stainless steel 

Sense wire diameter 46 J.Lm 

Gas 80% argon; 20% methane 

Gas fllow 10000 liters (one volume)/day 

Table A.III: Barrel-shower counter specifications. 
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Endcaps: 

Front layer to interaction region 139.0 em 

Back layer to interacton region 177.8 em 

Radius of outer sensitive region 105.4 em 

Radius of inner sensitive region 35.0 em (approx.) 

Radius of outer assemblie 110.5 em 

Radius of inner assemblie 32.5 em 

Front solid angle subtended 2 X 8.5% X 47r 

Back solid angle subtended 2 X 6 .5% X 411" 

Tube thickness, interior 1.17 em 

Tube width, interior 2.71 em 

Tube-wall thickness 0.064 em 

Pb sheet thickness /layer 0.279 em 

Adhesive thickness /layer 0.025 em 

Number of layers 24 

Number of cells/layer 94 

Sense wire type Stablohm 800 stainless steel 

Sense wire diameter 37 p.m 

Gas 80% argon; 20% methane 

Gas filow one volume/day 

Polar angle of sensitive regions 

Front outer 37.2° 

Front inner 14.1° 

Back outer 31.9° 

Back inner 11.1° 

Table A.IV: End cap shower counter specifications. 
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Total modules 135 

Tubes/module 8 

Overlape of adjacent tubes 1/3 tubes 

Tube size 5 em outer diameter, 4.2 m long 

Sense wire 50 J.Lm s.s. 380 0/m for charge division 

Gas 80% argon, 20% methane, 100 ppm 02 

Gas flow 1 vol./36 hrs. 

Absorber for inner layer coil, shower counter and 20 em iron 

Absorber for outer layer an additional 13 em iron 

Resolution in azimuth 1 em (4 mr) 

Resolution axially 6 em (24 mr) 

Calibration Charge injection directly on wires 

Mutiple Scattering for 1 GeV fc muons: 

Inner layer 5 em equivalent 

Outer layer 9 em equivalent 

Table A.V: Muon system specifications. 
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In QED: 

% 

U(x,t) = exp(ie I dJ · A(J,t)), 

0 

where the integral is along a straight line from 0 to x; 

Using this U with the relationship of A and A', one can get: 

% ........ 

Ab(x, t) = Ao(x, t) +I dJ a A~~,' t) 

0 

% 

A'(x,t) = .A(x,t)- vI dJ . .A(J,t). 

0 

Using, 

.... a.A 
E + V Ao + at = 0, 

from electrodynamics and defining: 

;, = sx, 0 < 8 < 1' 

we get: 
1 

Ab(x, t) = Ao(O, t)- I dsx · E(sx, t) 
0 

1 

A'(x, t) = -I dsx x B(sx, t). 

0 

where E and Bare the electric and magnetic field, respectively. For QCD 

case, more detail can be found in Ref.(16). 
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