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Abstract

T h e C ry sta l Ball detec to r a t  th e  collid ing-beam  ring  S P E A R  has been  used 

to  s tu d y  th e  pionic and rad ia tiv e  decays of the  n eu tra l ch arm  m eson Z3*° in 

e+ e" ann ih ila tions a t  -^/s =  4.028 GeV. M easurem ents were m ade of several 

p aram ete rs . T h e  m ass was found to  be m {D ^) =  1865.3 ±  1.0 ±  2.0 MeV, 

th e  P *° — m ass difference w as found to  be A m  =  140.0 ±  0.5 ±  1.5 MeV, 

an d  the  P * °  b ranch ing  ra tio  to  pions w as m easured  to  be B R (P '°  —>■ 7r°P°) =

53.1 ±  3.4 ±  9.1%. A dditionally , som e inform ation  was o b ta in ed  on charm  m eson 

p roduction  cross-sections and  com bined p roduction -and -decay  angu lar d is trib u ­

tions.
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C h a p te r  1

Physics of Charm D *  M esons

1 .1  I n t r o d u c t i o n

1.1.1 The H istory of Charm  M esons

T he investigation  of th e  physics of charm  m esons has been one of th e  m ore 

successful p rov ing  grounds for h igh-energy physics since th e  in tro d u c tio n  of m od­

ern field theories in  th e  1940s and  th e  construc tion  of sufficiently energetic p a r­

ticle accelera tors to  confront these theories w ith  experim en tal resu lts. T h e  pos­

sib ility  th a t  a fo u rth  quark  m igh t ex ist was con jec tu red  from  th e  experim en tal 

non-observation  of strangeness-changing  weak n eu tra l cu rren ts : in th e  early  days 

of the  quark  m odel th e re  was no reason to  suppose, given th e  th ree  know n u, 

d, an d  s quarks, th a t  weak n eu tra l cu rren ts  shou ld  be suppressed  w ith  respect 

to  weak charged  cu rren ts— b u t nevertheless th ey  w ere no t observed. A fourth  

m assive ch a rm  quark  (c) w ould nea tly  explain  th is  u n se ttlin g  experim en tal fact. 

A four-quark  m odel in troduced  by G lashow, Iliopoulis, an d  M aiani'*”*' p red ic ted  

a  n a tu ra l suppression  of w eak n eu tra l cu rren ts  an d  som e com pletely  new physics: 

narrow , bou n d  cc resonzint s ta tes; th e  existence of charm  m esons; indeed, a w hole 

positron ium -like spectroscopy'^ ' th a t ,  as a resu lt of the  heavy m ass of th e  new 

quark , could be s tu d ied  in te rm s of non-re lativ istic  p o te n tia l m odels.

C harm  physics has absorbed  m uch of the  effort of the  experim en talist as well
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as th e  theore tic ian ; th e  early  p red ic tions of th e  four-quark  schem e w ere confirm ed 

by th e  observations of th e  J/V» an d  xi>‘ in 1974, c rea tin g  the  fam ous “N ovem ber 

R evolu tion” in  high-energy physics.'*^ ' T h e  discoveries con tin u ed  w ith  the  25- 

w ave exc ita tion  of charm on ium , th e  t/»"; th e  S S -s ta te  a t  4.03 GeV; th e  charm - and  

ch arm -stran g e  m esons D  an d  D s  ; an d  o th e r s tru c tu re s  observed  in th e  ra tio  R  

above Ecm — 4.0 GeV (see Section 1.2.1). A dditionally , th e  ch arm  region has 

p roven  to  be a  good place to  exam ine som e types of n o n -ch a rm  physics; stud ies 

of th e  existence an d  th e  p roperties of exotic s ta te s  such as b o u n d  s ta te s  of th ree  

gluons [ggg] an d  searches for exotic m esons [qqqq] h ave been perform ed here.

Investigations in th e  ch arm  region have p rom oted  co n s ta n t efforts to  im prove 

d e tec to r efficiencies an d  reso lu tions, and  have m o tiv a ted  th e  s tu d y  of new er de­

tec to r technologies such as large-scale CCD * use (yielding position  reso lutions 

on th e  o rder of a  few p in ) , Cerenkov velocity  m easu rem en t schem es, an d  bis­

m u th  g erm an a te  (BGO) sc in tilla to rs. T he experience gained  in th e  s tu d y  of 

ch arm  physics has been invaluable in th e  design of detec to rs for the  cu rren t set 

of m achines u n d e r construc tion  or developm ent (SLC, L E P , an d  th e  SSC).

1.1.2 O utline o f This Thesis

T h e  rem ain d er of th is  ch ap te r p resen ts  an  ou tline  of th is  w ork an d  a  sh o rt 

review of charm  physics relevant to  th e  m ezisurem ents o f D  an d  D* m eson p roper­

ties to  be described la ter. C h a p te r  2 is a  discussion of th e  experim en tal a p p a ra tu s  

including  th e  accelera tor an d  sto rage ring , used to  generate  e"*'e“  colliding-beam  

events, and th e  detec to r system , th e  “C rysta l B all” , w hich w as used to  record 

the  d a ta . C h a p te r  3 describes th e  first p a r t  o f th e  d a ta  analysis, including the 

conversion of th e  orig inal electronics signals to  physics in fo rm ation  an d  th e  se­

lection of collid ing-beam  events of the  ty p e  e+ e“ —» hadrons; in C h a p te r  4 the

* Charge-Coupled Device: a very-large-scale in tegrated circuit (VLSI) device th a t integrates 
the charge arriving in a  rectangular array of picture elements, or “pixels” , where each pixel 
can be as sm all as ~  2 p m  on a side, yielding a  spatial resolution <r ~  5 fim The active 
area of such a device is usually > 1 cm^.
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descrip tion  of th e  analysis of these had ron ic  events is co n tinued , describ ing the 

c rite ria  used to  select p h o ton  cand ida tes  an d  the  generation  of inclusive pho ton  

and  n e u tra l p ion energy sp ec tra . C h ap te r 5 discusses the  s tud ies  of th e  Z)*° 

decay m odes —*■ cind using these inclusive energy sp ec tra ,

an d  th e  resu lts  of th e  m easurem ents a re  given here . An ap p en d ix  con tains re­

la ted  m a te ria l on an g u la r d istrib u tio n s an d  co rrela tions from  D* p roduction  and 

decay.

1 .2  O v e rv ie w  o f  T h is  A n a ly s is

1.2.1 Physical Processes o f In terest

T his s tu d y  describes the  m easurem ent o f the  £>*° —* b ranch ing  ra tio ,

the m ass, th e  m ass difference, an d  p resen ts the  in fo rm ation  avail­

able from  angu lar d is trib u tio n s and co rrela tions in —* decays. All of

these m easu rem en ts  are perform ed w ith  e+ e”  co llid ing-beam  d a ta  taken  a t the 

Ecm =4.028 GeV resonance; d a ta  sam ples a t  £cm =3-670 GeV, 3.685 GeV, and 

3.772 GeV, respectively, are used to  m odel th e  non-open  charm  had ron ic  back­

g rounds an d  for experim en tal checks. F ig. 1.1 shows th e  in teg ra ted  lum inosity  

used a t  each energy step  in th is  analysis. T he am o u n ts  of d a ta  tadcen w ere dic­

ta te d  by lim its of available tim e an d  com peting  physics m o tivations, and  were 

n o t op tim ized  solely for th e  goals of th is thesis.

T able 1.1 ind icates som e of th e  in te resting  fea tu res of the  ch a rm  region in 

co llid ing-beam  physics. T hese fea tu res can  be seen in th e  ra tio

r, r ( e + e “  -+ hadrons) , ,

A p lo t of i î  as m easured  by th e  C rysta l Ball experim en t is show n in Fig. 1.2;'®' 

m easurem ents of R  by o th e r experim en ts is show n in F ig. 1.3.
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In teg ra ted  L u m in osity  of D ata S e ts
2000

1500

1000

Continuum
S am plea

4.028 GeV 
Resonance500

3.8 3.9 4 4.13.6 3.7

Eom (Gev)

Fig. 1.1 Integrated e+ e"  luminosity of the d a ta  sets used in this analysis. These data  
sets were recorded during 1979-1980.

1.2.2 The 4-0S8 G eV  Resonance

T he 4.028 GeV resonance, occasionally referred  to  as th e  4>"', or th e  “0 * 0 *  fac­

to ry ” , is th e  first instance in increasing Ecm w here significant D ‘D ‘ p roduction  

occurs. T h e  th resho ld  for p roduction  is ss 4014 MeV; th e  Z)‘° ’s are pro­

duced alm ost a t  rest w ith  only som e 14 MeV of to ta l k inetic energy. T h e  charge- 

conjugate m ode, , has a  th resho ld  a t 4021 MeV—w ith  only 8 MeV of

to ta l kinetic energy.

T his value of y /s  is som eth ing  of a k inem atic curiosity ; a  cc resonance pre­

sum ed to  be =  3 % i, w ith  its large cross-section , occurring  only som e

10 MeV above D ‘D* th resho ld , produces D*D* p a irs  nearly  a t  rest ^

0 .08 ,/9£ ).i ~  0 .06 ). T he w id th  of the  resonance F «  50 MeV overlaps the  D*D* 

th resho ld , d is to rting  the  resonance and leading to  a  rap id  rise in D '  produc-
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R = (T°(e^e -* h a d r o n s ) /a »tm
6

5

4

3

2
Crystal Ball 

Radlatively corrected  
eind T  subtracted1

4 4.2 4.4 4.63.6 3.8

(GeV)

Fig. l .B  Values of iu the charm region as measured by the Crystal Ball 
experiment. These values have been corrected for initial sta te  radiation 
and r  production.

£cm (GeV) P ro m in en t F eatu res

3.100 0 (1 5 )  or J / 0 .

3.670 Location  of con tinuum  h ad ro n  sam ple. Close to  the  
ch arm  region in  energy, b u t below open -charm  th resho ld .

3.685 0 (2 5 )  or 0 '.

3.772 0 ( lD )  or 0 " . D D  threshold .

3.870 D* D  th reshold .

3.940 D g D g  th resho ld .

4.028 0 (3 5 )  or 0 " '. D*D" th resho ld .

4.170 D** D* th resho ld . Possib le resonance?

Table 1,1 M ajor structures in the charm region: 3.0 GeV < <  4.5 GeV. Shown
are the resonances and thresholds pertinent to this analyis.
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Fig. l .S  Meafiurements of A in c"^c~ colliding beams by a few experiments other than 

the C rystal Ball. These vaines have been corrected for initial state  radiation 
and r  production.

tion. F u rth e rm o re , th e  sm all Q -value 5 MeV) available in th e  stro n g  decay 

D* —V ttD  allows only a  sm all kinetic energy for th e  pion irame) ^  o.25);

when com bined w ith  th e  sm all boost of th e  D* in th e  e"*'e~ rest fram e, th e  pion 

provides an  efficient experim en tal tag  for detec tion  of th e  D *— look for pions 

nearly  a t rest. T his use of the  p ion as a tag  w as an tic ip a te d  in a  fixed ta rg e t

experim en t, i0-12| b u t here is doubly  useful because of th e  large reso n an t cross-

section and  th e  tt® —̂ 7 7  m ode w hich leaves a  d istinctive  signal in th e  C rysta l
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Ball detec to r.

A ngular D istribu tions

T he an g u la r d is trib u tio n s an d  correla tions of the  p h o to n  an d  7r° yield infor­

m ation  on th e  stro n g  in te rac tio n  m a trix  elem ents for D '  p ro d u c tio n  an d  decay; 

previous work'*^'^*' could n o t observe any non-iso trop ic effects, so a careful ex­

am ination  is ap p ro p ria te  in th is  analysis. U sing th e  C rysta l Ball d e tec to r, an 

effort can  be m ade to  m easure th e  inclusive an g u lar d is trib u tio n s  from  

decay; even 7r°-7r° an g u la r correla tions can be a t te m p te d  w ith  th e  ex isting  d a ta , 

since th e  low-energy 7r° (£kin ~  20 MeV) used as the  tag  has a d is tin c tiv e  signa­

tu re: tw o low -energy p ho tons nearly  back-to-back  (ss 140°) in angle. However, 

m easurem ents of th e  d irec t pho ton  from  D*^ decay are n o t a tte m p te d  since it is 

difficult to  d istingu ish  these pho tons from  those  of o th e r processes in th e  120- 

170 MeV region in th e  inclusive p h o to n  spectrum : the  signal-to-bcickground ra tio  

is too  w eak by a  considerab le fzictor, and  no d istinc tive  ta g  is available .

P re lim inary  a tte m p ts  for all of these an g u la r m easurem ents w ere tr ied  b u t 

were n o t en tirely  successful; e ith er large backgrounds (e.g., in th e  inclusive an ­

gular d is trib u tio n  from  explicitly  reco n stru c ted  p ion four-m om enta) o r low s ta tis ­

tics (e.g., th e  correla tion) h am per any  significant m easu rem en ts. T he

d istrib u tio n s are h is togram m ed, how ever, in C h ap te r 4, b u t w ith o u t any  fits per­

form ed on them . T his p re lim inary  w ork does n o t ru le o u t th e  usefulness of th e  

inclusive techniques discussed in C h a p te r  4 to  reduce th e  backgrounds, b u t these 

resu lts are  n o t the  m ajo r th ru s t of th is  thesis an d  will n o t be fu rth e r  rep o rted  

here.

1.2.3 Crystal B all D ata in  the Charm  Region

T here  are  tw o sets of ru n s a t  £ ’cm =4.028 GeV w hich w ere s tu d ied  by  th e  C rys­

ta l Ball detec to r. T hese w ere recorded  in  A pril 1979 and N ovem ber 1979 (approx­

im ately  150 n b ^ i 8ind 700 nb~^, respectively) w ith  som e 25 000 even ts rem ain ing
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after h ad ro n  selection (see C h ap te r 3). A no ther sam ple  a t  Æ?cm=3.684 GeV (th e  

Ip'), som e 50 n b “ ,̂ was taken  in th e  sam e S P E A R  ru n n in g  period  as th e  Novem ­

ber 1979 d a ta  a t  4.028 GeV. T his allows checks on th e  ca lib ra tio n  and  analysis 

processes by inspecting  the  energies an d  linew idths of p ho tons from  rjj' —» 7 x 0,1,2 • 

T hese energies an d  linew id ths are in agreem ent w ith  C rysta l Ball resu lts from  

the analysis of 1.7 x 10® ip' decays.'^'* I t can be seen from  Fig. 1.4 an d  T a­

ble 1.2 th a t  th e  d e tec to r response in th e  100-200 MeV p h o to n  energy region is 

acceptable an d  fairly  well understood .

These runs a t energies o th e r  th a n  4.028 GeV are very  im p o rta n t, as will 

be seen in C h a p te r  5, because th e  b ranch ing  ra tio  and  m ass m easurem ents are 

ex trac ted  from  fits to  d a ta  using M onte  C arlo  sp e c tra  as in p u t. B oth  energy 

response an d  ch arac teris tic  shapes of inclusive sp e c tra  m u st be m odeled suffi­

ciently  well by  th e  event sim u lation  a lgorithm s to  allow d irec t com parison  w ith  

d a ta  in the  region 50 £  <  250 MeV. T he real d a ta , taken  a t  increasing

energies w here new  physics m anifests itself stepw ise, allow  th e  fine-tun ing  of the 

sim ulation  p rogram s.

1.3 P re v io u s  M e a s u re m e n ts  o f  C h a rm  M e so n  P r o p e r t ie s

T he Z?*® m ass is m easured  e ither d irectly  or by the  m easu rem en t of the  

m ass difference, w hich is then  com bined w ith  a  D® m ass m easurem ent; 

m easurem ents have been m ade b o th  by m agnetic detec to rs in e+ e“ colliding- 

beajns an d  ch a rm  pho to p ro d u ctio n  experim en ts using spectrom eters. T here  are 

several m easu rem en ts of the  m ass e x ta n t a t p resen t; th e  w eighted  average 

of these (excluding th is  analysis) is m (Z)°) =  1864.62 ±  0.59 MeV.'^^' T h e  only 

m easurem ent of th e  D '°  — D °  m ass difference to  d a te  independen t o f th is  analysis 

is m {D ‘^] — m (Z)°) =  142.7 ±  1.7 MeV.'^°' P revious m easurem ents of the  neu tra l

branch ing  ra tio  to  7r°I>° yield a  w eighted average of 51.5 ±  7.6%.



}.$  PrevxotLS Measurements o f Charm M tson Properties Page 9

Photon Energies from -►7X0,ta
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Fig. 1 .4  A log-likelihood m inim Uation fit to  the photon energy spectrum  from —♦
7X0,1,2 from d a ta  taken in November 1979. The m easured energies agree 
with Crystal Ball results from the analysis of 1.7 x 10® decays.

T ransition
P h o to n  energy (MeV) calcu lated  

from  N ovem ber 1979 d a ta
P h o to n  energy (MeV) calcu lated  

from  1.7 X 10® t/j' decays

V"' -> 7X0 258.1 ± 0 .7  ± 4 258.4 ±  0.4 ±  4

4>' -> i x i 170.1 ± 0 .5  ± 4 169.6 ±  0.3 ±  4

4>' -* 1 x 2 126.1 ± 0 .3  ± 4 126.0 ±  0.2 ±  4

Table l .S  Measured energies of photons from the process ► 7x0,1,2 from d a ta  taken 
a t Æ7cm=3-684 GeV in November 1979. The energies are from a log-likelihood 
minim ization fitting the da ta  to resolution- and Doppler-broadened lines with 
a polynomial background. The first error is statistical, the second is system­
atic.
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1 .4  T h e o r y  P r e d i c t i o n s  f o r  C h a r m  M e s o n  M a s s e s  a n d  W id th s

T he sm all Q -value of th e  D* —> srD tran s itio n  m akes th is  decay p articu la rly  

in teresting  since it allows th e  D" electrom agnetic  p ho ton  decay to  com pete w ith  

a phase-space-lim ited  stro n g  decay— the larger the  — D °  m ass difference, the 

grea ter th e  D*° w id th  to  pions. T h e  s tu d y  of th is decay can  yield som e indication  

of the sym m etry -b reak ing  effects in Ein SU(4) schem e.

A non-re la tiv istic  calcu lation  by O n o |‘ *̂ using harm onic oscilla to r wavefunc- 

tions to  describe th e  cfi system , provides estim ates of th e  D*° w id ths:

and

r(D-» -  «»o») 11.2

w here k (k ')  is th e  m om entum  of the  pion (photon) in the  D*° re s t fram e; fq is the 

s tren g th  of the  (u, d)-n  coupling, determ ined  from  fq =  3 /5  w here =

0.082; /x„ an d  Hc a re  th e  m agnetic  m om ents of the  quarks, assum ing  gyrom agnetic 

ratios of un ity ; cind the  overlap in teg rals, are  functions of th e  u- an d  c-

quark  m asses. T h e  overlap  in tegrals are nearly  one (>  0.99^™  ̂ ) for values of 

m{D*^) — m {D ^) < 600 MeV an d  will be taken  as exactly  u n ity  here. T his yields 

a  pred ic tion  for th e  b ranch ing  ra tio

Using th e  p a ra m ete r values above, and se ttin g  /„  =  1, / j  =  1, i t  is found th a t

1 (k<^
[1.5]
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Ono's R elation for BR(D*°-»tt°D°) v s . m(D*°)—m(D°)
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Fig. 1.6 The relation derived by Ono^^** for the branching ratio
as a function of the mass difference. The point indicates the values
found in this analysis with statistical and system atic uncertainties combined 
in quadrature (see C hapter 5). The bands indicate the world averages from 
Ref. 57, excluding this analysis. NOTE: The Sadrozinski resu lt ’̂ ** contained 
in the world average for — m [D ^) has been removed from the values
in this figure since it is not independent of this analysis.

T he rela tion  given by Eq. [1.5] is show n in Fig. 1.6; also ind icated  is th e  p o in t 

found by th is  analysis (see C h ap te r 5), and  th e  o n e-s tan d ard  dev ia tion  bands 

abou t the  w orld averages.

A no ther ca lcu lation  of D* decay w id ths has been given by T h e w s u s i n g  

hnite-energy sum  rule (FESR ) m ethods. T his gives values for th e  D*^ p a rtia l 

decay w idths:

r(J9*° 7r°D°) =  4 ±  3 keV and

r(Z)*° 7£>°) =  4 ±  2 keV.

( 1.61

[1.7]
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Decay
P red ic ted  

B ranching  R atio
E x perim en ta l 

B ranch ing  R atio

D ‘+ n°D + 30.9% 34.9 ±  7 .0%

D*+ -I- 7t+D° 67.8% 48.9 ±  8.3%

D*+ -*  7 D + 1 .8 % 17 ± 1 1  %

n * °  7r°D° 70.6% 51.5 ±  7.6%

£)*0 29.4% 48.5 ±  7.6%

Table l .S  Predicted and measured D ‘ branching ratios. The predicted values are from 
Ref. 25; experimental values are the world averages, excluding th is analysis, 
from Ref. 57.

Assum ing th a t  th e  theore tical uncerta in ties  associa ted  w ith  these p red ic tions 

m ay be in te rp re ted  as one-standard -dev ia tion  “erro rs” ,* th e  b ranch ing  ra tio  is 

ca lcu lated  to  be

BR(£> iO 7T°D^) =
r(J5*o -»  ir°D°)

T{D*° 7t0£10) +  r(Z?*o

=  0.5 ±  0.6,

[1 .8 ]

[1.9]

a value near the  observed resu lt b u t w ith  errors so large it can n o t be used as 

a te s t; it is hoped th a t  th e  m easu rem en t of th e  m ass difference given in th is 

analysis will help in constra in ing  th is  F E S R  pred ic tion .

In an o th er ca lcu la tio n , R osner gives a set of b ran ch in g  ra tio  p red ic tions for 

D ' decays based upon  experim en tal num bers for th e  sim ilar K ‘ decays. These, 

along w ith  the  w orld averages of experim ental resu lts (excluding th is  analysis), 

are given in T able 1.3.

* This is a i^asonable assum ption since the errors reflect experim ental uncertainty in the 
mass difl'erence used in the calculation.
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1.4.1 Uses o f the  £>*° M easurem ents

M easurem ents of D* p ro p ertie s  have app lica tions in several fields of cu rren t 

in terest. F irs t, th e  brcinching ratios are  needed to  analyze B  m eson decays 

from  th e  T  region; th e  C abibbo-favored  6 —► c decay necessita tes an  accurate  

knowledge of th e  D* decay param ete rs  to  u n d e rs ta n d  the  decays of th e  B .  An 

exam ple is the  analysis of th e  decay

B ~  +£>, +  £ -

I ► n° + D °

which is p resen tly  un d er s tudy  by th e  C rysta l Ball co llaboration . T h e  precise 

knowledge of m {D *°) — m {D °)  is crucial to  th e  analysis. Second, the  recent 

d iscovery '’** of a likely can d id a te  for the  P -w av e  exc ita tion  in th e  cq system , 

the Z?(2420), decaying in to  ttD* has renewed th e  dem and  for an accu ra te  D ' 

branching  ra tio  m easurem ent. T his is p a rtia lly  because th e  experim en ta l anal­

ysis of th e  D (2420) involves a tran s itio n  to  th e  £>*, b u t also because the  ra ­

diative D* decay is a  useful theore tical ca lib ra tion  p o in t for heavy-m eson decay 

predictions.*’’*' G iven th e  D* b ranch ing  ra tio s , one can  use th e m  to  include 

SU(4) sym m etry -b reak ing  effects in calcu lations of Z?(2420) p ropertie s. T h ird , 

experim ental values of charged  an d  n eu tra l D* b ranch ing  ra tio s , w hen  com ­

bined w ith  SU(4) sym m etry  argum en ts, yield ra te s  for rad ia tiv e  D '  decays th a t 

are inconsisten t w ith  theo re tical calcu lations u tilizing  SU (4) sym m etry -b reak ing  

schemes;'**' th is inconsistency needs m ore in form ation  to  be resolved— it m ay 

be th a t  cu rren t experim en tal resu lts are in e rro r as well as th e  theore tical con­

stra in ts .

1.4.2 Charm Cross-Sections

T he coupled-channel charm on ium  m odel of E ich ten  et has been

successful in ca lcu la ting  th e  cross-sections for th e  various ch a rm  processes as a
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function of Ecm- In th e  analysis o f th e  d a ta  for th is  thesis, cross-section m ea­

surem ents are m ade (a lthough  they  are sub jec t to  large sy stem atic  u ncerta in ties , 

and are therefore n o t one of th e  p rim ary  resu lts) an d  m ay be com pared  w ith  the  

coupled-channel m odel a t  Ecm =  4.028 GeV. F igs. 1 .7-1.8 illu s tra te  th e  behavior 

of the  coupled-channel m odel cross-sections vs. Ecm- T hese w ere ca lcu la ted  using 

the m ass values ?n(Z)°) =  1865 MeV, m (D ‘°) =  2007 MeV, m { D s)  =  1970 MeV, 

and m (D g )  =  2070 MeV.* T h e  sum  of th e  cross-sections is show n in F ig . 1.9.

C om parison of th e  coupled-channel p red ic tions w ith  th e  resu lts  from  th is 

analysis is p erhaps n o t fully justified  due to  th e  large system atic  u n ce rta in ties  in 

the  cross-section m easurem ents; how ever, a b rief look is ap p ro p ria te . A n tic ip a t­

ing a la te r d iscussion in w hich the  cross-section resu lts of th is  emalysis will be 

presented  (see section 5.5.5), they  are preview ed in T able 1.4. For convenience, 

cross-sections will be expressed in u n its  of R . N ote th a t  th e  su m  of th e  m easure­

m ents is =  6.01, som ew hat h igher th a n  th e  typ ical ex p erim en ta l values of

R  a t Ecm — 4.028 GeV (we will neglect rad ia tiv e  corrections here since they  are 

on the  o rder of <  10%). In T able 1.4, the  p red ic ted  values are  found; here th e  

sum  is =  4.88 ( a co n s tan t value of 2.0 has  been  added  to  account for

non-charm  physics). In o rder to  com pare them , b o th  p red ic tions and  d a ta  are 

norm alized to  Ptotal =  5.0, as is also given in T able 1.4.

As will be discussed la te r in C h a p te r  5, th e  m easurem ents perform ed here 

are no t independen tly  sensitive to  e a th  possible ch m m  m eson p ro d u ctio n  process. 

M easurem ents are available only in th e  com binations listed  in th e  tab le , because 

of the  s im ila rity  of pho ton  and  n eu tra l pion sp e c tra  th a t  th e ir  respective decay 

products p roduce, or because of phase space suppression  factors. N ote also th a t 

isospin invariance has been  invoked in th e  m easured  fits for D D  an d  D" D  + DD* 

production .

* A com puter program supplied to  the Crystal Ball collaboration by Eichten was used to 
produce these figures. The program  allowed only slight adjustm ents to  be m ade in the 
meson masses w ithout violating its range of applicability.



1.4 Theory Predictions fo r Charm Meson M asses and Widths Page 15

Individual Charm  C ontributions to  R 
in the  Coupled—Channel Model
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Fig. 1.7  Charm  contributions to R using the charm coupled-channel model for
the six charm  non-strange processes. See the discussion in the tex t for the 
D, D “, and Dg masses used.
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In d iv id u a l Chatrm S tra n g e  C o n tr ib u tio n s  to  R 
in  th e  C oupled—Chamnel Model
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Fig. 1.8 Charm  contributions to i î  using the charm coupled-chainnel m o d e l f o r  
the three charm -strange processes. See the discussion in the text for the D, 
D ' , and D g  masses used.

W ith  these caveats, inspection  of Table 1.4 shows consistency betw een the 

conpled-channel p red ic tions and the observed values in all b u t one case: 

p roduction . Here th e re  is b e tte r  th a n  a  fac to r of tw o difference, w ith  th e  m ea­

sured value being sm aller. P erhaps it should  be no ted , how ever, th a t  viewed as 

a function of E^m, th e  cross-section is rap id ly  changing in th e  vicinity

of Ecm=4.028 GeV, and sm all changes in param ete rs in th e  m odel m ay possibly 

m ake large chainges in th e  cross-section. In sum m ary , no significant discrepancies
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Total C harm  C ontribu tions to  R 
in  th e  Coupled—C hannel Model
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Fig. 1.9 T otal charm  contributions to Jl using the charm  coupled-channel model. 
See the discussion in the text for the D, D ',  and D s  masses used.

Process
C oupled-channel M odel (R ) T his A nalysis [R)

In itia l Scaled In itial Scaled

“C ontinuum -like” 2.69 2.76 4.40 3.66

0.67 0.69 0.64 0.53

D * + D -+ D + D ^~ 0.72 0.74 0.64 0.53

D*°D*° 0.80 0.81 0.33 0.27

Totals 4.88 5.00 6.01 5.00

Table I .4  Comparison of charm meson production cross-sections from the coupled- 
channel model and from this analysis. The cross-sections, expressed in units 
of R , are given, along with the same values norm alised to  the nom inal to ta l 
value of five. The “continuum-like" entry includes the following: non-open 
charm and non-charm continuum, D '^ D ~ , and D g D g
processes (see text).

are no ted  betw een the  coupled-channel m odel an d  th e  m easu rem en ts, w ith the 

possible exception of p roduction .
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C h a p te r  2

D etector Apparatus

2.1 I n t r o d u c t io n

T he possib ility  of bu ild ing  a  large non-m agnetic  d e tec to r designed specifi­

cally for m easuring  p h o to n  energies to  a  few p ercen t w as first seriously discussed 

during the  1974 P E P  Sum m er Study!^° W ork perform ed by R. H ofstad ter 

and  colleagues h ad  show n th a t  tha llium -doped  sod ium  iodide, N a l(T l), was 

a m ost p rom ising  m a teria l for the  h igh-reso lu tion  m easu rem en t of energy de­

posited  by  electrom agnetic  show ers. A proposal for th e  construc tion  of such a 

device w as approved  in the spring  of 1975 and  the  “C rysta l B all” , as it had  come 

to be know n, was finished in the  sp ring  of 1978. T h e  d e tec to r recorded  th e  first 

physics d a ta  in th e  fall of 1978 a t  th e  S PE A R  e+e“  sto rage ring  a t th e  S tanford  

L inear A ccelerator C en te r in S tan fo rd , C alifornia.

2.2 T h e  S P E A R  C o llid in g  B e a m  R in g

T he SPE A R * facility  a t  SLAC is am e lec tron-positron  collid ing-beam  storage 

ring w ith  an energy range of 2.4 GeV <  - /s  < 7.4 GeV, w here \ / s  is th e  to ta l

* SPEAR is an acronym for the Stanford Positron Electron Asymmetric Ring.



s. s  The SP E A R  Colliding Beam Ring______________________________________________Page 19

energy Ecm in th e  cen ter-o f-m om entum  fram ed S P E A R  w as com pleted  in 1972, 

and has ru n  in its p resen t configuration since an  u p g rad e  in 1974.

2.2.1 D escrip tion  o f S P E A R

T he layou t of S P E A R  is show n in Fig. 2.1. T h e  m agnet la ttice  consists 

of dipole ho rizon tal bend ing  m agnets and  q uad rupo le  focusing m agnets . Single 

“bunches” of electrons and  positrons circle th e  single b eam p ip e  in opposite  direc­

tions w ith  a  period  of 780 nsec. T h e  beam pipe in  th e  in te rac tio n  region is m ade 

of alum inum , 110 m m  in d iam eter, an d  is evacuated  to  «  10“ ® to rr . T he wall 

thickness is 65 mils (0.019 rad ia tio n  lengths) a t  no rm al incidence. F our rad io ­

frequency (rf) cavities are used to  com pensa te for energy lost v ia  synch ro tron  

rad ia tion . T he tw o in te rac tio n  regions, w here the  beam s collide a t  a  0° crossing 

angle, «ire d iam etrically  opposite  and  are labelled th e  “E as t P i t” an d  the  “W est 

P it” in Fig. 2.1. T he C rysta l Ball detec to r w as housed in th e  E as t P it  from  

au tu m n  1977 to  au tu m n  1981.* T h e  S P E A R  con tro l an d  pow er supp ly  buildings 

are located  near th e  cen te r of th e  ring .

T h ro u g h o u t th is  discussion, th e  “S P E A R  coo rd ina te  sy stem ” will be used. 

These coord inates eire defined a t any  given p o in t a ro u n d  th e  design o rb it by

(1) th e  +  2-d irection  is the  d irection  of th e  p o sitro n  beam ,

(2) th e  -t-x-direction po in ts  tow ard  the  cen ter of th e  ring, and

(3) th e  -by-direction is vertical (opposite to  th e  d irec tion  of th e  m agnetic  bend 

field).

t  Ecm is defined by the relation Ecm =  2 X £?beanii where Ebeam is the nom inal energy of 
either a  positron or an electron in the laboratory system.

* The Crystal Ball detector was moved to the Deutches Elektronen Synchrotron laboratory 
(DESY), Hamburg, W. Germany, in the spring of 1982 to study T  physics.
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Fxg. 2.1 The SPEAR electron-positron colliding-beam storage ring, showing the lay­
out of the injection lines, m agnet lattice, control buildings, and exper­
im ental areas. The Crystal Ball detector was located in the East P it from 
autum n 1978 until autum n 1981.

2.2.2 S P E A R  Operation

T he an d  e”  beam s orig inate in th e  2-miIe long SLAC linear accelerator!^^* 

P ositron  in jection  is done first, followed by electron injection, tak ing  approxi­

m ately 20 m inu tes per beam . T he injection process is called filling  the ring, and 

the useful ru nn ing  tim e un til ab o u t half of the in itia l beam  curren ts are lost is 

called a fill. A fter acceleration to  the desired in jection energy (up to  a m axi-
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m um  of E\,eam =  2.5 GeV for S P E A R ), the  beam s are tra n sp o rte d  th ro u g h  the  

SLAC beam  sw itchyard , en ter th e ir  respective in jection  lines, an d  are  added  to  

the S PE A R  beam  cu rren ts . O ne bunch  of electrons an d  one bunch  of positrons 

orb it the  S PE A R  ring  in opposite directions w ith  a frequency of 1.28 MHz.

The beam s experience b e ta tro n  an d  synch ro tron  oscillations as they  o rb it 

the ring. B e ta tro n  oscillations occur in th e  horizon tal x -d irection , an d  couple 

to  oscillations in th e  longitud inal z-d irection  v ia  la ttice  im perfections. V ertical 

oscillations are an  o rd er of m agn itude less th a n  th e  b e ta tro n  oscilla tions. Com ­

pensation  for synch ro tron  rad ia tio n  causes the  bunches to  becom e elongated, 

w ith an  approx im ate ly  gaussian  distribution!*^' A t th e  in te rac tion  po in ts , these 

gaussian-shaped beam s have a <Ti as 0.06 cm  and  ay as 0.004 cm . T h e  longitud i­

nal beam  spread  is caused by q u an tu m  fluctuations in th e  syn ch ro tro n  rad ia tion , 

and is ab o u t 2.4 cm  a t  Ecm = 4 .3  GeV. T he size of th e  lum inous region is ab o u t 

a factor of less th a n  the  beam  size.

T he synch ro tron  energy loss véiries as ~  E ^ ^ ^  (up to  Ebeam 5  3.5 GeV), and 

is approxim ately  46 keV /revolu tion  a t Eteam =  2.014 GeV. T h e  rf  cavities run  

a t a frequency of 280 x the  revolu tion  frequency. T h e  energy sp read , like the 

beam  sp read , is lim ited  by q u an tu m  fluctuations in th e  sy n ch ro tro n  rad ia tion ; 

typically, each beam  has an energy w id th  of a b o u t 1 MeV a t  th e  ip' resonance.

An e+e“  in te raction  is called an event. T he even t ra te  for a particulcir pro­

cess, d N jd t ,  is given by

^  =  1 : .  (2.11

where the  cross-section for th e  process is a  an d  th e  m achine lum inosity  is £ . 

A typical lum inosity  for S PE A R  w ith  Ecm > 4 GeV is £  % 4 x 10®° cm “ ® 

sec“  ̂ a t  th e  s ta r t  of a fill; a  fill will typ ically  last four hours, du ring  w hich the 

beam  cu rren ts  will d rop  by a fac to r o f two; a t  the  s ta r t  of a  fill, beam  curren ts 

are usually  10-15 m A. A long-term  average w ould typ ically  find an in teg rated  

lum inosity, / £  dt, of som e 50 n b “ ^ /day  a t  Ebeam =  4.03 GeV.
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2.3 T h e  C ry s ta l  B a ll  D e te c to r

T he C rysta l Ball d e tec to r as installed  in  th e  E ast P it  a t S P E A R  in 1979 is 

shown in Fig. 2.2. T he a p p a ra tu s  consists of a  highly  segm ented  a rra y  of N al(T l) 

sc in tilla to r crysta ls , charged  track ing  cham bers, an d  d a ta  acquisition  electronics. 

Figs. 2.3 and  2.4 show th e  arran g em en t of these devices. T h e  configuration of 

the C rysta l Ball d e tec to r as installed  a t  S P E A R  has been described  a t  leng th  in 

several papers;'*^'**' here, an  overview of the  detec to r design an d  opera tion  is 

presented in th e  nex t several sections.

2.3.1 M ain N a l(T l)  Hemispheres

Two N al(T l) hem ispheres form  th e  cen tra l p a r t  of th e  C rysta l Ball detector. 

They are co n stru c ted  from  672 N al(T l) sc in tilla to r cry sta ls , each 16 rad ia tio n  

lengths long. See F ig. 2.5. T h e  hem ispheres have an  energy reso lu tion

and an  angu lar reso lu tion , depending  also on energy, of 1-2° (higher-energy pho­

tons will p o p u la te  m ore cry sta ls , yielding m ore in fo rm ation  a b o u t th e  la tera l 

shape of th e  show er; th is allows a m ore accu ra te  position  determ ina tion ).*

T he geom etry  of the  nearly  spherical hem ispheres is based on th a t  of the 

icosahedron, cis in Fig. 2.6. T h e  icosahedron is a regu lar geom etrical solid w ith 

20 sides, as show n in Fig. 2 .6(a). Each side is an  equ ila tera l triang le , an d  is called 

a m ajor triangle. Each m ajo r triang le  is divided in to  four sm aller equilateral

* The energy resolution in Eq. [2.2], oq =  0.026, is observed in Bhabha events after calibration 
(see section 2.5 below). The deviation of the functional form of the energy resolution, 
a JE  oc 1/ ^ E ,  from a square-root law arises in pa rt from shower leakage from the crystals.

The angular resolution quoted here is bom  Monte Carlo studies. It is consistent with the 
resolution found in kinematic fits to well-constrciined final states; inspection of the distri­
bution of and E pu lis bom  kinematic fits to da ta  and to Monte Carlo events (performed 
separately) indicates sim ilar angular errors.
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R IN G  C E N T E R

RING C E N T E R

Fig. £.£ Illustrative drawing of the Crystal Bail detector installation a t SPEAR 
in 1979. The principal components shown in the upper figure are:^^^  ̂
VDG=Van de Graaff system; D=dehumidifier; PS=pow er supply for the 
charged tracking chambers; P=high-voltage puiser, PP=prepulser for the 
spark chambers; and Q =quadrupole magnet. The outerm ost environmen­
ta l enclosure is shown by the double-dashed line. In the lower figure: 
D=door; V=Van de Graaff proton beam  entry port; A=dehumidifier port; 
Q=quadrupole m agnet port; and R=rooftop access port. The shaded m ate­
rial to the left of the control room is concrete for radiation shielding.
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TH E  CRYSTAL BALL E X P E R IM E N T

.PHOTOTUBES

CRYSTAL.

\  ' E N D  C A P  M.S.

V  CEN TRA L M .S .  CHAMBERS

I m a t e r M.W .RC. C H A M B E R S

Fig. S.9 The Crystal Ball experimental apparatus, showing the arrangem ent of the 
charged particle tracking chambers, the two hemispheres of Nal(Tl) scintil­
lato r crystals, and Nal(Tl) endcap arrays.

tr ia n g le s \  called m inor triangles. See Fig. 2.6(b). E ach  m inor triang le  is divided 

in to  nine tr ia n g u la r  m odules. E ach m odule in th is geom etry  corresponds to one 

N al(T l) crysta l. See F ig. 2.6(c).

T he tw o halves of th e  ball are  hem ispherical shells, allow ing for placem ent of 

the charged track ing  cham bers inside them . T h e  inner rad iu s  of th e  N al(T l) is 

10 inches and  th e  ou te r rad iu s is 26 inches.

t  Note th a t these four m inor triangles do not lie in a plane.
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Fig, 8 .4  A cut-away drawing of the Crystal Ball central hemispheres showing the 
beam pipe entry and exit tunnels, the  charged tracking cham bers, and the 
photom ultiplier tubes. [From Quarkonium, by E lliott D. Bloom and Gary 
J. Feldman. Copyright ®  1982 S c i e n t i f i c  A m e r i c a n ,  Inc. All rights re­
served. Used by permission.)

2.3.2 Endcap N a l(T l)  Arrays

T he sodium  iodide hem ispheres of th e  d e tec to r cover 94% of th e  4n  s te rad ian  

solid angle. T his coverage is supp lem ented  by th e  ad d itio n  of four sod ium  iodide 

crysta l endcap  arrays, b ring ing  th e  to ta l solid angle coverage to  98%!^°' See 

Fig. 2.3. T h e  endcap  array s are located ou tside  of th e  hem ispheres and  are
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Fig. 2.5 A single N al(T l) crystal in the main hemispheres and its phototube. The 
crystal is 16 radiation lengths long.

tilted  a t an  angle of 7° to  th e  beam . T here  are 15 crysta ls  in each a rray  w ith  

an hexagonal cross-section six inches across from  corner to  corner. Twelve of 

the crysta ls in each a rray  are 2 0  rad ia tio n  lengths long; th e  o th e r  th ree  are ten  

rad ia tion  lengths long.* E ach crysta l is viewed by a p h o to tu b e  a ttac h ed  to  the 

rear w indow of th e  steel can ister in w hich it is sealed. In  fron t of each a rray  is a 

double layer of m agnetostric tive  spark  cham bers for charged -partic le  track ing .

* These crystals were obtained from an earlier apparatus which used these shorter lengths.
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CRYSTAL BALL 
GEOMETRY AND JARGON

MAJOR TRIANGLE

MINOR
TRIANGLE

ICOSAHEDRON

20
(a)

80

(b )

INDIVIDUAL “ MODULES 
OR "C RYSTALS"

EQUATOR

720
(c)

TUNNEL REGION"

Fig. £.6 The nearly spherical division of an icosahedron into 720 individnal modules 
is the basis of the Crystal Ball geometry, (a) The twenty-sided icosahedron, 
illustrating the division into m ajor triangles, (b) The division of each major 
triangle into four minor triangles, (c) The division of each m inor triangle 
into nine modules, yielding a to ta l of 720 possible m odule locations. Only 
94% of the to ta l 4?r steradian solid angle is occupied by the modules, leaving 
space for the beampipe entry tunnels.
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Detector
Component

Radial
Distance

(mm)

Thickness ̂  
[% rad. 
length)

SoHd 
Angle 

{% of 4s-)

FW HM
Azimuthal
Resolution

(mrad)

FWHM
Polar

Resolution
(mrad)

Effi­
ciency

(%)

Aluminum
Beampipe 59 1.9 100

Magnetostrictive 
Spark Cham ber 1 79 2.0 94 25 ± 5 150 ±  20 70-75

Multiwire
Proportional

Chamber 100 0.35 83 35 ±  2 75-180 90-98

Magnetostrictive 
Spark Cham ber 2 137 2.0 71 25 ±  5 115 ±  15 70-75

Steel Inner Shell 254 4.3 94 — — —

Table 2.1 M agnetostrictive spark and multiwire proportional cham ber param eters. 
Also included are other inner detector components.

2.3.3 Charged Tracking Chambers

Enclosed in  th e  10 inch rad ius cavity  inside th e  c ry sta l hem ispheres is the 

charged trétcking system  consisting of th ree  double layers of m agnetostrictive 

spark cham bers (called M S S C s)  and  m ultiw ire p ro p o rtio n a l cham bers (called 

M W P C s). T here  are th ree  double layers of cham bers: first, a  double layer 

spark  cham ber w ith  tw o spark  gaps; nex t, a  double layer m ultiw ire p roportional 

cham ber, an d  last ano ther double layer spark  chamber!^*' T h e  various cham ber 

p aram eters a re  given in T able 2.1.

M ultiw ire P ro p o rtio n a l C ham bers (M W PC s).

T he M W PC s are located  betw een the  tw o spark  ch am ber layers. T hey  con­

sist of one double layer of alum inum -coated  m ylar and  wires. See Fig. 2.7(a). 

T here sue th ree  cylindrical shells of alum inum -coated  m ylar w ith  144 gold-plated  

tungsten  w ires 20 fim  in d iam eter in each gap spaced «  4.5 m m  ap a rt. T he solid

f At norm al incidence.
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BEAM I P I P E

L-| M. w. ) P. 0 .

Fig. S. 7 The Crystal Ball charged tracking cham bers during 1979. (a) The m ultiwire 
proportional chambers, (b) The m agnetostrictive spark cham bers. Arrows 
indicate distances from the beam axis in millimeters.
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angle coverage is 83%. T he inner ca th o d e  of th e  inner layer is etched  in to  strips 

7 mm wide on 8 mm  cen te r-to -cen ter spacing an d  inclined a t 62°. T h e  o u te r c a th ­

ode of the o u te r layer is etched in to  strip s  7 n u n  w ide on 9 m m  cen ter-to -cen ter 

spacing and inclined a t 90°. T h e  o th e r ca th o d e  of each  cham ber is n o t etched. 

The cathodes are o p era ted  a t —1.7 kV  an d  th e  cham bers ru n  in p ro po rtiona l 

mode. M oving from  th e  inner layer to  the  o u te r layer th e  com ponen ts are;

1. The inner cylindrical shell of alum inum-coated mylar, consisting of:
(a) Shield ground plane; and
(b) High-voltage cathode plane (cross-etched aluminum).

2 . Inner gap (90% A t  and 10% C O j), consisting of:

(a) First 5 mm gap;
(b) 144 signal anode wires a t high-voltage ground potential; and

(c) Second 5 mm gap.

8. The m iddle cylindrical shell of alum inum-coated m ylar, consisting of:

(a) High-voltage cathode plane for first gap; and

(b) High-voltage cathode plane for second gap.

4. Outer gap (90% Ar and 10% C O ;), consisting of:
(a) Third 5 mm gap;

(b) 144 signal anode wires at high-voltage ground potential; and
(c) Fourth 5 mm gap.

6. The outer cylindrical shell of alum inum-coated mylar, consisting of:

(a) High-voltage cathode plane (cross-etched alum inum); and
(b) Shield ground plane.

T he M W PC s record  th e  angles of w ires w ith  charged  h its  and  th e  signals from  

the etched ca thode s trip s . Because th e  M W P C s have essentially  no deadtim e, 

their signals are used by  the  electronics in con junction  w ith  th e  c ry s ta l/p h o to tu b e  

o u tp u ts  to  decide w hether or no t to  record a p a rticu la r  event.

M agnetostrictive Spark  C ham bers (M SSCs)

T he spark  cham bers are illu stra ted  in F ig. 2 .7(b). T h e  inner M SSC covers 

94% of the  to ta l solid angle cind th e  o u te r cham ber covers 71%. E ach M SSC has 

two spark  gaps form ed from  th ree  concentric cy lindrical shells of copper-coated  

mylcir sheets. Each shell is construc ted  of tw o m ylar sheets (5.0 m il th ick) w ith  a
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1.5 mil copper coating , and  sep ara ted  by 40 m ils of sty rofoam , assem bled together 

w ith epoxy. T he construc tion  of each M SSC in o rder o f increasing d istance from  

the beam  is:'^°'

1. Inner cylindrical shell of copper, mylar, styrofoam, and epoxy, consisting of:

(a) Shield ground plane (1.5 mil copper); and

(b) High-voltage return  ground plane (1.5 mil cross-etched copper).

2. First spark gap (9 mm, filled with 90% Ne, 10% He gas mixture).
8. Middle cylindrical shell of copper, mylar, styrofoam, and epoxy, consisting of:

(a) High-voltage plane (1.5 mil straight-etched copper);

(b) Styrofoam fill material; and
(c) High-voltage plane (1.5 mil straight-etched copper).

4. Second spark gap (9 mm, filled with 90% Ne, 10% He gas m ixture).
5. O uter cylindrical shell of copper, mylar, styrofoam, and epoxy, consisting of:

(a) High-voltage return ground plane (1.5 mil cross-etched copper); and

(b) Shield ground plane (1.5 mil copper).

T he etched s trip s  were 0.3 m m  w ide and  located on 1.0 m m  centers; the 

cross-etched s trip s  were inclined a t 30° for the  inner M SSC ajid a t 45° for the 

outer M SSC, and were etched  w ith  opposite  helicities to  m inim ize reconstruction  

com binatorics.

T he spark  cham bers w ere no t used in the  decision m ade by th e  electronics 

to record an  event since th e  recovery tim e was qu ite long. In stead , w hen such 

a decision was m ade, bctsed on inform ation  from  th e  crysta ls  and  th e  M W PC s, 

the spark  cham ber h igh-voltage supply  w as pulsed  to  9.0 kV  across th e  9 m m  

gaps, and ionization left by charged particles w ould in itia te  the  fo rm ation  of a 

spark along its tra il. T he cu rren t pulse generated  in th e  etched  w ires created  

a m echanical wave in  a m agnetostric tive  w ire (called a “p ickup w and” ) w ound 

over the  copper strip s. T he trave l tim e for th is  acoustic pu lse along th e  w and  in­

dicated th e  p o in t on the  cham ber circum ference w here th e  ac tiva ted  etched  strip  

te rm inated . A fter pulsing the  spark  gaps were cleared of charge by  application  

of a  350 V clearing pulse. A 10 V  po ten tia l was applied  a t o th e r tim es to  keep 

the M SSCs clear of ions.
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Luminous Region

Fig. 8.8 The Crystal Ball small-angle luminosity monitor. Four arms are used to 
look for Bhabha events a t angles near 4° to the beam. C,-, Pf, and Qi are 
scintillation counters and the 5,- are shower counters (« =  1 , . . . ,  4).

2.3.4 L um inosity  M onitor

T he C rysta l Ball detec to r includes a  sm all-angle lum inosity  m onito r allowing 

the m easurem ent of beam  lum inosity  and  allowing op tim iza tion  of beam  orb its 

via position  asym m etries of B habha  events.'*^' T h e  lum inosity  m onito r consists of 

four arm s, each contain ing  th ree  sc in tilla tion  counters and  one show er counter. 

(See Fig. 2.8.) T he scin tilla tion  coun ters F , and  C, in each arm  are used to 

detect B habha events; coun ter Q, is used for diagnostics. Show er coun ter 5, 

makes an energy m easurem ent of the inciden t electron or positron . T he apertu re - 

defining counters Pi are a t an angle of 4.25° to  the  beam  and  each sub tends

4.2 X 10~'* s te rad ians.

A B habha  event (or e+e“ —* 7 7  event) is recorded w hen the  coun ters F , and 

S, in one a rm  record  h its , the  coun ters Cy and S j  in the  opposing arm  also record 

h its, and  th e  energy deposited  in each show er coun ter is g rea te r th a n  Fbeam /2 - 

The coun ter F , defines th e  ap e rtu re  of th e  m onitor; opposing co u n ter Cy, w hich is 

larger in area , allows for beam  spread . An off-center beam  o rb it can be observed 

by inspecting  ratios of coun ter ra tes betw een th e  different eirms. T his technique
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was used to  help elim ina te  e rra tic  o rb its  during  C rysta l B all runn ing .

The B habha  sca tte rin g  cross-section has a very  stro n g  angu lar dependence. 

Neglecting rad ia tive  corrections, in th e  ex trem e rela tiv is tic  lim it th e  low est-order 

B habha scattering  differential cross-section is''* '̂

da
dU B h ab h a  ^ ^ b e a m

1 -h cos'* (0 / 2 ) 2 cos*(0 / 2 ) ^  1 -h cos^(0 )
[2.3]

sin* (0 / 2 ) sin^(0 / 2 )

This yields a  counting  ra te  1.26 for m easured  in  GeV a t a  lum inosity

£  =  10^° cm ” ^sec“ *. T his is around  0.3 Hz a t Fcm =  4.028 GeV.

The lum inosity  £  is ca lcu lated  by dividing the  m easured  ra te  d N /d t  by  the 

cross-section in teg ra ted  over the  ap e rtu re  of th e  lum inosity  m onito r. T h e  cross- 

section of the  m on ito r is derived using a  M onte C arlo  s im ulation  p ro g ram  which 

includes rad ia tive  corrections!"^ Because of the  sym m etric  construc tion  ab o u t 

the beam  axis, th e  m onito r is insensitive to  sm all d isp lacem ents of the 

in teraction  po in t. T h e  accuracy of m easured  lum inosities is ab o u t ± 4% . Com ­

parison of these sm all-angle lum inosities w ith  large-eingle lum inosities calculated  

using B habha  events in th e  detec to r hem ispheres agrees to  w ith in  3%!**'

2.4 D e te c to r  E le c tro n ic s  a n d  T rig g e r  S y s te m

2.4.1 Data Acquisition  Overview

T he electronic signals generated  by th e  detec to r can  be divided in to  two 

classes: (1) signals w hich are ap p ro p ria te  for use in deciding w hether o r no t to  

record a p a rticu la r even t, an d  (2) those w hich are no t. T he first class includes 

the p ro m p t signals from  th e  p h o to tu b e  o u tp u ts , an d  read o u ts  from  th e  M W PC s; 

the second class includes th e  M SSCs, w hich have a long dead  tim e afte r being 

read o u t, and  th e  o u tp u ts  from  o th e r system s such  as th e  lum inosity  m onito r.

Signals from  b o th  categories are p resen ted  to  d ig itiza tion  electronics; how­

ever, they  are only recorded by the  online com puter system  w hen a  trigger con­

dition has been satisfied (see below). T hese signals a re  s to red  in analog form
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in integrate and  hold  capac ito rs while th e  trigger logic is deciding if th e  event 

should be recorded; if so, th e  capacito rs are iso lated  v ia  F  E T  sw itches u n til they  

can be ind ividually  an d  serially  d igitized by a single analog-to-d ig ita l converter 

(ADC). O therw ise, w ith  no trigger condition  satisfied, the  signals are allow ed to  

drain  from  th e  capac ito rs in tim e to  clear the  system  for th e  nex t possible event. 

Signals from  th e  first class are also p resen ted  to  the  h ard w are  trigger electronics. 

Here th e  p h o to tu b e  o u tp u ts  are sum m ed in groups of nine by analog circu itry  

and presen ted  to  the  trigger system ; each group of n ine m odules corresponds to  

the nine crysta ls in a m inor triang le  (see th e  descrip tion  above of C rysta l Ball 

geom etry). T h u s the  trigger logic never inspects th e  energy in a single crysta l, 

bu t only the  to ta l energy in m inor triangles or larger geom etric sum s.

Tw o-channel E nergy R ange

In the  in teg rate -and -ho ld  electronics, each p h o tom ultip lie r tu b e  o u tp u t is ac­

tually  sen t to  tw o channels (low- and h igh-energy). T his is done to  increase the 

dynam ic range available from  th e  13-bit ADC th a t  is used to  digitize th e  pho­

to tu b e  pulse heights. T here  are tw o in teg ra te  and  hold m odules p er pho to tube , 

one for each energy channel, w ith  the high-energy chaunel p receded by  a  resistive 

divider circu it w hich a tten u a te s  th e  signal by a factor of 2 1 .

2.4.2 Trigger G eneration

As m entioned  above, the  decision to  record  a p a rticu la r  event, th e  generation  

of a  trigger, is m ade in  h ardw are  by p a r t of th e  online electronics, using signals 

from th e  pho tom ultip lie r tu b es and  th e  charged track ing  system . For redundancy  

(to increase th e  accep tance of th e  system  for hadronic events), th e re  a re  two 

independent subsystem s in th e  trigger electronics: one is the  tower trigger, the 

other th e  fa st trigger!**' T he tow er trigger is a T T L * system  while th e  fast trigger

* Transistor-Transistor-Logic
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is assem bled from  individual NIM* logic modules!*^' B o th  trigger system s form  

energy sum s of th e  crysta ls in e«ich group of nine (each m inor triang le) for signals 

from the hem ispheres an d  th e  m ultiw ire p ro p o rtio n a l cham bers. A charged track  

trigger is generated  if the re  is a  coincidence of h its  in b o th  layers of the  M W PC .

Trigger R equirem ents

Triggers w ere form ed in th is  analysis w henever any of th e  following conditions 

occurred:

1. Total observed energy in the  hem ispheres > 1 1 5 0  MeV;

2. M ore th a n  60 MeV w as observed in tw o diam etrically  opposite  m ajor tr i­

angles;

3. Any tw o m ajor triangles had  a t least 140 MeV each and  a charged  track  

was observed in the  M W  P C ’s;

4. T he u pper hem isphere and  the  lower hem isphere b o th  had  energies of a t 

least 140 MeV an d  th e  sum  of the ir energies w as >  770 MeV

In these energy sum s the tu n n e l m odules are om itted  since they ten d  to  be noisy 

being close to  the  beam pipe en try  and  exit po rts . T he to ta l trigger ra te  was 

about 3 Hz w ith  «  10% deadtim e (caused by the spark  cham ber recovery tim e 

of 40 m sec).

2 .5  C a l ib r a t io n

2.5.1 Introduction

T he N al(T l) crysta ls and the  pho to tubes are assum ed to  respond  linearly to  

increasingly higher energies of incident pho tons and electrons]**' b u t nevertheless 

m ust be ca lib ra ted  a t regu lar in tervals to  com pensate for d rifts in the  system

t Nuclear Instrum entation Module.
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response over tim es of a few days to  several years. T h ree  p rocedures a re  used to  

calib rate  th e  crysta ls an d  electronics:

1. Using the  rad io iso tope *^^Cs;

2. U sing a Van de G raaff accelera tor, p roducing  340 keV p ro tons incident on 

a ta rg e t; and

3. Using B h ab h a  sca tte rin g  events (e+e“  -+ e+e“ ) or e+ e“  —> 7 7  events.

The *^^Cs an d  th e  Van de G raaff ca lib ra tions are done app rox im ate ly  every two 

weeks; d a ta  for B h a b h a  ca lib ra tions are accum ulated  con tinuously  du rin g  run  

periods.

2.5.2 D efin ition  o f Calibration C onstants

Recall from  above th a t  each pho tom ultip lie r tu b e  is read  by tw o channels 

in the  electronics. T h e  low-energy channel covers energies in th e  range  zero to  

160 MeV, and  th e  h igh-channel covers th e  range  zero to  3200 MeV. A ssum ­

ing a linear response for each channel, each crysta l will requ ire  four ca lib ra tion  

constan ts to  convert th e  ADC counts to  energies. T hese are

phigh ^  h igh-channel ADC pedesta l coun ts, 

plow =  low -channel ADC p edesta l coun ts,

R i =  ra tio  c o n s tan t, and 

S, =  slope co n stan t

[2.4]

where the  index t runs over all crysta ls . T h e  pedesta ls are  th e  coun ts seen in the  

ADC w hen zero energy is in p u t to  the  crysta ls . T h e  slope co n s tan t is th e  slope 

of the  low -channel linear response curve; it is used  to  d e term ine  th e  low -channel 

energy £7!°* v ia  th e  re la tion

=  S i  X [2.5]
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where 5,- is th e  low -channel slope an d  is th e  coun ts in th e  A D C for th e  low- 

channel of the  crysta l. F , is th e  ra tio  of h igh-channel to  low -channel slopes 

for crysta l t; h igh-channel energies a re  calcu la ted  from

=  R i X  S i  X [2.6]E

where C']"'®*' is th e  counts in th e  ADC for th e  h igh-channel of th e  crysta l. 

The m eans for determ in ing  these values will be discussed below . F or com plete 

details, see Refs. 48 and  49.

2.5.3 Pedestal Calibration

In order to  save sto rage space in the  online com pu ter system , th e  digitized 

d a ta  is com pressed before w riting  it to  a  raw  d a ta  tape . T his p rocedure  om its 

the ADC coun ts from  crysta ls w ith  little  (<  0.5 MeV) energy deposition . How­

ever, every 128‘* event is w ritten  uncom pressed; th is  allows d e term in a tio n  of the 

pedestal values for crysta ls w ith  zero energy by  sim ple averag ing  of th e  counts 

in each crysta l over m any events.

2.5.4 C esium  Calibration

T he first step  in ca lib ra tin g  th e  detec to r is perform ed w ith  a  0.1 m illicurie 

cesium  rad io iso tope source p laced in th e  cen ter of th e  hem ispheres. T h is ca lib ra­

tion step  uses th e  reaction

"^C s - >  P ~  +  ‘^^Ba*

L I ' - ' iB a -4- 7 (0 .6 6  MeV)

to produce a  0.66 MeV gzimma ray. C a lib ra tion  d a ta  is recorded  u n til several 

hundred  h its  a re  observed in each crysta l. T he h is tog ram  of th e  energy response 

for each m odule is inspected  m anually , and  th e  app rox im ate  position  of the
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cesium peak is ind icated  to  th e  online com pu ter a lgorithm .*  T hen  the  low- 

channel slopes are ad ju sted  for each crysta l to  yield th e  fixed 0 .6 6  MeV energy 

photon line.

2.5.5 Van de G raaff Calibration

T he Van de G raaff ca lib ra tion  is used to  ex tend  th e  ca lib ra ted  range of the 

detector to  the  several MeV regim e. I t uses 6.131 MeV p ho tons w hich are pro­

duced via th e  reaction;

i9f  -i_ p ^  20j^e‘ *®0**(3-) -t- a

I 0(0+ ) -b 7(6-131 MeV).

The pro tons are p roduced  a t 340 keV using a Van de G raaff genera to r and  are 

incident on a fluorine ta rg e t. N ote th a t  it is th e  second excited  s ta te  of th a t 

is occupied, and  w hich decays v ia  an  E3 (electric octupole) tran s itio n , w ith  a 

half-life of 17 psec. T he first excited s ta te  of a t 6.052 MeV has =  0+, 

as does th e  g round  s ta te , so th e  0  -+ 0  tran s itio n  is forbidden (the  experim ental 

half-life is 50 psec).'**'

Unlike th e  cesium  ca lib ra tion , th e  6 .1  MeV pho ton  generally  deposits its en­

ergy in m ore th a n  one crysta l, m aking the energy assignm ent for ca lib ra tion  

purposes difficult. To com pensate, th e  in itial values for slopes from  th e  *^^Cs 

calibration  are  ad ju sted  using an  ite ra tiv e  procedure . T h e  energy from  th e  neigh­

boring crysta ls , along w ith  the  energy in the  crysta l being ca lib ra ted  are  sum m ed, 

using the cu rren t values of the co n stan ts . T he co n stan ts  o f th e  cen tra l crysta l 

(the one being ca lib ra ted ) are ad ju sted  so th a t  th e  sum m ed energy is equal to  the 

6.131 MeV p ho ton  energy. Since th is  in troduces a  dependence of each c ry s ta l’s

* Human intervention  is necessary here to find the approxim ate peak position b ^ a u se  of the 
broadness of the peak a t these low energies [o e { ^  = 0,66 MeV) ca 0.3 MeV) and the large
background involved.
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constan ts on its neighbors, an  ite ra tiv e  p rocedure  is used. T h ree  passes th rough  

the ca lib ra tion  p rocedu re  aire sufficient for convergence of th e  constan ts .

2.5.6 Bhabha Calibration and P osition  Correction

T he *^^Cs an d  th e  V an de G raaff ca lib ra tions check th e  d e tec to r response 

only a t low energies. In  o rder to  get final slope co n s tan ts , B h ab h a  events are 

used.* An ite ra tive  p rocedure  sim ilar to  th a t  for the  V an de G raaff ca lib ra tion  is 

used, since the  show ers again  occupy several crysta ls. A th ree-pass ite ra tio n  is 

sufficient.

A final correction  is m ade to  com pensa te  for electrom agnetic  show er leakage 

from  the  cen tra l crysta l (where th e  p artic le  im pacted) in to  the  w rapp ing  m ateria l 

and neighboring  crysta ls . An im pact p o in t n ea r a  vertex  will deposit less energy 

into th e  cen tra l cry sta l, cmd m ore in to  its su rround ings, th a n  an  im pact po in t 

near the  cen ter. T h is can be observed by  inspecting  th e  ra tio  o f th e  cen tra l 

c ry sta l’s energy to  th e  sum m ed energy. By using a co rrec tion  fac to r, determ ined  

from extensive M onte C arlo  s tu d y  of la te ra l show er energy sp read  vs. im pact 

point, a  correction  for th is  effect can be m ade.

R esults of th e  th ree  ca lib ra tion  procedures are show n in Fig. 2.9. N ote th a t  

the B h ab h a  ca lib ra tio n  is n o t sufficient to  b ring  th e  peak  of th e  d is trib u tio n  

into agreem ent w ith  th e  beam  energy: th e  position  correction  is necessary. T he 

observed FW H M  from  th e  figure afte r position  correction  of 4.7% x 1.842 GeV 

yields a reso lu tion  of og /£7  =  0.027/ v/E  w hich is consisten t w ith  th e  quoted  

resolution of 0 . 0 2 6 / f r om Eq. 2.2.

T he conversion in to  physics in form ation  of th e  raw  ADC coun ts and  ca lib ra­

tion co n stan ts  th a t  have been s to red  on th e  raw  d a ta  tapes is tak en  up  in the 

next ch ap te r.

* Also events of the type e+e —*77 which leave two electromagnetic showers a t the beam 
energy.
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BHABHA ENERGY (13 CRYSTALS SUMMED)
10000

F it to C o rrec ted  D ata  1 

Peak  1 8 4 2 .8  MeV
8 0 0 0

FWHM 4 .7 %

5  6 0 0 0

•  6.131 MeV 
Van de G raff
Calibration

2  4 0 0 0 •  A

A  C orrected  by Btiobtia2000

mm
14 0 0 16 0 0  1 8 0 0  

ENERGY (MeV)
2000

Fig. S. 9 D istribution of energies in Bhabha events at the rp' resonance (Scm  =  
3.685 GeV). The two sets of da ta  points are: (•) the energy response using 
only the preliminary Van de Graaff calibration; and (A )  the energy response 
using the initial Bhabha calibration. The histogram  is the finad energy re­
sponse using a refined Bhabha calibration technique which compensates for 
cases where the particle entered the central crystal near a vertex ra ther than 
near the center, thus sharing a large part of its energy with its neighbors. 
The solid line is a fit to the histogram, using an empirical lineshape function 
(essentially a Gaussian).
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C h a p te r  3

Initial D ata  Analysis

3.1  I n t r o d u c t io n

T his ch ap te r describes the  in itial stages of th e  analysis of e+ e“ events a t 

=  4.028 GeV. P roperties of the  d a ta  sam ples used in th e  analysis are 

described; the  process of converting  raw  d a ta  ob ta in ed  from  th e  detec to r into 

physics in form ation , i.e., in to  energies, d irections, etc., is explained; an d  had ron  

selection is discussed.

D a ta  sam ples from  several ru nn ing  periods are used in th is  analysis. C alib ra­

tion of th e  detec to r an d  electronics chain is d iscussed in C h a p te r  2, so the descrip­

tion of th e  raw  d a ta  processing begins w ith  th e  ‘raw -d a ta -to -p h y sics-n u m b ers’, 

or production, process. T hen  follows a discussion of the  h ad ron  selection proce­

dure describ ing the  a lgorithm  used to  rem ove non-hadronic events from  the  d a ta  

sam ples. T his includes the rem oval of cosm ic-ray, b eam  gas, an d  QED events.

3 .2  D e s c r ip t io n  o f  D a t a  S a m p le s

T he physics analysis w as perform ed w ith  d a ta  taken  a t S P E A R  during  

two tim e periods: A pril 1979 an d  N ovem ber 1979. S P E A R  o p era ted  a t Ebeam =

2.014 GeV [Ecm =  4.028 GeV). To verify th a t  th e  m achine w as runn ing  on 

the resonéince peak , a scan across the  4.028 GeV region w as conducted , runn ing  

from  Ebeam =  2.011 GeV to  2.017 GeV, followed by ex tended  run n in g  a t Ebeam =
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2.014 GeV. T he to ta l in teg ra ted  lum inosity  of th e  tw o ru n n in g  periods is 125 nb~^ 

and 759 nb'"'^, respectively , for a  to ta l of 884 n b “ * a t  E ’beam =  2.014 GeV.

D a ta  from  o th e r run n in g  periods an d  energies have been used  to  check the 

inclusive p ho ton  an d  tt® energy analysis (described in C h ap te rs  4 an d  5). A 

sam ple of hadron ic  events below th e  tp' resonance a t  Ecm =  3.670 GeV is used 

to app ro x im ate  th e  non-open  ch a rm  background  sp e c tru m  a t  Ecm =  4.028 GeV. 

(See C h a p te r  5.) A sam ple on the  ip" resonance {Ecm =  3.685 GeV) is used 

to  investigate th e  p h o to n  energy reso lu tion  an d  d e tec to r ca lib ra tio n  for pho tons 

w ith  energies in  th e  100 to  200 MeV range. A sam ple a t th e  rp" resonance 

{Ecm =  3.772 GeV) is used to  check th e  perform ance of th e  inclusive analysis in 

a  region w ith  sim pler physics th a n  th a t  a t th e  4.028 GeV resonance. O nly ch a rm  

m eson pa irs  of th e  types D D  are p roduced  a t Ecm =  3.772 GeV; m eson pairs  of 

the ty p e  D *D  +  D *D  an d  D*D* are  k inem atically  forb idden .

3 .3  C o n v e r s io n  t o  P h y s ic s  I n f o r m a t io n

3.3.1 In troduction

T h e conversion algo rithm  th a t  takes raw  d a ta  w ritte n  on m agnetic  ta p e  from  

the d e tec to r, henceforw ard referred to  as ‘p ro d u c tio n ’, consists o f five steps.* 

These are:

1. T he ‘E nergy ’ step . T he crysta l energies are ca lcu la ted  from  analog-to- 

d ig ital converto r (ADC) coun ts and  ca lib ra tio n  co n stan ts .

2. T h e  ‘C onnected  R egion’ step . Sets of contiguous crysta ls  w ith  significant 

energy deposition  are searched  for an d  recorded. T hese se ts are called

* After the Crystal Ball detector was moved to DESY in Hamburg, West Germany, hardware 
for a  m uon time-of-flight system was added which covers 50% of the upper 2?r of the solid 
angle of the detector. This system allows rejection of about 80% of the cosmic-ray muon 
background, and requires a sixth step in the production algorithm . This system  was not 
installed during SPEA R running, so it is not described here any further. See Refs. 52, 53, 
and 54 for details.
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connected regions.

3. T he ‘B u m p s’ step . For each connected region found  in S tep  2, local m axim a 

in energy deposition  are  located  an d  assigned to  tracks  (p a th s  of particles 

travers ing  th e  de tec to r). A p relim inary  es tim ate  of th e  energy associated  

w ith  th e  trac k  is m ade.

4. T he ‘C harged  T racks’ s tep . Tracks are reconstruc ted  from  spcirk an d  wire 

cham ber in form ation  alone, an d  com pared  w ith  th e  tracks found in S tep  3, 

to  see if any  of those tracks can  be assigned a charged  hypothesis.

5. T he ‘E S O R T ’ step . A second, m ore refined, d e te rm in a tio n  of track  energies 

an d  d irections is m ade, w hich is m ore accu ra te  th a n  th a t  done in S tep  3.

For th is  analysis, all p roduction  w as done a t th e  SLAC co m p u ta tio n  cen ter on 

IBM m odel 308IK  an d  3033D com puters runn ing  th e  V M /S P  o p era tin g  system . 

T he physics analysis described in th e  following ch ap te rs  w as done on th e  sam e 

system  or on th e  P rin c e to n / C rysta l Ball VAX 11/780 system  located  a t SLAC.

3.3.2 The ‘E n erg y’ S tep

Recall th a t  each  c rysta l in th e  d e tec to r is assigned an energy using th e  re la tion

f {^high ~  Ehigh) X Æ X 5  if >  350 or Clow ^  7000
^crystal =  < |3.1]

I [Clow — Plow) X S  otherw ise.

T he ca lib ra tion  constcints w ere described in C h ap te r 2 .

3.3.3 The ‘C onnected R egion’ S tep

T he crysta ls are p a rtitio n ed  in to  one or m ore sets by finding groups of con­

tiguous crysta ls , each w ith  an  energy deposition  of a t least 10 MeV each. Such 

a se t is called a  connected  region.
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3.3.4 The ‘B u m p s’ or Energy A ssignm en t Step

Track Search

E ach connected  region is exam ined to  find local m ax im a in th e  sp a tia l d is tri­

bu tion  of energies. E ach c ry sta l w hich con tains such a  m ax im um  (called a  bump) 

is assum ed to  con ta in  th e  p o in t w here a  p artic le  from  th e  in te rac tio n  en tered  

the sod ium  iodide (lim itations of th is  assum ption  are d iscussed below). T h e  pre­

sum ed p a th  of th is partic le  from  th e  e+e~ in te rac tion  to  th e  place w here it exits 

the detec to r or comes to  rest is called a  track . T h e  a lgo rithm  for locating  tracks 

and assigning energies to  th e  tracks follows below; it w as developed by em pirical 

inspection of the  energy depositions of B h ab h a  events.

E nergy  A ssignm ent A lgorithm

1. M ark  all crysta ls  in th e  connected  region under consideration  as ‘free’, i.e., 

as n o t yet associated  w ith  any given b u m p /

2 . F rom  the se t of free (i.e ., unm arked) c rysta ls  rem ain ing  in th e  connected 

region, find th e  c rysta l in the  connected  region w ith  th e  m ax im um  energy 

deposition  and  m ark  th is  crysta l as a bump module.

3. M ark the  th ree nearest neighbors of th is c ry sta l as associa ted  w ith  th is 

b um p m odule.

4. Define a  p re lim inary  energy E^bnmp for th is  trac k  cis th e  su m  of th e  energies 

of the  bum p m odule and  its th ree  neighbors as found  above. T his is called 

the  ‘sum  of fo u r’ energy, denoted  by E \.  See Fig. 3.1. Also define the 

d irection  of th is traÆk to  be given by th e  d irec tion  cosines of th e  cen ter of 

th e  bum p m odule.

* Throughout this description the term  ‘bum p’ is synonymous w ith ‘track ’. The term  ‘bump 
m odule’ refers to the crystal which contains the maxim um  energy deposition of any of the 
crystals associated w ith a track in the connected region under study.
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SUMMI NG C O N V E N T I O N S

*  = C E N T R A L  MODULE HIT BY P H O T O N  

m +  C E N T R A L  MODULE • " 2 4 “ MODULES 

B E  + Z 4  MODULES = " Z 1 3 ” MO D U L E S

“ Z 13'

C E NT R AL
MODULE

"Z 4

Ftg. S .l  Summing conventions used in forming the geometrical energy sums and 
The 13 crystals summed are outlined in the heavier border.

5. Check all rem ain ing  unm arked  crysta ls in th is  connected  region, and  for 

each crysta l com pute  the  angle 6  betw een th e  cen ter of th e  bu m p  m odule 

and  th e  cen te r of the  c rysta l under consideration . M ark  th is  c ry sta l as 

associa ted  w ith  th e  cu rren t track  if its energy an d  th e  cingle 0  satisfy  the  

discrim inator function:

0 < 15°, [3.2]

or

f^crystal <  ^bump X an d  15° <  0 <  45°. [3.3]
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6. R epea t th is process, s ta rtin g  a t item  2 above, u n til all crysta ls in  th is 

connected  region have been m arked  as bu m p  m odules o r as associa ted  w ith  

a  track .

L im itations

It is no t know n beforehand , of course, w hether a  given show er in th e  crysta ls 

is electrom agnetic o r hadronic in n a tu re , nor w hether it is caused by one isolated 

particle traversing  th a t  region of th e  detec to r o r by th e  deposition  of tw o or m ore 

overlapping show ers. E lectrom agnetic  show ers have a  fairly  p red ic tab le  la tera l 

energy sp read ; they  are n o t sub ject to  frequent, large fluctuations in th e  C rysta l 

Ball detec to r because of its relatively deep 16 rad ia tio n  leng th  th ickness. O n the 

o ther hand , hadronic show ers tend  to  be m uch  less p red ic tab le , since th e  detec­

tor is slightly  less th a n  one nuclear in te raction  length  th ick  (abou t 41 cm ). Very 

often fluctuations in hadronic showers will be erroneously  identified as treicks in 

the ir own righ t; such m is-identified fluctuations are called split-offs. E lectrom ag­

netic show ers m ay have split-offs too , b u t these are less com m on, and  usually  

only occur for low-energy showers of <  70 MeV. D ue to  th e  fluctuations, it is also 

possible, especially for hadronic show ers, th a t  th e  c ry sta l con ta in ing  the  im pact 

po in t m ay have less energy deposited  in it th a n  a  neighboring  crysta l; th is  of 

course also degrades th e  resolution  of the  detector. T he inab ility  to  d istinguish  

betw een hadronic an d  electrom agnetic energy deposition , an d  th e  m istaken  iden­

tification of split-offs, Eire the  lim iting factors in th e  d e tec to r’s ab ility  to  resolve 

neighboring trEicks. T h e  d iscrim inato r function  (outlined above) is designed to 

m axim ize th e  chance of pairing  crysta ls w ith  track s in em env ironm ent having  a 

typical m ix of th e  tw o types of showers.

3.3.5 The ‘Charged Tracks’ Step

At th is  p o in t in the  production  analysis an  a tte m p t is m ade to  co n stru c t 

more tracks from  the  in form ation  in the  m agnetostric tive  spark  cham bers and
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proportional w ire cham bers, w ith o u t regard  to  track s previously  located  in  th e  

crystals. T h e  cham bers are  searched  for rows of sparks w hich lie close to  s tra ig h t 

lines. Each row of sparks is f itted  to  a  s tra ig h t line hypo thesis  (recall th e  C rysta l 

Ball is a  non-m agnetic  detector: the re  is no cu rva tu re) an d  is identified cis the 

p a th  of a  charged p artic le . These p a th s  a re  defined as ‘In te rac tio n  R egion’ tracks, 

or IR  tracks. If a t least one IR  track  is found, a z-vertex* position  for the 

in teraction  is ca lcu lated  using an  average of the  ind iv idual z-vertices of each 

IR track . T he x  and  y  coord inates of th e  vertex  are set to  zero, since the  bunch  

size is sm all in these d irections com pared  to  th e  bunch  leng th  (see C h ap te r 2). 

F igure 3.2 shows th e  d is trib u tio n  of 2 -vertex  values for th e  events s tud ied  in  th is 

analysis. E vents w ith  no IR  track s are assigned a 2-vertex  position  of zero.

If an  IR  track  po in ts closely to  a  previously found track  in th e  crysta ls, then  

the two tracks are  identified as one. T his single track  is defined to  be charged 

and the direc tion  cosines as found by th e  cham bers sire used as th e  d irection  of 

the track  ra th e r  th a n  th e  d irection  cosines from  th e  crysta ls.

After locating all possible IR  tracks, the tracks found only in the crystals Eire 

inspected to see if they may be the trajectories of charged particles which were 

not found as IR  tracks because of inefficiencies in the charged-trEicking system. 

The number of sparks in an angular “tagging window” EU'ound the portion of 

the track traversing the chambers is inspected. If enough sparks Eire found, this 

track is defined as ‘tagged as charged’ rather than ‘tracked as charged’. Its 

direction cosines are calculated from the energy deposition in the crystals, not 

from chamber information.

T he charged track ing  a lgorithm  m isidentifies tracks because of inefficiencies

* The vertex referred to  is the prim ary vertex of the event, i.e., the location of the e+e" 
interaction point expressed in the SPEAR coordinate system near the center of the detector. 
Events may have more than one vertex; for instance, a ff£  th a t travels several centimeters 
away from the interaction point and then decays may be found as a second vertex by the 
production algorithm.
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Fig. S.8 The distribution of s-vertex positions of the 24 681 hadronic events with 
Fcm =  4.028 GeV used in this analysis. Events where no charged tracks 
were reconstructed are assigned a s-vertex value of zero. This produces the 
one-bin wide peak a t zero.

in the  system . A n IR  track  is som etim es found in the  cham bers w hich does not 

po in t to  an  energy show er in the  crysta ls; th is  usually  ind icates th a t  an incorrect 

z-vertex has been construc ted  causing errors in th e  ca lcu lation  of d irec tion  cosines 

of the charged tracks. Such IR  tracks are assigned zero energy. T hese  zero-energy 

IR tracks are  an ind ication  of undertagging  (when a charged  track  in th e  crystals 

is identified as n eu tra l ra th e r  th a n  charged).

T h e  opposite  p rob lem  of ovtriagging  can occur w hen ex tra  sp a rk s from  noise 

or stran g e  partic le  decays create secondary  vertices. Incorrect com binato rics in 

m atch ing  sparks can also resu lt in overtagging.

U ndertagging is readily  observed in the  energy sp ec tru m  of track s identified 

as neu tra ls  before m ore restric tive  cu ts are applied  (see C h ap te r 4). M inim um -
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ionizing charged  partic les have a  m ost p robab le  energy loss a t  a  p a rtic u la r  value 

determ ined  by th e  d e tec to r’s geom etry  and com position . F or th e  C rysta l Ball, the 

m ost p robab le  energy loss for a  m in im um -ionizing partic le  en tering  th e  crysta ls 

a t norm al incidence is

Euia-l = A E  X  P n n l  X  t
[3.4]

=  19T MeV.

w here A E  is th e  energy loss p er g /cm ^ for m in im um  ionizing p ro to n s an d  pions, 

Pnsi is th e  density  of sodium -iodide, and  t is th e  leng th  of a cry sta l. T he values

Â Ë ^ l . Z 2
g /c m * ’

Pu„i =  3.67 g /cm ^ , and

t =  40.6 cm  (16 in)

have been used.'®’' In F ig. 3.3, an  obvious peak  is indeed observed near th is 

energy.

3.3.6 The ‘E S O R T ’ S tep

Two energy assignm ents and  a m ore refined calcu lation  of d irection  cosines 

for each treick is m ade in th is step.'® '' Tw o energies are ca lcu la ted  to  replace 

the sum  of four energy. E t,  w hich has been used up to  th is  p o in t. T he first is 

the  ‘sum  of 13’ energy, deno ted  E 1 3 , w hich is th e  su m  of th e  c ry sta l energies of 

the bum p m odule and  its twelve neighbors (unless the  b um p  m odule lies ad ja­

cent to  a vertex  of the  icosahedral geom etry  of th e  detec to r, in w hich case the re  

are only 11 neighboring  crysta ls). See Fig. 3.1. T his energy sum  generally  has 

a double-counting  of som e crysta l energies for track s w hich lie near each o ther 

in angles. T he second energy sum  E,ort a tte m p ts  to  allocate energy in a  single 

crysta l betw een tw o or m ore neauby tracks using p re-dete rm ined  show er d is trib u ­

tion functions. T hese show er functions are generated  using th e  electrom agnetic
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Fig. S.S The track energy distribution of tracks tagged as “neutral" after hadron 
selection, showing an obvious charged-particle punch-through peak. The po­
sition of the peak is near 197 MeV, the calculated value of the most probable 
energy loss for a minimum-ionising particle in 16 inches of sodium-iodide.

shower M onte C arlo  program

T he direction  cosines for each neu tra l track  are recalcu la ted  du ring  the 

ESO R T step . T h e  b u m p  m odule is divided in to  16 subm odules of tr ia n g u la r 

cross-section and  each subm odule  is considered in succession. For each m odule 

the observed energy d is trib u tio n  is com pared  to  a  p re-de te rm ined  energy d is tri­

bu tion  for an electrom agnetically  show ering partic le  of th e  sam e energy, using 

the cen ter of th e  subm odule as th e  en try  p o in t. T he subm odu le  yielding the 

best agreem ent w ith  the  pred ic ted  d is trib u tio n  is determ ined , and  th e  direction  

cosines of its cen te r a re  used as th e  d irection  cosines of th e  track .

* An acronym for the Electron-Gam m a Shower code.
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3.4 H a d ro n  S e lec tio n

3.4.1 E ven t Classification

In the  Ecm =  4.028 GeV energy range a t  S P E A R , only som e 2%* of all 

recorded events are  assum ed to  proceed th ro u g h  e+ e“  gg —» had ro n s, w here q 

is a m em ber of th e  quark  fam ily; q = u , d, s, or c. M ost o th e r events a re  one of 

the following: b eam  gas, cosm ic-ray, or Q ED  events. B eam  gas events occur when 

an electron or p ositron  in th e  beam  in te rac ts  w ith  a residual gas m olecule left in 

the beam pipe afte r its volum e has been evacuated . Such events a re  characterized  

by an  asym m etry  in th e  energy deposition  in th e  d e tec to r. C osm ic-ray  events 

occur w hen natu ra lly -o ccu rrin g  background  rad ia tio n  en ters th e  d e tec to r from  

outside th e  d e tec to r’s volum e and  triggers the  electronics. T hese events are 

often m uons p roduced  in th e  u p p er a tm osphere . T here  are several categories of 

QED events. T hese are all resu lts of electrom agnetic  in te rac tions betw een  the  

electron and  positron . E ven ts of the  ty p e  e'^e~ a re  called B habhas and

are useful in ca lib ra ting  th e  energy response of th e  d e tec to r (see C h a p te r  2 ); 

other Q ED  events include rad ia tiv e  B habhas (e+ e" —» 'ye'*‘e~), an d  events of 

the type  e+e~ —> 7 7 (7 ). T w o-photon  events occur w hen e+e“  —<■ 7 7 6 + 6"  w ith  

the 7 7  —► a  ( J  =  0 or 2, C  =  -t-) s ta te . T h ere  a re  co n trib u tio n s  from  e+e“  —* 

p + p "  and from  ta u  lep ton  events, w here 6+6" -+ r + r “ . T hese la tte r  events 

are som ew hat difHcult to  rem ove since th e  b ranch ing  fraction  r  —+ h ad rons is 

large; nearly  67%.'*^' T hese non-hadronic events are  generally  charac terized  by 

either large m om entum  asym m etries, e.g., beam  gas and  cosmic rays, o r by low 

m ultiplicities (Q E D  events except for hadron ic  r  decays).

* About 3% of the input events will pass the hadron selection cuts bu t roughly 1/3 of these 
are residual contam ination from non-hadronic events, especially beam gas.
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3.4.2 Hadron Selection Cuts

T he cu ts used to  elim inate th e  non-hadronic backg round  are  discussed below; 

first the re  is a  b rief listing of th e  cu ts and  a sum m ary  of th e ir  effects; a  m ore 

specific d iscussion of each w ith  figures follows. F or m ore deta ils , see Ref. 55.

B rief L ist of C uts

1. Show ering Q ED  cut. Rem oves events w ith  few tracks and  large energy 

depositions.

2. M ultip lic ity  cu t. Rem oves low -m ultip licity  events; in tended  to  ca tch  QED 

events th a t  pass th e  cu t above.

3. Low p|.̂  cu t. Rem oves beam  gas events.

4. Low  ̂ cu t. Rem oves cosm ic-ray events and  Q ED  events of th e  type 

e+ e-  -> p + p - .

5. Forw atrd-backw ard asym m etry  cu t. Rem oves residual beam  gais still re­

m aining afte r th e  previous cuts.

T able 3.1 shows the percen tages of events rem ain ing  afte r each cu t for a 

portion  of th e  d a ta  a t Ecm =  4.028 GeV. T he h ad ro n  selection  efficiency for 

true  hadronic events is a round  98%. This has been investiga ted  using a co n stan t 

m atrix  elem ent'^”' M onte C arlo  event genera to r w ith  th e  C rysta l Ball detec to r 

sim ulation  algorithm . F rom  a sam ple of 12 500 generated  events of th e  type 

e+e" —» followed by or > ')D °  using a  b ranch ing  ra tio

BR(£>*° — — 55%, it is found th a t  12 429 events pass th e  selection criteria. 

T hus th e  efficiency for an d  the  chcirge conjugate events is 99 .4± 0 .1+ °'^%

(first erro r is s ta tis tica l, second is system atic ). Selection efficiencies for e+ e" —» 

(Z1*°Z)°-|-Z)°£)*°) an d  e+e" —» and charge conjugates are a b o u t 1% sm aller

because of th e  slightly  lower multiplicities.***' A nom inal value for th e  hadron  

selection efficiency for all D -m eson events is

^hadron  =  9 8  i  2 % .  [ 3 .5 |
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H adron  Selection P erfo rm ance on T riggers 
from  C olliding-B eam  an d  M onte  C arlo  D a ta

C u t P erform ed
C olliding-B ear 

T riggers Left

1 D a ta  

%

M onte Ceirlo 
T riggers Left

D a ta

%

Before Selection 769 957 100.0 13 975 100.0

Q ED 439 433 57.1 13 971 100.0

M ultip lic ity 53 562 7.0 13 963 99.9

T ransverse z-axiz 
M om entum 26841 3.5 13 887 99.4

T ransverse Je t-ax is  
M om entum 25 353 3.3 13 880 99.3

Forw ard-B ackw ard
A sym m etry 23 906 3.1 13 788 98.7

Table S .l  Percentages of triggers remaining after hadron selection. The effects of the 
cuts are illustrated using ( l)  triggers from colliding-beam d a ta  a t Scm = 
4.028 GeV, and (2) events generated by Monte Carlo of the type —»
(p«0^-l_jrj0£)*0j seen, the hadronic cuts are >  98% efficient for hadronic 
events.

3.4.3 The Showering Q ED  Cut

T his first cu t is in tended  to  rem ove Q ED  events w ith  a  large observed  energy 

fraction  / g  an d  few tracks in th e  detec to r such as (rad ia tive) B h ab h a  events. 

T he observed energy fraction  is

o v e r  —' e m

[3.6]

where £,■ is the  energy m easured  in c ry sta l t. Define N „  to  be the  num ber 

of connected  regions found in th e  event, f^tracks to  be th e  n u m b er of tracks 

found, and  o rder th e  tracks from  1 to  fV r̂acks in o rd er o f decreasing energy
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Fig. S.4  The distribution of energy fraction f £  for all events before hadron selection.
The energy fraction / g  for an event is the ratio  of the to ta l energy observed in 
the detector and the to ta l energy available, fi'cm* The enhancement a t / g  <  
0.25 is largely due to beam gas and two-photon physics with low transverse 
momentum to the beam direction; the double-peak structure is an artifact 
of the trigger thresholds. The large enhancement a t / g  >  0,75 is from QED 
events th a t deposit most of the available energy in electromagnetic showers.

jptrack^ ^track^ T hen  th is event is rejected  if

or if

■ t̂racks ^  2 3.nd

Nrr < 4 and

^ tra c k

Ebeam

^ t r a c k

Ebeam

>  0.5,

>  0.75.

(3.7]

[3.8|

This cu t, in com bination  w ith  th e  low m u ltip lic ity  cu t described nex t, is esti­

m ated  to  rem ove >  99% of all show ering Q ED  events. T he eflfects of the  hadronic 

cuts can be seen in th e  changes of the  neu tra l energy fraction  d is trib u tio n  as they  

are applied in sequence. T he d is trib u tio n  of / g  before any  hadron ic  cu ts  is shown 

in Fig. 3.4; th e  sp ec tru m  afte r app lica tion  of first QED cu t is show n in Fig. 3.5. 

Note the  rem oval of th e  peak a t  large / e — B habha events typ ically  deposit m ost 

of the available energy in th e  detector.



s.4 Hadron Selection Page 55

E nergy F raction  fg A fter QED R em oval

I
80000

60000

40000

20000

0
0.75 1.250 0.25 0.5 1

Energy FYaetion fg

Fig. S .5 The distribution of energy fraction /g  after the first a ttem pt a t removing 
QED events. Events with large energy fractions and low m ultiplicities have 
been removed.

3.4.4 Low M ultip licity  Cut

T his is a  secondary  Q ED  cu t designed to  rem ove Q ED  events w ith  one rad i­

ated  p ho ton  observed in the  detector. T he event is rem oved if Ncr <  3 or if there 

are no charged  tracks found and  / g  <  0.35. T h e  effect is show n in Fig. 3.6.

3.4.5 Low Cut

T his c u t is designed to  reject beam  gas events w hich are usually  h ighly non ­

isotropic in  energy deposition  in th e  detec to r. Define a  vec to r asym m etry  m ea­

surem ent A,sym by

E E ,

■̂eym E  E,' [3.9]

c ry s ta ls
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Energy Fraction fg After M ultiplicity Cut

6000

I
g  4000

I
2000

0.250 0.5 0.75 1 1.25
Energy Fraction f.

Fig. S .6 T he  d is tr ib u tio n  of energy frac tion  / g  a f te r  th e  second Q E D  cu t. Low m u lti­
p lic ity  events o r n e u tra l even ts w ith  low energy frac tion  have  been su b trac ted .

w here E{ =  E{ n,-, n,- being a  u n it vector p o in ting  from  the  origin to  th e  cen tro id  

of c rysta l t, an d  th e  transverse  m o m en tu m  to  the z-axis defined by

Pt . =  PT. (:) (3.101

c ry s ta ls

where pr^ (») =  |(E,- x z) x z |. T hen  all events are rem oved w hich satisfy 

( A g y m l  >  c i ( / g )  X ( lo g ( p T ’j )  —

P aram ete r ci is an  offset variab le an d  is a  function  of / e , and  p a ra m e te r  c ; varies 

w ith  £cm- See Fig. 3.7. T h is cu t, in com bination  w ith  th e  forw ard-backw ard  

asym m etry  cu t described below, rem oves w 92% of th e  beam  gas con tam ination ; 

abou t 10% of th e  triggers passing  all cu ts will be residual b eam  gas.
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Fig. S. 7 The distribution of energy fraction / g  after beam gas removal. Events where 
a large asym metry in energy deposition exists compared to  the to ta l have 
been removed.

3.4.6 Low p t  Cut

Here events are  rem oved w hich have a  single je t-like  s tru c tu re  in energy 

deposition in th e  detec to r such  cis cosmic rays and  e'*'e~ p ~ . E ven ts are

rem oved if

| A g y m |  >  C3 X ( l o g ( p ^ j ^ J  -  C 4 ) , [3.12]

where C3 an d  C4 are  constan ts  an d  th e  m om entum  tran sv erse  to  the  je t  axis is 

defined as

[3.13]

c ry s ta l*

The q u an tity  ûjet is th e  u n it vector along th e  je t axis. See Fig. 3.8. T h is “je t-  

axis” cu t rem oves ab o u t 93% of th e  cosmic ray  cind t ^ t ~  —» backgrounds.
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Fig. S.8 The d istribution of energy fraction / g  after cosmic-ray removal. Events 
w ith an obvious jet-like structure have been subtracted. Such a structure is 
common for cosmic-ray events.

3.4.7 Forward-Backward A sym m etry  Cut

T his la s t cu t is in tended  to  rem ove residual b eam  gas left afte r the  above 

cuts. Define a scalar asym m etry  m easu rem en t by

_  \E+^ -  E -

c ry s ta l*

[3.14]

where E+z is th e  sum  of th e  energies of all c rysta ls  w ith  a  positive z-coord inate , 

and E - z  is the  su m  of th e  energies of all crysta ls w ith  a  negative  z-coord inate . 

E vents w ith  ApB >  0.8 are rem oved. T h e  final / g  sp e c tru m  is show n in F ig. 3.9; 

note th a t  in com parison  to  Fig. 3.4, only the  region a round  / g  =  1 /2  rem ains.

3.4.8 H adron Selection  Perform ance

T he h ad ro n  selection cu ts have been based up o n  stud ies done w ith  separated - 

beam  runn ing . T h e  resu lt of these cu ts , as w as seen in T able 3.1, is to  rem ove
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Fig. S .9 The distribution of energy fraction /g  after the secondary beam gas cut. 
Events in this sample have passed all hadron selection criteria.

nearly 97% of the  orig inal triggers. Of the rem ain ing  3%, it has been estim ated  

from sep ara ted -b eam  running'**^ th a t  >  90% of the  original beam  gas con tam ina­

tion has been rem oved and  ab o u t 50% of th e  e+ e" —> events are rem oved.

It is e s tim a ted  th a t  of the  events passing all cu ts som e 3% are tw o-pho ton  events 

and ab o u t 5% are t+ t“ events.
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C h ap te r 4

Inclusive M easurement of D * °  Spectra

4.1  In tr o d u c t io n

T his ch ap te r discusses th e  d e term ina tion  of inclusive sp ec tra  a t Ecm — 3.670, 

3.772, and 4.028 GeV. In p a rticu la r  the  process of finding the  inclusive pho ton  

and 7T° energy sp e c tra  and  angu lar d is trib u tio n s for D* p roduction  an d  decay is 

described. T he m ethod  for selecting photons afte r p roduction  of th e  d a ta  and 

two m ethods of ex trac tin g  sp e c tra  are  discussed. These sp e c tra  then  serve 

as the  d a ta  from  w hich th e  desired physical peircimeters can  be constra ined , as 

discussed in C h ap te r 5.

4.2 In c lu s iv e  A n a ly s is ; P h o to n  E n e rg y  S p e c tra

4.2.1 D escription o f Final A nalysis Criteria

A m ore refined selection of p ho ton  cand ida tes  th a n  th a t  p rov ided  by the 

production  analysis is necessary before generating  inclusive energy sp ec tra  for 

m easurem ent of b ranch ing  ratios and  m asses. T h e  know n sources of im precision 

m ust be reduced; in p articu la r, track s w ith  poor energy reso lu tion  an d  charged 

particles w hich are m istakenly  coun ted  as n eu tra l. To th is  end , th e  reconstructed  

tracks ob ta ined  from  the  p roduction  analysis for events having passed th e  hadron
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P h o to n  Selection C rite ria

P a ram e te r R equ irem en t

P artic le  ty p e  as identified 
by  p ro d u ctio n  a lgorithm

P h o to n

|cos(^track—be&m) 1 <  0 .920

Shower la te ra l energy sp read
0.485 < E l l E i  < 0 .9 7 5  

0 .750  <  E i / E i s  <  0 .995

Table 4-1  Criteria used to select neutral showering tracks (photons) after production 
analysis. Tracks passing these cuts are used in generating photon and 
inclusive spectra.

selection are inspected . T hree  fu rth e r  c rite ria  a re  checked for each trac k  before 

inclusion in  the  analysis as a photon:

1. T h e  track  has been determ ined  to  be n eu tra l by th e  s ta n d a rd  p roduction  

a lg o rith m  (as discussed in C h a p te r  3).

2. T h e  angle betw een  th e  trac k  and  th e  beam  (z-axis) is g rea te r th a n  23°.

3. A show ering-partic le  p a tte rn  cu t on th e  la te ra l energy sp read  of th e  electro­

m agnetic  show er is im posed. T his im proves d iscrim ination  aga inst tracks 

p roduced  by m inim um -ionizing charged  partic les, im proves rejection  of low- 

energy split-offs from  higher-energy show ers, cind re jection  of show ers pro­

duced  by hadronic in teractions.

These p h o ton  selection crite ria  are sum m arized  in T able 4.1. T he need for 

C u t 1 is obvious; the  b es t d e term in a tio n  of the  re la tiv e  p ro b ab ility  th a t  a track  

is charged  is done du ring  th e  p ro d u ctio n  analysis. C u t 2, th e  ang le-to -the-beam  

requ irem ent, avoids problem s w ith  th e  poo rer energy reso lu tion  an d  trac k  recon­

struc tion  w hen a  p h o ton  encoun ters the  tu n n e l m odules or th e  endcap  m odules. 

C u t 3 is m ost im p o rta n t in e lim inating  charged p artic le  p u nch -th rough ; it is



4- Inclusive M easurement o f D '^  Spectra__________________________________________ Page 6S

discussed a t leng th  in the  nex t section.

4.2.2 Lateral Energy Spread P a ttern  Cuts

T he values used in th e  p a tte rn  cu ts w ere selected by com paring  d istribu tions 

of ratios of th e  geom etrical energy sum s E i,  E 4 , an d  E is*  of n eu tra l (w ith 8 ±  

3% charged con tam ination ) an d  IR  track^ charged  tracks (w ith <  5% neu tra l 

con tam ination) using d a ta  a t Ecm =4.028 GeV. See Figs. 4.1 and  4.2. T he values 

for the cu t pa ram ete rs  were chosen to  m inim ize acceptance of charged  tracks b u t 

w ithou t serious loss in p ho ton  efficiency; th is se t of cu ts is considered “soft” , i.e., 

less restric tive , com pared  to  o th e r C rysta l Ball analyses.

T he inclusive p h o ton  energy sp ec tra  before and  afte r each cu t «ire show n in 

Fig. 4 .3 (a -d ) (p lo t (d) is also show n in F ig. 4.4 on a larger scale). In p articu la r 

note th a t  th e  m inim um -ionizing charged partic le  peak near 200 MeV has been 

rem oved by th e  p a tte rn  cuts; 200 MeV is th e  charzicteristic energy loss for a 

m inim um -ionizing p artic le  in 16 inches of sod ium  iodide.* P ho tons passing all 

cuts are used to  reconstruc t the  w° energy sp ec tru m  an d  angu lar d istribu tions 

as well. T his will be discussed fu rth e r in la te r sections.

* E l is the energy in the central module of the shower; E 4 and E \s  were defined in C hapter 3.

f IR track: A charged track found in the spark chambers projecting from the interaction 
region; see Chapter 3.

» The most probable energy loss for minimum-ionizing protons and pions in 16 inches of 
sodium iodide is;

^Ewin-I = E E  X p X I

=  ,4.11g-cm  ̂ cm^
=  199 MeV.
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Fig. 4-i D istribution of E 1/ E 4 , one measure of the lateral energy spread of a shower.
(a) The distribution for tracks determined to be neutral by the production 
algorithm, including misidentified charged track contam ination, (b) The dis­
tribution for tracks determined to be charged by the production algorithm, 
including contam ination from misidentified neutral tracks. The arrows on (a) 
indicate the upper and lower lim its allowed for tracks used as photons. The 
discontinuity at E ijE ^  = 0.5 is an artifact of the definition of the geometric 
energy sums for showers populating two crystals only.
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Fig. ^ ,2  D is trib u tio n  of E^/Ei%y  one m easure o f the  la te ra l energy sp read  of a shower.
(a) T he d istr ib u tio n  for track s d eterm ined  to  be n eu tra l by th e  p roduction  
a lg o rith m , including m isidentified  charged  track  c o n tam in a tio n , (b) T he dis­
tr ib u tio n  for tracks determ ined  to  be charged by th e  p ro d u c tio n  algorithm , 
including co n tam in a tio n  from  m isidentifed  n eu tra l tracks. T h e  arrow s on (a) 
ind ica te  the u pper and lower lim its allow ed for track s used as pho tons.
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Fig. 4.S The energy spectnim  of tracks observed a t £cm=4.028 GeV before, during, 
and after photon selection cuts, (a) Energies of all tracks found by the 
production algorithm, (b) Energies after removing tracks determined to be 
charged by the production algorithm, (c) Energies after removing tracks 
contained within a cone of half-angle 23° about either the e"*" or e~ beam 
direction, (d) Energies after removal of tracks failing the lateral energy spread 
pattern  cuts. In particular this has removed the prom inent minimum-ionising 
charged-particle peak near 200 MeV. Spectrum  (d) is also shown in Fig. 4.4.
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P h o to n  E nergy S p e c tn im  a fter  F inal A nalysis
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Fig. 4-4 The inclusive photon energy spectrum at Ecm=4.028 GeV after all analysis 
cuts. This spectrum is used in the measurements of the mass, the branch­
ing ratio B R ( D ' ^  —♦ and the mass difference

4.2.3 P hoton  Reconstruction  E fficiencies

Ind iv idual p ho ton  reconstruction  efficiencies are n o t needed explicitly  in th is 

analysis; th e  m ethod  used to  fit th e  inclusive sp e c tra  using sum s of h istogram s 

(described in C h a p te r  5) h as  efficiency corrections included im plicitly. However, 

for com pleteness an d  to  m ake it possib le to  estim ate  num bers of events expected  

in th e  signal regions, explicit pho ton  efficiencies are  d iscussed here.

H adronic d a ta  w as “c rea ted ” by using actual rp" h adron-selected  events w hich 

were m erged w ith  one or m ore M onte C arlo pho tons. T h e  rp" was chosen to 

sim ulate the  hadronic env ironm ent con tain ing  the  decay p ro d u c ts  from  one or 

two Z3*’s: the  D D  p a ir plus n  photons. T hese m erged events w ere then  re-run  

th rough  th e  p roduction  analysis. Efficiencies w ere ca lcu la ted  from  th e  nu m b er of
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M onte C arlo  pho tons found afte r event reconstruction  an d  th e  (known) num ber 

of pho tons generated .

Efficiencies w ere s tud ied  as a function  of p h o to n  m u ltip lic ity ; th e  detector 

sim ulation  a lgorithm  w as used to  generate  c rysta l energy d is trib u tio n s for events 

contain ing  1, 2, 3, or 4 pho tons. T h e  n u m b er of pho tons w as chosen to  sim ulate  

th e  ex tra  p h o ton  m u ltip lic ity  o f D *D  +  DD*  o r D*D* events w ith  respect to  

D D  events. All pho tons were generated  isotropically  over th e  4?r solid angle a t 

100 MeV; 100 MeV w as chosen as an  average energy of pho tons from  th e  £)*°’s 

two decay m odes* T h e  num ber of pho tons reconstruc ted  afte r b o th  p roduction  

analysis and  afte r final p ho ton  selection was recorded. Efficiencies w ere calcu lated  

for em p ty  events (events as generated  by th e  M onte  C arlo  con tain ing  only the 

photons) an d  for hadron ic-env ironm ent events (where th e  pho tons w ere m erged 

into th e  xp" hadron ic  d a ta  m en tioned  above).

A p h o to n  was considered to  have been reconstruc ted  w hen a m atch  betw een 

its generated  four-vector and  a reconstruc ted  track  occurred . A m a tch  w as found 

when:

cos ^[ggQ erated—m eaauredl ^  0.98 and
[4.2]

I  .^measured .^generated I  / .^generated — 0 . 2 0  .

R esults are sum m arized  in T able 4.2. As seen in the  tab le , final p h o ton  re­

construc tion  efficiencies are  «  50% for hadronic events con tain ing  ch arm  m eson 

decays. T his im plies th a t  the efficiency (to  be d iscussed la ter) for detec ting  and 

reconstructing  7r°’s will be on the  o rder of 25%.

* The efficiency for photons at energies near 140 MeV will be slightly higher by fa 5%, while 
efficiencies for lower energy photons near 70 MeV will be slightly lower by fa 5% (absolute). 
These small effects do not affect the conclusions of this section.



4. Inclusive Measurement o f D*^ S p e c i T a Page 68

E vent
T ype

N um ber of P ho tons 
A dded per E ven t

Efficiency A fter 
P ro d u c tio n  A nalysis (%)

Efficiency A fter 
All C u ts (%)

E m pty

1 85.9 ±  0.7 74.3 ±  0.6

2 84.5 ±  0.7 73.8 ± 0 .6

3 82.9 ± 0 .5 72.1 ±  0.5

4 81.4 ±  0.5 70.8 ± 0 .4

H adronic

1 61.9 ± 0 .6 53.6 ± 0 .5

2 60.8 ±  0 .6 53.2 ±  0.5

3 59.5 ±  0.5 52.2 ±  0.4

4 58.2 ±  0.4 50.9 ±  0.4

Table 4-2 Reconstruction efficiencies for 100 MeV photons in empty and hadronic events 
as a function of multiplicity. Efficiencies are in percent (%); errors are statis­
tical only; system atic errors are estim ated to be <  10%. See text for details.

4.3 In c lu s iv e  A n a ly s is ; E n e rg y  S p e c tra

4.3.1 Introduction

T he 98.8% branch ing  ra tio  of the  pion decay m ode —► 7 7  provides an ex­

cellent m eans for the  C rysta l Ball d e tec to r to  trac k  n eu tra l pions in an efficient 

m anner. Two m ethods are possible; (1) exclusive reconstruction  of th e  7r° by re­

construc ting  its four-m om entum  from  th e  m easured  four-m om enta  of its d augh ter 

photons; o r (2 ) inclusive analysis of p h o ton -pho ton  invziriant m ass sp e c tra  which 

yields th e  nu m b er of x ° ’s above the background  from  “w rong com binato rics” . 

As an  exam ple, m ethod  ( 1) (exclusive) is useful in ex trac ting  th e  d istribu tion  

of cos 0 ,̂ 0^0 , th e  angu lar correla tion  betw een  the tw o slow x ° ’s in decay

(where b o th  D " s  have decayed via the  pion m ode), since b o th  four-vectors m ust 

be available to  reco n stru c t th e  angle betw een them . M ethod (2) (inclusive) is 

b e tte r su ited  to  m easurem ent of ;r° energy sp e c tra  and  the  inclusive angu lar dis-
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tr ib u tio n  of slow 7r°’s from  2?*° decay, w hich do n o t require explicit selection of 

two or m ore ?r°’s sim ultaneously . B ecause m ethod  (2) does n o t have th is  con­

stra in t, i t  hcis a h igher efficiency for finding 7t°’s an d  considerab ly  less background  

con tam ination  as will be seen below. In b o th  inclusive an d  exclusive m ethods, 

the p ho tons used are requ ired  to  pass cu ts iden tical to  th e  ones described above 

in the  inclusive p ho ton  selection.

4.3.2 Exclusive R econstruction  o f rc^’s.

D escrip tion of th e  M ethod

For exclusive reco n stru c tio n  each pairing  of pho tons is fit to  a m ass hy­

pothesis by  ca lcu la ting  the  invarian t m ass m~i~, o f th e  p h o ton  p a ir  an d  from  it a 

X ^-distributed  variab le  (to be called sim ply  x^ for the  rest of th is  section) from  

the 7T° rest m ass an d  m ass reso lu tion  of th e  detector!®^' All pa irs  w ith  a  x^ <  7.0 

and sub jec t to  the  co n s tra in t th a t  no p h o ton  is used m ore th a n  once are used 

to determ ine w hich se t of pairs  h 2is th e  m ax im um  confidence level g rea te r th a n  

0.1%; th is  se t o f pairs  is then  used for th e  exclusive analysis. A fit is done for 

each selected  p a ir  w hich constra ins its invarian t m ass to  exactly  th e  observed 

rest m ass* ad ju stin g  th e  four-m om enta  of th e  tw o pho tons as needed (in bo th  

energy an d  angles). T he sum  of these corrected  fou r-m om en ta  is used as th e  7r°’s 

four-m om entum .

T he 7T° energy sp ec tru m  calcu lated  in th is  fash ion  is show n in Fig. 4.5 for 

the d a ta  from  Ecm =  4.028 GeV; a sim ilar energy sp ec tru m  for th e  M onte C arlo 

process is show n in Fig. 4.6; d is trib u tio n s  of cos 0,^0r"

com puted  from  7r°’s w ith  to ta l energy less th a n  148 MeV are show n in Figs. 4.7

* This is the ir® rest mass as measured with the Crystal Ball detector; as will be seen shortly, 
the mean of the m.,^ distribution is slightly lower than  the accepted value of the rest 
mass, caused by leakage from the crystals. The value used in this analysis is 134.2 MeV for 
d a ta  from the detector; 135.2 MeV is used for Monte Carlo simulations.
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TT E n e r g y  S p e c t r u m  F r o m  E x p l ic i t  R e c o n s t r u c t i o n
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Fig. 4-5 The energy distribution produced by exclusive reconstruction of s^*s in 
d a ta  a t ^cm =  4.028 GeV. A constraint requiring the adjustm ent of individ­
ual photon four-m om enta to fit exactly the observed rest mass has been 
applied. A large h^action of the plot is background contam ination from incor­
rect combinations of photons (cf. Fig. 4.28, which is relatively background- 
free.).

E n e r g y  S p e c t r u m  F r o m  E x p l ic i t  R e c o n s t r u c t i o n
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Fig. 4-6 The 7r° energy distribution produced by exclusive reconstruction of x°*s from 
a Monte Carlo sim ulation of D*^D*^ —» at Ecm =  4.028 GeV.
A constraint requiring the adjustm ent of individual photon four-m omenta 
to exactly fit the observed rest mass has been applied. The background 
from wrong combinatorics is much reduced with respect to Fig. 4.5, since the 
detector sim ulation does not produce as m any split-off showers as observed 
in data .
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D istribution of cos 6 ^ ^  a t  E„„=4.028 GeV
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Fig. ^ .7  D istribution of the angular correlation c o s p r o d u c e d  from exclusive 
reconstruction of x ^ ’s from d a ta  a t Ecm =  4.028 GeV. For an event to 
enter this figure, it m ust contain a t least two reconstructed pions, each with 
to ta l energy less than 148 MeV, so th a t the angle between them  may be 
reconstructed. Background contam ination from sources other than  —*
£)*0 £ ) * 0  ^  estim ated from Monte Carlo studies to  be less th an  10% of the 
to ta l counts.

D is t r i b u t io n  o f  c o s  a t  E g n = 4 .0 2 8  GeV
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Fig. 4-S D istribution of the angular correlation cosé^^^^o produced from exclusive 
reconstruction of ^r^’s from a Monte Carlo of at
.Ecm =  4.028 GeV. For an event to  enter this figure, it m ust contain at 
least two reconstructed pions each with to ta l energy less than  148 MeV. 
This distribution was produced by the analysis of 4000 events generated 
with z  =  —1/6 (see Appendix A).
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Exclusive 7t° R econstruc tion  Efficiencies for =  140 MeV (%)

N um ber of 7r°’s 
A dded per E vent

A dded  to  
E m p ty  E vents

A dded to  
t(>" H adronic E vents

1 41.3 ± 0 .5 16.6 ±  0.3

2 35.9 ±  0.3 14.1 ± 0 .2

Table 4-S Exclusive detection efficiencies for one or two x ° ’s merged in em pty and 
hadronic events. All 7r®’s were generated isotropically a t 140 MeV. Efficien­
cies are in percent (%); the errors listed are sta tistica l only. System atic errors 
are »  1 0 %.

and  4.8 for th e  sam e d a ta  an d  M onte C arlo  sam ples respectively. T hese illu stra te  

the  strong  effect p roduction  has on these  d istribu tions.

D isadvantages of Exclusive 7t° R econstruction

As will be seen in th e  nex t section , th e  sp ec tra  com puted  in th is  fashion 

contain  a  significant frsiction of w rong com binatorics; th is  is due in large pcirt to  

m istaken  iden tification  as pho tons of low-energy electrom agnetic  cind hadronic 

shower split-offs, cis discussed in C h ap te r 3. T his rem ains tru e  even for s tringen t 

co n stra in ts  on th e  m ax im um  allowed % ^/pair an d  to ta l confidence level of the 

reconstruction  fit; th e  inclusive m ethod  to  be discussed in th e  nex t section is 

relatively  background-free and  has a  m uch h igher efficiency th a n  th e  exclusive 

m ethod , w hen th e  exclusive m ethod  is used w ith  th e  s tr in g e n t cu ts . As seen 

in T able 4.3, efficiencies for detecting  one or tw o low -energy pions in charm  

m eson events is less th a n  20%.* However, th e  inclusive m e th o d  does have the  

d isadvan tage of being unab le  to  reco n stru c t the  exclusive four-m om entum  for an 

individual pion w hich m akes it u nsu itab le  for m easurem ent of th e  d is trib u tio n  

of the correla tion  angle cos 0,0,^" amy q u an tity  w hich requires m ore th a n  one

* A pion is reconstructed when a m atch between its generated four-vector and a reconstructed 
track is found, as in the case of photons; the criteria used are cos ^generated-measured ^  0  98 

(•̂ measured ^generatedl/^generated — 0*50.
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four-vector in its ca lculation .

4.3.3 Sta tistica l D éterm ination  o f Inclusive Spectra

D iscussion of th e  M ethod

T he s ta tis tica l, o r inclusive, su b trac tio n  m eth o d  used to  reduce “w rong com ­

binatorics” background  in th e  d e term ina tion  of inclusive tt® sp e c tra  w as first de­

veloped in einother C rysta l Ball analysis searching for th e  ch a rm  s tran g e  m esons D  J  

and an d  has been ex tended  slightly  in th is  analysis. I t provides a  rela­

tively efficient m eans for su b trac tin g  th e  w rong com binato rics from  m-,-, invarian t 

m ass p lo ts a t the  expense of no longer reconstruc ting  th e  ind iv idual pion four- 

m om enta. F ortuna te ly , finding th e  physical pa ram ete rs  to  be eva lua ted  in th is 

experim ent does no t require th e  la tte r  ability .

T he idea is to  form  all pairings of pho tons passing th e  selection cu ts  ou tlined  

above in th e  p h o ton  analysis and  to  accum ulate  th e  in v a rian t m ass an d  som e 

o ther q u an tity  of in te res t in a  tw o-dim ensional h istogram ; th e  o th e r  q u an tity  

m ay be th e  to ta l energy of the  pair, its to ta l th ree -m om en tum , som e angle based 

on the  four-m om entum  sum , etc. All pairings cire accum ulated  in th is h istogram  

w ithou t regard  to  m ultip le  use of any pho ton . H istogram s of th e  7r° kinetic 

energy vs. m.y.y* are show n in Figs. 4.9 and  4.10 for d a ta

taken a t Ecm =  4.028 GeV and  (as an  exam ple) for th e  M onte  C arlo  process 

£)»0£)«o ,r°5r°Z)°£>'^ respectively. T h is accum ulation  technique necessarily  in­

cludes a  su b s tan tia l nu m b er of “w rong com binato rics” pa irs  w hich are rem oved 

by a tw o-dim ensional background  su b trac tio n .

T he 7T° sp ec tru m  in th e  q u an tity  of in te rest is ex trac ted  by a  tw o-step  pro-

* The kinetic energy T,o is used instead of the to ta l energy to  elim inate boundary effects 
in the histogram . If were plo tted  instead, there would be an exact cutoff along the 
line =  nr-,., at 45° to both axes, making the interpretation  of the fit results more 
difficult. Histogramming is equivalent to  histogram m ing the m agnitude of the three- 
m omentum, |p„o|.
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P h o t o n - P h o t o n  I n v a r i a n t  M a s s  v s .  K i n e t i c  E n e r g y  a t  E ^ „ = 4 . 0 2 8  G eV

Fig. 4-3 The two-dimensional histogram  formed by accam nlating the quantities m-j-j 
and — m-,-, for da ta  taken at Ecm =  4.028 GeV. The large peak
at low near = 135 MeV is from Ü* decay.

cedure: (1) a  p a ram ete riza tio n  of the  background  com binato ric  shape  is m ade 

using the  s ideband  regions aw ay from  the  7t° m ass; an d  (2) the  background  shape 

is ex trap o la ted  in to  th e  7r° m ass region an d  th e  excess above the  background  is 

determ ined  as a  function  of th e  q u an tity  of in terest.

This background  su b trac tio n  is accom plished by perform ing  a  log-likelihood 

m inim ization  m odeling th e  d is trib u tio n  as a sum  of tw o types of functions: (1) a 

tw o-dim ensional “shee t” , rep resen ting  the  sm oo th ly  varying com binato ric  back­

ground; an d  (2) a set of m ass reso lu tion  functions, rep resen ting  th e  am p litude 

of the 7T° signal as a function  of energy. T he first function  is co n stru c ted  from  a 

tensor p ro d u c t of polynom ials and  one-dim ensional h istog ram s p rovid ing  a two-
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I n v a r i a n t  M a s s  v s .  K i n e t i c  E n e r g y  f o r  D ‘°  D '°-»7T °7r°D ° D°

Fig. 4 -10 The two-dimensional histogram  formed by accumulating the quantities
and =  E-.li — m-j-j for the Monte Carlo process at
Ecm — 4.028 GeV. The large peak a t low near m-j-, =  135 MeV is from 
D '°  decay.

dim ensional “background  shee t” defined for each b in  {x , y)  in  th e  histogram T 

The second function  is a sum  of 7r° m ass reso lu tion  lineshapes, one for each row 

at fixed y, i.e ., for each “slice” para lle l to  th e  x axis. E ach lineshape function , a 

strong  function  of E^o, is p rede term ined  as d iscussed below except for its am pli­

tude; th is am p litude  is determ ined  in the  global fit to  th e  tw o-d im ensional his­

togram . In  th is  fashion a  single am p litu d e  is ob ta in ed  from  th e  tw o-dim ensional 

fit for each b in  in y, th e  q u an tity  of in te rest for w hich it is desired to  o b ta in  an 

inclusive spectrum ; the  background  function  has been used to  rem ove th e  w rong 

com binatorics background. T h e  m ajor concern w ith  th e  m e th o d  is of course

* The coordinates (x, y) indicate the center of a bin; x lies along the m-y-  ̂ axis and y along 
the other axis.
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system atic  p roblem s in th e  background su b trac tio n ; it is indeed possib le to  over­

su b trac t and  s ta r t  rem oving “good” from  the  inclusive d is tr ib u tio n  by using 

a “too-flexible” background  function . T h is effect is m inim ized by  perform ing the 

background s ideband  fit first and  by reasonable choice of po lynom ial o rders and 

one-dim ensional h istogram s to  use in construc ting  the  background  function.

The T w o-dim ensional B ackground  F unction

T he background  function is of th e  form

I  J  K  L

i = l  j = i  k = l  l —i

where (x, y) are th e  coord inates of th e  cen ter o f a given b in  in  th e  tw o-dim ensional 

h istogram ; Pm{z) is th e  value of th e  C hebyshev po lynom ial of o rd er I evalu­

ated  a t â; 2 is the  norm alized value of z  scaled to  the  dom ain  of th e  polynom i­

als [—1 ,-f l] ;  an d  hn(y) is a sm oothed  h istog ram  used to  m odel fea tu res of the 

d a ta  n o t easily s im ulated  by th e  polynom ial sum , such as the  rap id  rise in counts 

for increasing T^o above th resho ld . T he background  function  used  in th is ana l­

ysis has /  =  4, J  =  3, i f  =  1, an d  L  = 1. T h e  h is tog ram  h i(y ) is d isplayed in 

Fig. 4.11; it is th e  sm oothed  pro jection  of the  en tire  tw o-dim ensional h istogram  

onto  the  y-axis.* It w as an tic ip a ted  th a t  the  pro jection  of the  d is trib u tio n  onto 

the y-axis m igh t be system atically  d ifferent betw een  th e  M onte C arlo  an d  the  

d a ta  because of poor s im ulation  of hadronic split-off show ers; th u s  different back­

ground h istogram s were used for the  d a ta  an d  M onte C arlo  sam ples. In practice 

it happened  th a t  th e  pro jections w ere ac tua lly  q u ite  sim ilar an d  th is  p rocedure 

was no t really  necessary.

F its  to  th e  sidebands for th e  first 14 slices of 2 MeV w id th  in  T„o are  show n in 

Figs. 4 .12-4.14. I t is to  be emphéisized th a t  th e  fit is tw o-d im ensional in n a tu re

* The sm oothing algorithm  fits a 4**-order sum of Legendre polynomials to the histogram. 
Smoothing is necessary to prevent statistical fluctuations in the histogram  from influencing
the X* calculation in the two-dimensional fit.
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Smoothed Background Histograms Used in SD Fits

IGO

3 .6 7 0  GeV D a ta

100

50

Î
I

M o n te  C arlo
•S
.3

I
100

5 0

80 4 0 6 0 8 0
Kinetic Energy (2 MeV bins)

Fig. ^ .J i  The original projection and the sm oothed histogram  used in calculation of the 
background sheet function for extraction of kinetic energy spectra. This 
is the projection of a  two-dimensional histogram  onto the kinetic energy (y) 
axis. Two versions are used; it was anticipated th a t the d a ta  and Monte Carlo 
could have systematically different projections from the presence of hadronic 
split-off showers in the d a ta  th a t are not sim ulated well in the M onte Carlo. 
However, inspection of these figures indicates there is no significant difference. 
The d a ta  version is from .^cm =  3.670 GeV; the M onte Carlo version is from 
a sim ulation of the process e'^e~ —* at ^cm =  4.028 GeV. Only this
process is considered; the energy threshold effects th a t this models are not 
affected by the addition of from D* decay.
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Background Fits to vs. 2 MeV Steps in T„o
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Fig. 4 -lS  Background sheet sideband fits to the my-, tia. T^o histogram  in da ta  taken 
at Ecm — 4.028 GeV for values of T„o from 0 to 12 MeV. The fits are two- 
dimensional in nature; the sheets are continuous not only in rriyy bu t also 
from slice to slice.
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B a c k g r o u n d  F i t s  t o  v s .  2  M e V  S t e p s  i n  T „ o
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Fig. 4 .1 s  Background sheet sideband fits to the vs. histogram  in d a ta  taken 
a t Ecm =  4.028 GeV for values of from 12 to 24 MeV. The fits are two- 
dimensional in nature; the sheets are continuous not only in m.,., bu t also 
from slice to slice.
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B a c k g r o u n d  F i ts  t o  v s . 2 MeV S te p s  in  T„o

2  60

O 2 0

24 g V  < 26 MeV ■ (b) 26 S  V  < 28 MeV

50 100 150 200 50 100 150 200

rcL^ (5 MeV b in s)

Fig. 4 1 4  Background sheet sideband fits to the vs. histogram  in d a ta  taken 
a t Ecm =  4.028 GeV for values of T^o from 24 to 28 MeV. The fits are two- 
dimensional in nature; the sheets are continuous no t only in m-,., bu t also 
from slice to  slice.

w ith con tin u ity  in T ^ \  th e  slices have been p lo tted  separa te ly  for ease of viewing 

in these figures. T he background  sheet determ ined  in th is  fashion is show n in 

Fig. 4.15 and  its ex trap o la tio n  u nder th e  peak region in F ig . 4.16. All these  fits 

have confidence levels g rea ter th a n  10%.

D ete rm ination  of 7r° M ass R esolution P aram e ters

In o rder to  fit th e  above-background com ponen ts of th e  tw o-d im ensional his­

togram , the 7T° m ass resolution  lineshape param ete rs  m u st be determ ined . T he 

7T° lineshape function  in troduced  a t  th is  po in t is an  em pirical com bination  of a 

G aussian d is trib u tio n  w ith  a m ean  and  w id th  a , w ith  a  pow er-law  ta il on the 

low-m ass side jo ined  to  th e  G aussian  continuously  and  w ith  a con tinuous first 

derivative a t  a  m ass value m ' = (x — a a , w here a  is th e  jo in  parameter-, th e  expo­

nen t in th e  ta il is p. These param ete rs  p, a , a , an d  p m u st be determ ined  bearing 

in m ind th a t  they  m ay vary  w ith  increasing energy; indeed, ais the  energy 

increases, the  tw o decay pho tons will eventually  be m erged in th e  detec to r rest 

fram e in to  a single show er by  th e  L orentz boost and  can  no longer be separa ted
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B ackground  S h ee t Function : S ideband  F it

(MeV)
s>yj

Fig. Background sheet function determined by sideband fit to d a ta  at
4.028 GeV.

B ackground  S hee t F u nc tion : S ideband  E x tra p o la tio n

F\g. 4 . 1 6  Extrapolation under the mass region of the background sheet function 
determined by sideband fit to d a ta  a t Ecm = 4.028 GeV.
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in to  tw o d is tin c t pho tons. T h is will n o t concern us in th is  analysis, since we only 

look a t 7T°’s w ith  kinetic energy less th a n  100 MeV; b u t even here th e  resolution  

capability  decreases as th e  kinetic energy increases)®^* T h e  explicit differential 

form  for th e  em pirical lineshape function  is

dN I ^

( ? ) ^ e x p  ( m ^ + < t ( |  -  a )  -  ” otherw ise.

[4.4]

This function  is in teg ra ted  over the  bin w id ths in th e  fit.

C om parison of M onte C arlo  stud ies w ith  d a ta  from  th e  detec to r have shown 

th a t the  electrom agnetic show er s im ulation  m odels th e  lineshape behavior a t 

these low pion energies sufficiently well to  allow the  ex trac tio n  of a , p, an d  a  

from  M onte C arlo sim ulations an d  to  allow use of these for d a ta  fits as well as 

for M onte C arlo  fits; how ever, the  m ean  p  is ex tra c te d  separa te ly  from  detec to r 

d a ta  and  M onte C arlo  sim ulations. M ore specifically, th e  th ree  param ete rs  a ,  p, 

and c  are o b ta in ed  from  fits to  M onte C arlo pion spectra ; these values are then  

used in fixing th e  lineshape function  (except for am plitude) in fits perform ed 

on both M onte C arlo sp e c tra  an d  sp e c tra  from  d etec to r d a ta . How ever, the 

fourth  p a ram ete r, the  m ean p , is derived separate ly  for M onte C arlo  d a ta  and  

detector d a ta . For M onte C arlo  fits, the  m ean PMC is derived from  h igh-sta tistics 

M onte C arlo  sp e c tra  as a function  of and  th en  held  a t  these fixed values for 

fits perform ed on low er-sta tistics sp ec tra  for th e  several M onte C arlo  processes 

considered in th is analysis. Sim ilarly, for fits to  sp e c tra  from  th e  d e tec to r, the 

m ean Mdata is derived from  the  available d a ta  a t 4.028 GeV as a  function  of T^a 

and  then  held a t these fixed values for fits perform ed on all sp ec tra  from  the 

detector in th is analysis. T h e  detec to r sim ulation  algo rithm  does n o t m odel the 

leakage in to  the  c rysta l w rappings sufficiently well to  use the  M onte C arlo  m ean 

in th e  d a ta  fits.

T he lineshape paréim eters are found as a function  of 7r° kinetic energy by
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In te g ra te d  F it of 
D iffe ren tia l L ineshape F u n c tio n

x“/D o F  =  <U/3Z 
C.JL -  9 .3 *  _
M," =  134.1±0.4 UeV 

-  6.7 UeV 
a  -  B.30 
PoTrer — 60

600

% 4 0 0

200

0
50 100 200

Fig. A polynomial-plus-lineshape fit to the mass spectm m  for ?r® kinetic ener­
gies up to 20 MeV. D ata shown are from Ecm =  4.028 GeV.

tak ing  a  tw o-dim ensional h istogram  of vs. an d  form ing five projections* 

onto th e  in v a rian t m ass axis for values of in 20 MeV steps, i.e ., 0 <  T,o < 

20 MeV, . . . ,  80 <  < 100 MeV. E ach  pro jection  is fitted  w ith  a polynom ial

background and a 7t° m ass lineshape; a typical fit to  d a ta  a t  Ecm =  4.028 GeV 

for the  0 -20  MeV pro jection  is show n in Fig. 4.17. For each p ara m ete r (except 

the pow er p, w hich is fixed a t p =  50 since the  fits are insensitive to  p over a  wide 

range— the  o ther pa ram ete rs  can b e  ad justed  to  com pensate) a  first- o r second- 

order polynom ial is fitted  to  the  m easured  values vs. T ^ ;  th e  in te rp o la ted  value 

is ca lcu lated  from  th is  fit for each slice in in th e  tw o-dim ensional peak fits. 

T he in terpo la tions are show n in F igs. 4.18-4.21.

* These projections are made in 20 MeV steps to ensure th a t each has sufficient statistics to 
allow accurate determ ination of the lineshape parameters.
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TT Lineshape; Monte Carlo Mean Value

136.0
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a  135.0
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' K m etic Energy (UeV)

Fig. 4-^3  The four measured values for the Monte Carlo mean of the lineshape 
function and interpolating curve. The curve is determined by a log-likelihood 
m inim isation to a constant function. The constant value =  135.2 MeV 
determined in this way is used in all lineshape fits to Monte Carlo mass 
spectra.

n  L ineshape: Eggi=4.028 GeV D ata Mean Value

136

I

134

0 20 6040 80

TT® Kinetic Energy (McV)

Fig. 4 ' i ^  The five measured values for the mean of the lineshape function and 
the interpolating curve for d a ta  taken at £'cm =  4.028 GeV. The curve is 
determined by a log-likelihood minimization to  a constant function. The 
constant value =  134.2 MeV determined in this way is used in all
lineshape fits to coUiding-beam d a ta  mass spectra.
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TT Lineahape: Width P aram e te r a
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TT* K inetic Energy (UeV)

Fig. The four measured values of the Monte Carlo width param eter for the line­
shape function and interpolating curve. The curve is determined by a  log- 
likelihood m inimization to  a quadratic polynomial. This curve is used in 
interpolating the w idth param eter as a  function of in all lineshape fits 
to mass spectra.

TT Lineshape: Join Param ete r a
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Fig. 4 ‘SI The four measured values of the Monte Carlo join param eter a for the line­
shape function and interpolating curve. The curve is determined by a  log- 
likelihood minim ization to a linear polynomial. This curve is used in interpo­
lating the join param eter as a function of in all lineshape fits to tt^ mass 
spectra.
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R esu lts  of P eak  F its

A p ion  energy sp ec tru m  w as com puted  using the  inclusive m e th o d  for every 

d a ta  se t ajid  M onte  Ceirlo s im ulation  of D  and  D" processes used in th is  analysis. 

As an  illu stra tio n , th e  resu lts  of th e  peak fits for th e  first 14 slices* of 2 MeV 

w idth  for d a ta  a t  Ecm =  4.028 GeV are show n in F igs. 4 .22-4.24. Fig. 4.25 

shows th e  full tw o-d im ensional fit function  of the  ex trap o la ted  backg round  sheet 

sum m ed w ith  th e  peaJc lineshape functions; an d  Fig. 4.26 show s th e  background- 

su b trac te d  d is trib u tio n . T h e  fitted  residual signal is show n in Fig. 4.27. T he 

inclusive ir° k inetic energy h is tog ram  ex trac ted  from  th is  is show n in Fig. 4.28. 

T he sig n a tu re  for copious D ‘ p roduction , a rap id  increase in pion p roduction  

for increasing kinetic energy, followed by a  sim ilar sh a rp  decline, is seen in these 

figures.

T he use of these pion energy sp ec tra , and the  associa ted  p h o to n  sp ec tra  

described earlier, in m easurem ent of D ‘ p roperties is th e  sub jec t of the  next 

chap ter.

* Displayed as examples of the most interesting region; all fits—for the d a ta  and for all 
Monte Carlo processes, for all D® and A m  mass combinations under study—exist.
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n  Signal Amplitude Fits to  m _  vs. 2 MeV Steps in T„o
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Fig. 4-S8 Pion lineshape fits to the slices in for the backgrounds determined in 
Fig. 4.12. The background as found earlier is fixed and in terpolated under 
the mass region. Each slice is an independent fit.
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Fig. 4 - ^  Pion lineshape fits to the slices In T^o for the backgrounds determined in 
Fig. 4.13. The background as found earlier is fixed and interpolated under 
the mass region. Each slice is an independent fit.
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TT Signal Amplitude Fits to m ^  vs. 2 MeV Steps in T„o
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Fig. 4-84 Pion lineshape fits to the slices in T .^  for the backgrounds determined in 
Fig. 4.14. The background as found earlier is fixed and interpolated under 
the x*’ mass region. Each slice is an independent fit.

Fixed Background Function  with Variable Peaks Fit

C''
jflfl

Fig. 4-^5 The extrapolated background-plus-peaks fit to d a ta  a t Ecm =  4.028 GeV.
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B ack g ro u n d -S u b trac ted  H istogram  of Inv Mass vs. Kinetic Energy

Fig. 4 .S6  The two-dimeEsional background-subtracted d istribution of da ta  a t Ecm =  
4.028 GeV. The am plitude of a  fit to each slice is plotted as a histogram  in 
Fig. 4.28.

B ack g ro u n d -S u b trac ted  Fit

Fig. 4 . 2 7  The two-dimensional background-subtracted fit to d a ta  at Ecm =  4.028 GeV. 
The am plitude of each slice is plotted as a histogram  in Fig. 4.28.
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TT E n erg y  S p e c tr u m  a f t e r  F in a l A n a ly s is

300
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77° E n e r g y  (U e V )

Fig. The inclusive energy spectrum  a t =4.028 GeV after all analysis cuts.
This spectrum  is used in the measurements of the mass, the branching 
ra tio  B R [ D '^  —• and the mass difference
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C h a p te r  5

Determ ination of D * ^  Branching R atio and Mcisses

5.1 I n t r o d u c t io n

H aving described the  procedures for generating  th e  inclusive p ho ton  and 

7T° energy sp e c tra  in C h a p te r  4, we will tu rn  ou r a t te n tio n  to  ex trac tin g  the  

physical q u an titie s  of in te rest: the  Z3*° —> b ranch ing  ra tio  an d  the  m ass

difference for the  rem a in d er of th is  d iscussion, define

A m  =  m {D *°) — m(£>°). [5.1]

As a  check on th e  correctness of th e  analysis p rocedure  a m easu rem en t is m ade

of th e  m ass w hich m ay be com pared  to  the accep ted  value, w hich has been

reliably m easured  by independen t experim ents.

Since the  decays to  th e  v ia  b o th  pho tons an d  7r°’s, b o th  p h o ton  and 

7T° energy sp e c tra  are investigated . T he b ranch ing  ra tio

BR(£)*° -7  ir°D°) [5.2]

and  its com plem ent

BR (D *° -7  ')D °) =  1 -  B R (D '°  w°D °) [5.3]
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are th e  only b ran ch in g  ra tio s of in terest; th e re  are  no o th e r  k inem atically  al­

lowed decay m odes for th e  —* X  decay— only th e  p ho ton  an d  th e

have m asses less th a n  th e  q value of the  process D uring  m easu rem en t o f the 

b ranch ing  ra tio  an d  m asses, som e inform ation  is ob ta in ed  on th e  re la tive  p ro ­

duction  cross-sections a t 4.028 GeV for con tinuum , D D , D *D  + D D * , cind D*D* 

processes including b o th  chatrged and  n eu tra l m odes. T hese cross-section m ea­

su rem ents are sub ject to  lairge system atic  e rro rs , how ever, an d  are n o t a p rim ary  

resu lt of th is amalysis. F o rtunate ly , these system atics in th e  cross-sections are 

largely decoupled from  th e  system atics in th e  decay p aram ete rs .

5.1.1 Features o f the Inclusive Energy Spectra

T h e inclusive p ho ton  energy sp ec tru m  in th e  50 to  200 MeV region shows 

p rom inen t fea tu res from  th e  tw o D*° decay m odes. See Fig. 5.1.* Below 100 MeV 

a D oppler-w idened enhancem ent is observed from  th e  process

e+ e" — D*° -t- X

I 7 n °D °  [5.4]

I » 77-

* The abscissa of photon energy spectra is scaled logarithmically in the photon energy to  pro­
vide an approxim ately constant resolution w idth across the plot. This facilitates detection 
of m onochrom atic features when scanning the photon energy spectrum  by eye. For a linear 
axis, using the Crystal Ball energy resolution function a { E ) /E  =  0 .0 2 6 /^ ^  (E  in GeV), the 
w idth of a monochromatic line would vary with the energy E  as A E  = <j (E ) =  0.026 x 
To calculate the apparent resolution in a logarithmic plot, where the abscissa is z  =  In 
first define

^linear =  counts between E  and E  +  A E  =  A E^  and
dE

TViog =  counts between x  and x  +  A x  — A i .

Then the apparent resolution is found from equality =  ^log» th a t

d N  dN  ^ d N  d E  ^
_ A ^ = — A x = — —  Ax;
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P h o to n  E n erg y  S p e c tru m  a f te r  F in a l A nalysis

■SJO

600

400

D*° - • 7  0 °  r e g io n

200

0
100020 40 100 200 400

Photon Energy (MeV)

Fig. 5.1 Prom inent features in the inclusive photon energy spectrum  at £cm — 
4,028 GeV. The large enhancement from 50 to 1 0 0  MeV is created by pho­
tons from the decay 7r® —• 7 7 . The smaller enhancem ent near
140 MeV is from the decay —* 7 £)°. This spectm m  is used in the mea­
surements of the Lfi mass, the branching ra tio  and the
mass difference Am.

A sm aller b u t still observable D oppler-w idened enhancem en t is also seen near 

140 MeV in th e  sam e figure; th is is th e  d irec t p ho ton  from  th e  decay

e+ e -  +  X
15.5|

D istinctive signals can  be seen in th e  energy sp e c tru m  as well; exam ina­

tion  of F ig . 5.2 shows a  large enhancem ent for £ ’̂ 0 <  160 MeV from  th e  D* pion 

decay m ode. T h e  d irec t pho ton  decay does n o t c o n trib u te  d irec tly  to  th is  dis­

trib u tio n . T h e  slowly rising 7r° background  observed here con tinues to  increase

using the Jacobian of the transform ation d x jd E  =  the apparent resolution Ax in the 
logarithmic plot is A x =  2.6% x  E ^!^  which varies much less rapidly across the plot than 
does the detector resolution ^ E \  for ^  — 50 MeV to E  — 500 MeV, ^ E  varies by a factor 
of 5.6, bu t Ax varies only by a factor of 1 .8 .
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Fig. 5.S Prom inent features in the inclusive energy spectrum  at Ecm — 4.028 GeV.
The prom inent peak is produced by the transition This
spectrum  is used in the measurements of the mass, the branching ra­
tio —* and the mass difference A m .

slowly w ith  increasing p ion  energy up  to  som e 270 MeV, followed by a  sim ilar

slow decrease. T h is “con tin u u m ” region is pop u la ted  by tt° ’s  from  m any sources, 

including the  p rom inen t decay m ode

D ° K -7r+ n° [5.6]

w ith  a  17.3 ±  1.7% brctnching ratio'®’' an d  w ith  k inem atic  lim its for the

7T° energy from  th is  source, from  140 MeV to  1140 MeV.*

5.2 T h e  M e a s u re m e n t T ech n iq u e  fo r  In c lu s iv e  D is tr ib u t io n s

T he in ten tion  of th is analysis is to  ex tra c t m easurem ents of th e  b ranching  

ra tio , and  D '°  m asses; the general m eth o d  used is a  log-Iikelihood m in i­

* For D®’s produced in + D ^D ’^  decay a t Ecm — 4.028 GeV.
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m ization  w here a  hypothesis is com pared  to  th e  d a ta , a  “goodness-of-fit” calcu­

la tion  is m ade, an d  the  pa ram ete rs  to  be determ ined  are  varied  u n til a  m axim um  

goodness-of-fit is o b ta in e d .'’^”’®' In princip le, one could explicitly  ca lcu late  the 

d is trib u tio n s for p h o to n  an d  7r° energies for th e  ten  processes involved (see nex t 

section), include th e  effects of d e tec to r reso lu tion , accep tance, and  efficiencies 

analy tically  an d  com pare th is  to  th e  d a ta , le tting  th e  m in im ization  a lgorithm  

select th e  values for all p aram ete rs . However, th is  “fully an a ly tica l” m ethod  

is p roh ib itively  com plicated  due to  difficulties in p a ram ete riza tio n  of th e  energy 

sp ec tra  as a  function  of A m , m ass, an d  an  unknow n p a ra m e te r  characterizing  

angu lar d is trib u tio n s of th e  em itted  pho tons and  pions.

An a lte rn a tiv e  m ethod  is used in its place: a  M onte C arlo  event generato r 

and de tec to r s im u lation  algo rithm  are used to  generate  sp e c tra  for th e  desired 

processes in d iscre te  steps in an d  m ass; for each of these  m ass com bi­

nations, a  log-likelihood m in im ization  is perform ed (w here th e  D*° b ranching  

ra tio  and p ro d u ctio n  cross-sections are varied  continuously  by th e  m inim ization  

a lgorithm , b u t n o t m(Z?°) or A m ). T he m in im ization  a lg o rith m  sum s together 

these M onte C arlo  sp e c tra  (of b o th  p ho ton  and  7r° energies) from  th e  processes 

under s tu d y  using a  se t of varying coefficients. T hese coefficients are ad ju sted  for 

best fit to  th e  observed sp ec tra , an d  th e  b ranch ing  ra tio  an d  cross-section  values 

are ex tra c te d  from  th em . A fter these  fits are perform ed for several m ass com ­

bina tions, investiga tion  of the  goodness-of-fit parcim eter from  each m in im ization  

allows a  d e term in a tio n  of th e  “b es t” sim ultaneous value for A m  an d  m (f)° ) . In 

all of th is , th e  rem ain ing  degree of freedom , th e  angu lar d is trib u tio n  param e­

te r, is held  fixed a t  th e  theore tically  m ost-accep ted  value, because th e  sensitiv ity  

of th is  fitting  process to  it is m inim al. T h is angu lar d is trib u tio n  p a ra m e te r  is 

discussed fu rth e r  in A ppendix  A.

As an  illu stra tio n  of th e  sensitiv ity  of th is  m ethod  to  the  b ranch ing  ra tio , 

inclusive energy sp e c tra  m ay be p roduced  by  sum m ing  toge ther the  sp e c tra  w ith  

cross-sections p red ic ted  by a typ ical m o d e l W h e n  done for several b ranching
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ratio  values, th is dem onstra tes th e  changes in the  shapes an d  am p litudes of the  

signal regions as a  function  of th e  b ranch ing  ra tio . F igs. 5.3 cind 5.4 show  the  

spec tra  generated  using typ ical cross-sections and  for values of BR(Z?‘° —» n°D °)  

of 30, 50, 70, and  90%; even by eye it can  be seen upon  com parison  w ith  Figs. 5.1 

and  5.2 th a t  th e  b ranch ing  ra tio  m ust be in th e  range 50-70% , w ith  «  60% very 

likely.

5 .3  T h e  P ro c e s s e s  t o  b e  S tu d ie d

T he processes w hich m u st be taken  from  d a ta  or param ete rized  by the 

M onte C arlo  s im u lation  in o rder to  ex tra c t th e  m easurem ents of D*° p a ra m ­

eters are discussed here. These processes include

1. C on tinuum  (QED  and non-charm  [u ,d ,s]  h ad ro n  physics).

2. In itia l-s ta te  rad ia tio n .

3. e + e -  D °D °.

4. e+ e - — + D °D '° .

5. e+ e -

6. e+ e - D + D ~.

7.  e + e -  -+  D ‘+D~ + D *~D + .

8. e+ e - — D*+D*~.

9. e + e -  — D + D g .

These processes are discussed individually  below. As an  illu stra tio n , p lo ts of 

the typical pho ton  cind tt® energy d istrib u tio n s for the  different processes are 

shown in Figs. 5 .5-5 .9  for th e  m ass com bination  p o in t m(Z)°) =  1862.7 MeV, 

A m  =  140.5 MeV.
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Monte Carlo Photon Energy 
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Fig. 5.S Photon energy spectra constructed by adding Monte Carlo spectra for the 
processes contributing a t ^cm =4.028 GeV. The cross-sections used in the 
addition are those found by the sum m ation fit a t the minim um  mass 
combination (see Section 5.5) and are the same for all four spectra. The 

branching ratio  is varied for each figure. In the appro­
priate figure, the branching ratio  is: (a) 30%; (b) 50%; (c) 70%; and (d) 
90%.



5.s  The Processes to be Studied Page 99
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Fig. 5 .4  Neutral pion energy spectra constructed by adding Monte Carlo spectra for 
the processes contributing at =4.028 GeV. The cross-sections used in 
the addition are those found by the sum m ation fit at the minimum 
mass combination (see Section 5.5} and are the same for all spectra. The 

branching ratio  is varied for each figure. In the appro­
priate figure, the branching ratio  is: (a) 30%; (b) 50%; (c) 70%; and (d) 
90%.
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S a m p le  E n erg y  S p e c tr a  U sed  in  S u m m a tio n s  
for  C o n tin u u m , D^D? a n d  D^D"
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Fiff. 5.5 Typical energy distributions for continuum , and D'*'D~ processes
used in the sum m ation a t one of 13 mass combinations. (a),(b) Photon 
and 5T° signals from continuum  da ta  a t Ecta =  3.670 GeV. (c),(d) Photon 
and jr“ signals fiom the Monte Carlo sim ulation of production at
Ecm — 4.028 GeV. (e),(f) Photon and s-® signals from the Monte Carlo 
sim ulation of Z)"*"reproduction a t Ecm — 4.028 GeV. These are used in the 
global sum m ation fit at m(Z)®) =  1862.7 MeV, and A m  — 140.5 MeV. These 
are for one of thirteen fits at various mass combinations.
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Fig. 5.6 Typical energy distributions for processes used in the sum­
m ation a t one of 13 mass combinations. (a),(b) Photon and signals 
from the Monte Carlo sim ulation of +  c.c. —* produc­
tion. (c),(d] Photon and signals from the M onte Carlo sim ulation of 
2 5*0 ^ 0  ^  c c —» production. These are used in the global sum m a­
tion fit a t m (D^) =  1862.7 MeV, and A m  =  140.5 MeV. These are for one 
of thirteen fits a t various mass combinations.
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S am p le  E n ergy  S p ec tra  U sed in  S u m m a tio n s  
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Fig. 5.7  Typical energy diatributions for +  D'^D*~  processes used in the
sum m ation a t one of 13 mass combinations. (a),(b) Photon and ^  signals 
from the Monte Carlo sim ulation of D*'^D~ + c.c. —» [irD)D~ production. 
(c),(d) Photon and signals from the Monte Carlo sim ulation of D~ +  
c.c. —» 'yD '^D '‘ production. These are used in the global sum m ation fit at 
m(Z?^) =  1862.7 MeV, and A m  =  140.5 MeV. These are for one of thirteen 
fits a t various mass combinations.
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Fig. 5.8 Typical energy d istributions for D*^D*^ production and decay processes 
used in the sum m ation a t one of 13 mass combinations. (a],(b) Photon and 
sr® signals from the Monte Carlo sim ulation of D*^D*^ —+ pro­
duction. (c),(d) Photon and signals A"om the Monte Carlo sim ulation of 

—* production. (e),(f) Photon and signals from the
M onte Carlo sim ulation of production. These are used
in the global sum m ation fit a t =  1862.7 MeV, and A m  — 140.5 MeV.
These are for one of thirteen fits a t various mass combinations.
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Fig. 5.9 Typical energy distributions generated for production and de­
cay processes. (a),(b) Photon and signals from the M onte Carlo sim­
ulation of —» ktçD D  production. (c),(d) Photon and sig­
nals from the Monte Carlo sim ulation of D *" —* r ^ D D  produc­
tion. (e),(f) Photon and signals from the Monte Carlo sim ulation of 

D*~ production. These are used in system atic error cal­
culations for the global sum m ation fits.
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5.3.1 C ontinuum  Physics

T he con tinuum  physics classification includes non -charm  hadron ic  and  QED 

physics (the la tte r  category  only includes Q ED  events w hich have deluded the  

had ron  selector). Processes co n trib u tin g  v ia in itia l-s ta te  rad ia tio n  axe considered 

separate ly . T his is the  first exam ple of th e  ty p e  of process th a t  produces pho ton  

and  pion sp ec tra  con tain ing  no d istinctive “D*" fea tu res, i.e., no enhancem ents 

from  the  pho ton  or pion tran sitio n . P h o to n  sp e c tra  in th is category  can be 

characterized  by a slowly rising d is trib u tio n  from  20 MeV up to  «  200 MeV, 

followed by a slow decrease to  zero above 1 GeV. S im ilarly, n eu tra l pion sp ec tra  

show a slow rise above th resho ld  a t =  135 MeV, increasing up to  pion energies 

of sa 300 MeV, again followed by  a  slow decrease to  zero near 800 MeV.

Process (1) d istribu tions are ob ta ined  from  d a ta  taken  a t Ecm — 3.670 GeV. 

T he assum ption  is m ade th a t the  shape of th e  con tin u u m  sp e c tra  ob ta ined  a t

3.670 GeV czm be used d irectly  a t 4.028 GeV; th is  is necessary because th e

3.670 GeV sam ple is th e  one closest in energy w hich does no t have co n tribu ­

tions from  charm  m eson p roduction  or ip' physics. No o ther d a ta  sam ple is 

available, and  and  it wéis decided th a t  the  d a ta  sam ple w ould b e tte r  rep resen t 

the  con tinuum  sp ectru m  th a n  one of th e  s ta n d a rd  M onte C arlo  sim ulations for 

e+e~ —»hadrons such as th e  L und  s trin g  m odel.

T h e  lack of d istinctive features in these con tinuum  sp ec tra , and  th e  spec tra  

described below w hich are sim ilar to  them , m ake it difficult to  m eaningfully  al­

locate sepcirate con tribu tions to  the  cross-section from  each such  process. T hus 

only th e  to ta l sum  of such processes is determ ined  in the  fits to  be described. In 

the  following, th e  designation “continuum -like” will be used to  describe fea tu re­

less sp ec tra  of th is n a tu re .

5.3.2 Processes C ontributing via In itia l-S ta te R adiation

I t is well known th a t  the electron or positron , or b o th , m ay rad ia te  one or 

m ore pho tons before th e  ann ih ila tion  in te rac tion  occurs. This is called initial-
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s ta te  rad ia tio n , an d  m u st be considered as a  possible co n trib u to r  to  th e  inclusive 

sp ec tra  s tu d ied  here. In princip le, th e  rad ia ted  pho ton  (s) can  reduce th e  available 

kinetic energy in  th e  e lec tron-positron  center-of-m ass fram e to  any value g rea ter 

th a n  zero. Tw o cases com e to m ind: (1) th e  C.M . energy of th e  e+e“  p a ir  does 

not lie close to  a  resonance, p roducing  non -charm  physics events, o r (2) th e  pair 

has an  ap p ro p ria te  energy for p roduction  of one of th e  nEirrow chcirm resonances.

In itia l-S ta te  R ad ia tion  to  N on-R esonant S ta tes

C lass ( l)  events p roducing  h ad rons are n o t m uch different from  s ta n d a rd  

con tinuum  p ro d u ctio n  of had rons, except th a t  th e  C .M . fram e is boosted  w ith  

respect to  th e  lab . Also, the  cross-section is very sm all. T hese events produce 

inclusive d is trib u tio n s similzir to  th e  con tin u u m  and are  im plicitly  included in 

th a t  class in the  fits to  be discussed. These will no t be considered here any 

fu rther.

In itia l-S ta te  R ad ia tion  to  N arrow  Resonances

A significant num ber of class (2) in itia l-s ta te  rad ia tio n  events can  be expected  

a t Ecm =  4.028 GeV producing  one of th e  narrow  cc resonances. To calculate 

the cross-section for such events, le t ctq(IV) denote th e  cross-section, w ith  no 

rad ia tive  corrections, for th e  process e+ e" -+ (where X^ rep resen ts som e 

p articu la r final s ta te ) a t Ecm =  (V. N eglecting th e  energy w id th  of the  beam s 

(a very good app rox im ation  for S P E A R ), th e  rad ia tive ly  corrected  cross-section, 

including h ard - an d  soft-pho ton  effects, for th is  p rocess is'®®'

a ' ( W ) = e a o ^ { W ) + t J ^ ^  f  +  ^  { V w ^  -  2 W k )  , [5.7]

where

t =  —  ( 2 ï n (  —  
7r \  \ m )  -  l )  , [5.8]
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2 a  1 7 \  13

E  =
W

[5.9]

[5.10]

an d  m« is th e  electron  m ass [k, th e  em itted  p ho ton  energy, is in te g ra te d  over). 

Using Eq. [5.7], the  nu m b er of events expected  for the  d a ta  sam ple a t  Ecm = 

4.028 GeV from  each of th e  th ree  narrow  ch a rm  resonances can  be ca lcu la ted  as

N i = L a 'iW )  = L A it
4 £ V

1
4 2 2 /  2 ^  3224

[5.11]

w here L  is th e  to ta l in teg ra ted  lum inosity  a t th is  value of Ecm (884±44 n b “ ^), and 

the  “pu re” , i.e ., before rad ia tive  effects are included, cross-section for p roduction  

of a  charm  resonance has been app rox im ated  by ctq{W ) = A iS {W  — M i); M , is the 

m ass of the  resonance an d  A, is its energy-in tegrated  hadron ic  w id th . T reating  

the  J lip  and  ip' as narrow  is w ell-justified; trea tin g  the  ip" in th is  fashion is m ore 

questionable b u t is sufficient for th e  purposes here. For a B reit-W igner lineshape, 

A i is given by

'  M 2 r L ,

67T̂
hadrons)

[5.12]

[5.13]

w here T j^^, an d  F{ot are th e  electronic, hadron ic , an d  to ta l w id ths of reso­

nance t, respectively.

T he resu lts for th e  th ree  resonzinces J jip , ip', and  ip" are  given in T able 5.1. 

Several h u n d red  events to  b o th  th e  J jip  an d  th e  ip' are p red ic ted . F or th e  J /ip ,  

only “con tinuum -like” inclusive sp ec tra  is p roduced . For the  ip', th e  rad ia tive  

transitions to  th e  Xo,i,2 s ta te s  occur,* b u t th e  L orentz b o o st of th e  ip' re la tive  to

* See Fig. 1.4 for a non-Doppler-broadened illustration.
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R esonance
In teg ra ted  H adronic 

W id th  (nb-MeV)
N um ber of R ad ia tive  

E vents E xpected
R ad ia tive  P h o to n  

E nergy (MeV)

J/iP 9700 ± 6 5 7 497 ±  42 823.5

rP' 3490 ±  332 534 ±  57 327.5

r 420 ±  242 86 ± 5 0 249.8

Table 5.1 Numbers of events expected, before efficiency corrections, from initial-state 
radiation  to  the charm resonances at Ecm = 4.028 GeV. Also given are 
hadronic widths, calculated from values in Ref. 57, emd the photon energy 
for single-photon emission to  these states.

the lab, coupled w ith  the  b ranch ing  ratios BR(V>' —> 7Xi) iS 9% for each s ta te , 

m ake th e  d irec t p ho ton  lines unobservable. T h u s  b o th  resonances will co n trib u te  

only featureless sp ec tra  and  are included in th e  “con tinuum -like” sum .

It is possible to  d irectly  observe the  pho ton  created  by th e  in itia l-s ta te  ra ­

d ia tion . T he energy expected  for these  pho tons is also given in T able 5.1. T he 

efficiency for observing such  a  p ho ton  w ith  energy E-j is

^ ( - ^ 7 ) — (h a d  ( 7  (geom  i [5.141.

w here (had is th e  efficiency for such an  event to  pass th e  h ad ro n  selection, and 

is es tim ated  to  be 95 ±  5%; is th e  pho ton  detec tion  efficiency, discussed in 

Section 4.2.3, and  is as 70%. T he final efficiency is fgoomi w hich ind icates the  

convolution  of th e  d e tec to r’s geom etric acceptance w ith  the  an g u la r d is trib u tio n  

of in itia l-s ta te  rad ia tion ;*  it has been es tim ated  in o the r studies'®*' to  be as 15%.

* The approxim ate angular distribution is

sin^ 9
dn (1 -

where p(E ) Is the momentum (energy) of the electron or positron, and 0 is angle to the 
beam direction of the em itted photon. The distribution is strongly peaked along the beam 
axis.
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T h u s th e  overall detec tion  efficiency for such pho tons is e{E-i) <  9%. Indeed, no 

narrow  s tru c tu re s  axe seen in Fig. 5.1 a t  any of th e  energies lis ted  in th e  tab le.

In  sum m ary , no d istinctive fea tu res are expected  to  be ev iden t in the  pho ton  

or pion inclusive sp ec tra  s tu d ied  here, an d  in itia l-s ta te  rad ia tio n  is expected  to  

co n trib u te  only to  the  continuum -like sum .

5.3.3 Processes Producing Charm  M esons

T he d is trib u tio n s for processes involving charm  m esons are  derived from  

M onte C arlo  sim ulations. T he processes involving ch a rm  s tran g e  m esons will be 

neglected since the  D s  signal is expected  to  be m uch sm aller th a n  non-strange 

C -m eson  p roduction  a t 4.028 GeV.* E ach D* decays via one of th e  processes

C -  -  ^

[5.15]

w ith  Z?*’s decaying via th e  charge-conjugate m ode. (T he b ranch ing  ratios 

used in th e  M onte  C arlo  w ere fixed and  are no t determ ined  in th e  p resen t analysis; 

th is is p a r tly  because th e  m in im ization  algo rithm  has difficulty converging if 

th e re  are too  large a num ber of variab le p aram ete rs , and  because »  50% of 

the charged 0 * + ’s will decay to  charged  pions leaving no ch arac teris tic  signal 

in th e  inclusive energy d is trib u tio n s  as neu tra l p ions do, an d  therefo re th e re  is 

less sensitiv ity  to  decays.) T h e  values for £)** b ranch ing  ra tio s were fixed

The c o u p l e d - c h a n n e l  m o d e l  of c h a r m  p r o d u c t i o n p r e d i c t s  the r a t i o  of p r o d u c -

t i o D  c r o s s - s e c t i o n s  to b e

(t ( D D )  +  a ( D * D  +  D D ^ )  +  <j (D *  D * )

additionally, the Dg Dg photon and neutral pion energy spectra are essentially indistin­
guishable from continuum or D D  spectra. Any small contribution from D g  production will 
be absorbed in the cross-section sum for “continuum-like” processes.
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a t  th e  values rep o rted  in th e  1982 P a rtic le  D a ta  G roup  s u m m a r y ; w h e n  th e  

1984 summary'®®' was released, the  M onte  C arlo  processes w ere not re ru n  to  

include th e m  because of insufficient availab ility  of co m p u ter tim e. In any ceise, 

th is change in D ** brzinching r a t io s w o u ld  have a  sm all effect on th e  final resu lts 

and is included as p a r t  o f th e  system atic  errors, in th e  resu lt of th is  work.

In  o rder to  reduce fu rth e r  th e  nu m b er of free pa ram ete rs  in th e  m in im izations, 

app ro x im ate  isospin sym m etry  is invoked for D D  an d  D *D  -{■ D D ' processes 

w hich, a t Ecm =  4.028 GeV, are well above th e  th resho lds for th e ir  p roduction . 

In D D  p roduction , th e  u  an d  d  quarks, being in th e  sam e SU(2) doub le t, con­

tr ib u te  equally  to  th e  m a tr ix  elem ent for bo th  charged  an d  n eu tra l m odes. T he 

only difference in  p ro d u ctio n  cross-sections th en  arises from  th e  sm all (<  3 MeV) 

mciss difference betw een charged  and  n eu tra l p artn e rs ; a t  2cm = 4.028 GeV, the  

difference is <  5% an d  is n o t significcint for th is  analysis. M aking use of th is , the  

rela tive am p litudes for D ° 2 ° -a n d  2 + 2 “  are set equal, as are th e  am plitudes 

for 2 * ° 2 °  4- I P D '°  an d  2 * + 2 "  +  2 + 2 ' “ . A dditionally , th e  D*+D*~  com ­

ponen t is neglected a t Ecm — 4.028 GeV; as m en tioned  above, th e  charged  2 *  

leaves no charac teris tic  signal w hen decaying v ia charged  pions; also, since the 

chcirged 2 * ’s are m ore m assive th a n  the  n eu tra ls , th e re  is a  phase  space suppres­

sion of th e ir  p ro d u ctio n  n ea r th resho ld  w ith  respect to  th e  n eu tra ls  by th e  factor 

(IPD‘±I/IP£>*o|)^ =  0 4; w hen com bined w ith  a  b ranch ing  ra tio  in to  pho tons or 

5T°’s th e  2 ‘+ 2 * ~  process en ters  w ith  an  am plitude <  20% of th a t  of the  neu tra l 

process an d  so will be o m itted  here.

M onte C arlo  S im ulation  of 2  and  2 *  Processes

T h e  charm  m eson event genera to r used in th is  w ork is a m odified version 

of th e  co n stan t-m atrix -e lem en t m odel of Quigg and  Rosner'®®' w hich has had  

sem i-leptonic decay modes'®*' of the  2 °  an d  2 *  included. Likewise, angu lar

t  The changes were: BR(£>*+ —. f  + D °): 60 ±  15% —♦ 49 ±  8%, BR(£)’+ —► jr°Z)+]. gg j- 
9% ^  34 ±  7%, and BR(T>*+ 8  ±  7% 17 ±  11%.
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m a trix  elem ents (in o rder to  p roduce angu lar d istrib u tio n s an d  correla tions for 

D D , D *D  + D D * , an d  D*D* p roduction  emd decay) have been inco rpo ra ted  for 

th is analysis. K inem atics fixes th e  p roduction  an d  decay angu lar d is trib u tio n s for 

D D  an d  D *D  + DD *  processes b u t no t for D*D*\ th is  am p litu d e  depends upon  

the  ra tio  z  o f th e  spin-0  p-wave an d  spin-2 p-wave com ponents: z  =  Ao/Ag* T he 

value of z  used in generating  th e  M onte Ccirlo charm  m eson sp e c tra  was fixed 

a t 2 =  —1 /6 , th e  theoretically  m ost-likely value.''* ' T he p roduction  am plitudes 

are:

[5.16]

a  - p  X £; [5.17]

M d 'S -  o c A o e - ê + A g  ^ ^ e - p e - p  +  ^ f - p e - p — ^ e - e p - r ? ^  [5.18]

where th e  following are three-vectors:^

p =  v ir tu a l pho ton  polarization ; [5.19]

p =  th ree-m om en tum  of a p rim ary  D  or D*\ an d  [5.20]

£(e) =  D*(D*) po larization  vector. [5.21]

These am plitudes are squared  and  th e  D* po larization  vectors sum m ed to  yield 

d istribu tions for final s ta te  pho tons an d  n ° 's  from  th e  D* decay m odes. After 

a n  in itia l m eson pair has been p roduced  and decayed in to  D 's , t t ’s ,  and  photons,

the D 's  are decayed via the  constan t-m atrix -e lem en t M onte C arlo  and  phase

space'®^”®®' considerations.

* The /-w ave contribution is assumed to be small and is neglected. See Appendix B for a 
fuller discussion of angular m atrix elements.

t  N o ta tion  is essentially  th e  sam e as in Ref. 14.
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5.4 C o rre c tio n s  to  M o n te  C a r lo  P h o to n  S p e c tr a  a t  L ow  E n e rg ie s

It has been observed during  th is analysis, an d  confirm ed by others,'®*' th a t 

the  s ta n d a rd  C rysta l Ball d e tec to r s im ulation  does no t p roduce as m any  hadronic 

sp lit-o ff show ers as is seen in d a ta . T he d e tec to r sim u la tion  uses the  H ETC * 

routines'^®' to  sim u late  th e  energy deposition  of in te rac tin g  hadrons; however, 

th is  ro u tin e  does no t produce as m any  low-energy show ers c is  are  observed in the 

d a ta . O th er rou tines '̂ ®' are  now  available th a t  could help e lim inate  th is  p roblem , 

such as FLU K A 86 an d  GHEISHA;'^ how ever, because of tim e co n s tra in ts , it was 

decided th a t  a  correction  algo rithm  w ould be th e  b est p a th  to  follow.

D eterm ination  of S hape C orrection  a t th e  \p"

T he fitting  techn ique ou tlined  earlier was te s ted  a t th e  rp"{Ecm =  3.772 GeV) 

using only con tinuum , 2 ° 2 ° ,  an d  2 + 2 “  com ponents in th e  sum m ation . In 

add ition , th e  p ho ton  an d  7r° energy sp ec tra  from  M onte  C arlo  sim ulations of 

the  2 - re la te d  com ponents w ere m ultip lied  by energy-dependen t polynom ials be­

fore ad d itio n  in to  the  sum m ation . T he m in im ization  a lg o rith m  ad ju sted  the 

po lynom ial coefficients for th e  b es t fit, as well as th e  re la tive  cross-sections of 

the  physics processes. I t was discovered th a t  no correction  weis needed in the 

7T° spectrum , p resum ably  because th e  tw o-dim ensional background  su b trac tio n  

technique discussed in C h ap te r 4 was able to  rem ove th e  w rong com binatorics 

created  by spurious “p h o to n s” during  creation  of these  d is trib u tio n s. T he cor­

rection  polynom ial for th e  pho ton  sp ec tra  determ ined  in th is  fashion is used in 

all sum m ation  fits a t  2cm =  4.028 GeV; indeed, w ith o u t th is  sp lit-off correction  

confidence levels for an  en tire  sum m ation  fit are <  0.1% , w hereas th e  sam e fits 

w ith  th e  correction  applied  have confidence levels >  18.6%. T h e  “m ultip licative 

shape correction  polynom ial” for pho ton  sp e c tra  is displayed in Fig. 5.10.

* High Energy Transport Code.

t Actually the GHEISHA algorithm somewhat overproduces  low-energy showers.
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Fig. 5.10 The m ultiplicative shape correction polynomial (MPSC) used to correct miss­
ing split-off showers in Monte Carlo photon energy spectra. This boosts the 
counts in the low-energy bins of photon distributions.

System atic  Effects of the  S hape C orrection

T h e p h o ton  and  pion peaks are  sharp  enough th a t  no significant d is to rtion  

is in troduced  from  th is correction . However, th e re  m ay be a  system atic  effect 

resu lting  from  the  m onotonie decrease of the  correction  fac to r w ith  energy which 

slightly  enhances the  pion signal a t the  expense of th e  p h o to n  signal. T he b ran ch ­

ing ra tio  m easurem ent is p articu la rly  sensitive to  th is  effect. T h e  m agn itude  has 

been es tim ated  using the  polynom ial show n in Fig. 5.10 to  be <  2.4% for b ran ch ­

ing ratios in th e  range 50% to 80%.

5.5 R e s u lts  o f  M e a su re m e n ts

5.5.1 Introduction

W hen perform ing the  sum m ation  fits for each com bination  of D °  m ass and 

A m , a “goodness-of-fit” value, d is trib u ted  as a  %^-variable, is ob ta ined  for each
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S um m ation  F it R esu lts  a t Ecm =  4.028 GeV

A m

138.5 MeV 140.5 MeV 142.5 MeV 144.5 MeV

m ass

1860.7 MeV — 245.5 260.8 317.3

1862.7 MeV — 237.8 229.7 287.1

1864.7 MeV 232.3 226.8 263.4 305.6

1866.7 MeV — — — —

1868.7 MeV — 237.5 257.2 308.6

Table 5.2  The goodness-of-fit param eters from full sum m ation fits a t Ec.m =  4.028 GeV 
as a function of mass and the A m  mass difference. The param eter values 
presented here are distributed a t each mass combination as a  x^-variable.

m ass com bination . T hese goodness-of-fit values are  investiga ted  as a function 

of th e  m ass pa ram ete rs  to  determ ine a  m easurem ent of th e  m ass an d  A m . 

T able 5.2 show s these resu lting  m in im a for the  full fitting  process, for various 

steps in th e  LP  m ass vs. A m  m atrix ; som e cells w ere n o t calcu la ted  because of 

tim e and  cost co n s tra in ts  involved in  ru n n in g  th e  source M onte  C arlo  sim ula­

tions. O riginally, a g rid  su rround ing  “stcindcird values” of these tw o param ete rs 

w as used, an d  it w as expanded  selectively w hen it becam e obvious th a t  this 

h igh-precision  m easurem ent w as converging to  an o th er m a tr ix  p o in t. A global 

m in im um  is observed a t  th e  [m(Z)°) =  1864.7 MeV, A m  =  140.5 MeV] m ass 

com bination  po in t. In the  following sections, several fits to  these local m in­

im a near th is po in t will be investigated . F irs t, a  fit to  the  values a t  co n stan t 

A m  =  140.5 MeV will yield a m ass m easurem ent; second, a  fit to  th e  values 

a t co n s tan t m {D °)  =  1864.7 MeV will yield a m easurem ent of A m ; th ird , a  cor­

re la ted  fit using all th e  goodness-of-fit values will allow  a  co rrela ted  m easurem ent 

of th e  tw o m ass p a ram ete rs . Following th is , th e  b ranch ing  ra tio  m easurem ents 

a t each m ass com bination  are discussed. Lastly, th e  cross-section m easurem ents
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P a ra b o lic  I n te r p o la t io n  of fo r  m (D °) S lice
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Fig. 5.11 A parabolic fit to the x^-distriboted goodness-of-fit variable from Table 5.2 
for constant Am  =  140.5 MeV. This fit, although instructive, m ust be in­
terpreted as pa rt of a  two-dimensional fit w ith a strong negative correlation 
between the mass and the A m  mass difference. The minim um  of the 
fitted function is a t m(D®) — 1865.5 ±  1.1 ±  2.0 MeV.

a t th e  m ass p o in t closest to  th e  co rre la ted  fit m in im um  are p resen ted ; how ever, 

it is to  be stressed  th a t  these  cross-section m easurem ents are highly correla ted  

and  m ay have sizeable system atic  errors.

5.5.2 and  A m  M ass M easurem ents

T h e M ass and  A m  M ass Difference— O ne-dim ensional F its

T h e  sim plest w ay of in te rp re tin g  the  x* values in T able 5.2 is to  perform  

one-dim ensional fits of a parabo lic  function  to  th e  values along th e  row  and 

colum n con tain ing  th e  m in im um  value. T hese tw o fits are show n in Figs. 5.11 

and 5.12. T h is of course neglects any possible co rrela tion  betw een th e  tw o m ass
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P arab o lic  In te rp o la tio n  of x  fo r &rn Slice
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Fig. 5.12 A parabolic fit to the x^-diatributed goodness-of-fit variable from Table 5.2 
for constant =  1864.7 MeV. This fit, although instructive, m ust be
interpreted as pa rt of a two-dimensional fit with a strong negative correlation 
between the mass and the A m  mass difference. The m inim um  of the fitted 
function is a t A m  =  139.4 ±  0.6 ±  1.5 MeV.

param ete rs. T h e  values found th is w ay are

m {D °)  =  1865.5 ±  1.1 ±  2.0 MeV

and

A m  =  139.4 ±  0.6 ± 1 .5  MeV, 

w here th e  first erro r is s ta tis tica l and th e  second is system atic .

[5.22]

[5.23]

T h e  C orrela tion  B etw een m (D °) an d  A m .

T he m ost general w ay of trea tin g  th e  values ob ta ined  from  th e  sum m ation  

fits a t the  various m ass com bination  po in ts  is to  fit th e m  using a  tw o-dim ensional 

b inorm al d is trib u tio n  function . T he b inorm al d is trib u tio n  is the  ex tension of the
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parabo lic  fits of th e  preceding section to  tw o dim ensions. A fit of th is  n a tu re  

will allow in te rp o la tio n  betw een  the  d iscre te m ass po in ts for d e te rm in a tio n  of 

the  m in im um  p o in t while accom m odating  a  possible co rre la tion  betw een the 

tw o m ass variables.

T h e  b inorm al d is trib u tio n  function  is'^^'

I , ’g2 -  -  Xi){x2 -  Xi)
<72 J

[5.24|

w here i i ,  xg are the  independen t variables, e.g., m asses, x i ,  xg a re  th e  values 

w here th e  m in im um  of B  occurs, o , ,  ag are “o n e-stan d ard  dev ia tion” s ta tis tica l 

errors determ ined  by th e  cu rv a tu re  of B ,  and  p is th e  co rre la tion  coefficient 

of x i  and  1 2 * A con tour p lo t of the  b inorm al surface is show n in Fig. 5.13. The 

coord inates of th e  m in im um  are  a t

m {D °)  =  1865.3 ±  1.0 ±  2.0 MeV [5.26]

and

A m  =  140.0 ±  0.5 ±  1.5 MeV, [5.27]

w here th e  first e rro r is s ta tis tica l an d  th e  second is system atic . T h e  correla tion  

coefficient is p =  —0.30. These values are seen to  be qu ite  consisten t w ith  those 

from  th e  one-dim ensional parabo lic  fits. T he system atic  e rro r is considered to 

be a  conservative estim ate . F u rth e r  stud ies m ay be able to  reduce it.

In perform ing th e  fit to  th e  b inorm al function , th e  tw o x* values from  

th e  m ass po in ts [A m , m {D °)\ =  [142.5 MeV, 1868.7 MeV] an d  [144.5 MeV,

* The correlation coefficient is related to the angle a  th a t the m ajor principle axis of 
B  =  constant ellipse makes with one of the independent axes. It is given by

ta n 2 a  =  [5.25]

For the fit in Fig. 5.13, a  — 1 2 .6 °.
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Fig. 5.IS  Contour plot of a bm ormal surface fitted to  the local m inim a obtained 
in sum m ation fits a t each mass and A m  combination. The minimum, 
indicated by the 'o ', occurs a t =  1865.3 ±  1.0 ±  2.0 MeV and
A m  =  140.0 ±  0.5 d: 1.5 MeV (first error is statisticcd, second is system atic). 
The standard  deviation contours reflect only sta tistica l errors; the error bars 
represent ± l a  statistical errors combined in quadrature with a 1.5 MeV sys­
tem atic error in A m  and a 2.0 MeV system atic in m {D ^). The correlation 
coefficient is p =  —0.30. The horizontal band indicates the ± l a  errors about 
the world average value for m(D®); the vertical band indicates the  same for
the world average for Am. !67!

1868.7 MeV] w ere no t included in the  fit. These tw o p o in ts , a t large extrem es 

from  th e  m in im um , have cross-section values for D *D  +  DD *  an d  D*D* pro­

cesses th a t  are qu ite  d ifferent from  those found nearer th e  m in im um . Physically, 

a t  these large m ass values, th e  D oppler-w idened signal from  th e  in itial decay 

has becom e so b road  th a t  no D *D  D D *  com ponent is allow ed in th e  fit; all the 

am plitude is a t tr ib u te d  to  D*D* p roduction . T his is inconsisten t w ith  the  rela­

tively co n s tan t cross-section values found nearer th e  m in im um , and  these  po in ts
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S um m ation  F it R esults for BR(Z)*° —» (%)

A m

138.5 MeV 140.5 MeV 142.5 MeV 144.5 MeV

m ass

1860.7 MeV — 54.8 ±  3.0 58.3 ±  3.3 57.0 ±  3.4

1862.7 MeV — 54.8 ±  3.5 57.5 ± 3 .2 53.2 ±  3.9

1864.7 MeV 46.1 ± 3 .3 53.1 ± 3 .4 55.7 ± 3 .6 48.1 ± 3 .8

1866.7 MeV — — —

1868.7 MeV 49.5 ±  3.4 53.U : 3.8 44.9 ± 4 .9

Table 5.S The values for BR(Z?*° —* found in the sum m ation fits a t Ecm  =
4.028 GeV as a function of mass and the A m  mass difference. The 
values are stable near 50% even though there is considerable variation in the 
“goodness-of-fit” param eter over the range of mass combinations considered 
(see Table 5.2).

d isto rt th e  shape of the  b inorm al function  if included.^

5.5.3 The Branching Ratio  B R {D '°  —*■ 7r°Z>°)

T he resu lts  of th e  b ranch ing  ra tio  m easurem ents as a  function of m ass com ­

b ina tion  are given in T able 5.3. T he brajich ing  ra tio  values found a t th e  different 

m ass com binations are s tab le , varying from  45% to  59%; th e  value m easured  a t 

the grid p o in t having th e  lowest local m in im um  in is

BR (D *° =  53.1 ±  3.4 ±  9.1% , [5.28]

w hich yields

=  46.9 ±  3.4 ±  9.1% , (5.29]

w here the  first erro r is s ta tis tica l an d  th e  second is system atic . T he s ta tis ti-

t  W hen these two points are included, it is found th a t A m  =  140.1 ±  0.5 MeV and m(Z?®) =  
1865.3 ±  1.1 MeV (statistical errors only); the correlation coefficient becomes p = —0.09.
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cal e rro r is e s tim a ted  by th e  m in im ization  a lgorithm , includ ing  th e  possib le oc­

curence of non-parabo lic  errors. T h e  system atic  e rro r is a  conservative estim ate  

calcu la ted  from  several possible p e rtu rb a tio n s  added  in q u ad ra tu re . F irs t, th e  

e s tim a ted  effect of th e  om ission of Z?*+Z?*“  in the  fits is 5%; second, th e  varia­

tion  of th e  b ranch ing  ra tio  over th e  region w here the  values are  com patib le  

w ith  a  b ino rm al in te rp re ta tio n  (th is excludes the  tw o m ass po in ts m en tioned  in 

the  previous section) gives an es tim a te  of 7.2% for the  u n ce rta in ty  from  errors 

in sp e c tru m  shapes; an d  th ird , a  sy stem atic  effect from  th e  po lynom ial shape 

co rrec tion  (discussed above) of 2.4% is included. T his resu lt m ay be com pared  

w ith  th e  w orld  average of 51.5 ±  7.6%.

5.5.4 C om bination rvith O ther E xperim ents

W hen th is  ex p e rim en t’s co rre la ted  A m  value of 140.0 ±  0.5 ± 1 .5  MeV is com­

bined w ith  the  only o th e r independen t resu lt, 142.7 ±  1.7 MeV,'**' th e  w eighted 

average is

A m | world =  141.3 ±  1.2 MeV. [5.30]

T he confidence level of the  consistency of these two méiss difference m easurem ents 

is 51.1%.

W hen th e  pion b ranch ing  ra tio  of th is w ork, 53.1 ±  3.4 ±  9.1%, is com bined 

w ith  th e  cu rren t w orld  average of 51.5 ±  7.6% f*' th e  com bined  resu lt is

BR(T)*° world =  52.3 ±  5.4% , [5.31]

ajid

B R (D '"  -> 7T>°) I world =  47.7 ±  5.4%. [5.32]
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Cross-sections for C harm  M eson P ro d u c tio n  
a t Ecm — 4.028 GeV.

Process (es) <7 (nb) U nits of R

S um  of non-charm , 
D °D °, an d  D + D ~ 23 4.4

D * °D °+ D °D '° 3.4 0.64

D * + D -+ D + D * - 3.4 0.64

1.8 0.33

T otal 31.6 6.01

Table 5.4 Cross-sections as measured in the sum m ation fit nearest the correlated min­
imum in mass and Am. These values are correlated and have large 
systematic errors. They are included here only to indicate typical values 
found in this analysis. No radiative corrections have been applied.

5.5.5 Charm M eson Cross-Sections at Ecm =  4.028 G eV

T he cross-sections for ch arm  m eson p roduction  found a t  the  m ass com bi­

na tio n  closest to  th e  correla ted  fit m in im um  are given in T able 5.4. They are 

included here for com pleteness only; no values ind icating  th e  precision of these 

m easurem ents are quoted  since th e re  w ould be unknow n system atic  erro rs in­

volved. T he largest source of these system atics is the  difference betw een m ul­

tiplicities of each process co n tribu ting  to  th e  d a ta , emd its co u n te rp a rt from  

M onte C arlo  sim ulation . This is only a  “second-order” effect in calculations 

of b ranch ing  ratios o r m ass m easurem ents, b u t is a “firs t-o rder” effect in di­

rect ca lcu lations of the  cross-sections. Also, the  th ree  processes ( l)  non-charm , 

(2) D °D ^, and  (3) D ~  p roduction  are ind icated  as a single su m  since th e  spec­

tr a  rep resen ting  th e  th ree  processes are very sim ilar an d  can n o t be sep ara ted  by 

the sum m ation  fit procedure . A com parison of these cross-section resu lts and 

th e  coupled-channel m odel is given in C h ap te r 1.
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A ppendix  A

Angular D istributions in D  and D *  Decays

A . l  I n t r o d u c t io n

This append ix  discusses th e  calcu lation  of the  angu lar p a r ts  of cross-sections 

used in th is  analysis. T he com bined p roduction-and-decay  cross-sections calcu­

la ted  here are used  in the  event generato r for charm  m eson p ro d u ctio n  w hich, 

w hen used w ith  th e  detec to r s im ulation  algorithm , is th e  basis for th e  M onte C arlo 

sp e c tra  used to  fit for charm  m eson m asses and  b ranch ing  ratios. T h ro u g h ­

o u t th is  append ix  th e  term s “cross-section” and  “m a trix  elem en t” refer only to  

the  angu lar p a r ts  o f the  com plete expression. M ost calcu lations are done non- 

rela tiv istically  following Ref. 14; since we are in te rested  only in D ’ D* p roduction  

very near th resho ld , th is is sufficient. R elativ istic effects are included w hen nec- 

essziry (for instance in D *D  + D D ' p roduction).

Section 2 of this append ix  defines n o ta tio n  and  lists som e useful rela tions for 

in teg rating  over various quan tities. Sections 3 an d  4 discuss D D  an d  D 'D  + DD*  

p roduction  cross-sections respectively and the ir com bination  w ith  D* p ion and 

pho ton  decay m a trix  elem ents. Section 5 p resen ts th e  cross-sections for D*D* 

p roduction  an d  decay. T he m ore lengthy of th e  following cross-section cal­

cu lations were perform ed w ith  th e  aid of th e  sym bolic m an ipu la tion  program  

REDUCE.'^®’
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A .2 D e fin itio n s  a n d  Id e n ti t ie s

T h e following are definitions for th e  m om en tum  an d  po la riza tion  vectors 

encoun tered  in charm  m eson p roduction  and  decay (quan tities m arked  w ith  a ‘ - ’ 

ind icate  u n it vectors) :

p =  th ree-vecto r in th e  d irection  of the  D* m om entum ;

Ç = th ree-vecto r in th e  d irection  of th e  th ree -m o m en tu m , w here 
th e  JT is p roduced  in £>* —* ttD;

k  =  th ree-vecto r in th e  d irection  of the  7  th ree -m om en tum , w here 
th e  7  is p roduced  in D* —> 7 Z);

n  =  th ree-vecto r in the  d irection  of th e  e+-beam ;

T] =  po larization  vector of th e  v ir tu a l pho ton , 7 *, in  7 * —*■ cc;
and

e(e) =  po larization  vector of the  D ‘ [D*).

In som e cases, m ore th a n  one pion or p ho ton  m ay be p resen t in the  process; then  

the  th ree-vectors will be d istinguished  by subscrip ts , e.g., k i an d  tg .

T h e  iden tities below are used in sum m ations over various q u an titie s  including 

v ir tu a l p ho ton  po larizations, D* polcirizations, an d  in teg rals over th ree -m o m en ta  

angles (subscrip ts here refer to  coord ina te  labels, e.g., x , y , an d  2 , n o t to  partic le  

labels— see above). F irs t th e re  are th e  sum m ations over v ir tu a l pho ton  po lariza­

tions in e+ e“̂  —» 7 * —> ch a rm  m eson pairs: po larization  to  th e  e+ -beam  direction  

an d  tran sv e rsa lity  yield

^  flirt] =  <5,y -  h i h j  [A.l]
7* pol

and

^  A =  2A [A.2]
7* pol



Appendix A . Angular Distributions in D  and £>* Decays___________________________ Page IS 4

w here A  is any expression n o t involving th e  p o la riza tion  vec to r t). F or th e  £)*, a 

sp in -1  m assive ob ject, we have th e  po larization  sum

=  %  > |A.3]
£ > *  p o l

an d  th e  solid-angle in teg ra tio n  rela tion

PiPj -  • [A.4]
a n g l e s

w hich is equivalen t to

j  dn^piP ] = ^ 6 i j  . [A.5]

If th e  b eam  d irec tion  is averaged over, we can  use th e  re la tion

=  [A.6 ]

d i r e c t i o n s

In these re la tions we use the  s ta n d a rd  K ronecker 6 -function

r + 1  

{ 0
+  1 for t =  j;  

for : 7̂  y.

and  the fully an tisym m etric  q u an tity

^ijk

' +1  for i j k  an even p e rm u ta tio n  of 123;

— 1 for x jk  an odd  p e rm u ta tio n  of 123; and 

. 0  for any  tw o indices equal.

Recall th a t  the vec to r cross-p roduct can be w ritte n  as

(A  X B )i =  E ,y* A jB k  , [A.7|

and th e  iden tity

^ijk ^ilm — ~~ • [A.8 ]
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A .3 D D  P r o d u c t i o n

Let p  deno te th e  D  th ree -m om en tum  u n it vector. T h e  an g u lar p a r t  of the 

m a tr ix  elem ent is sim ply*

^ D D  n P ,  [ A . 9 ]

w here p  is m easured  in th e  e'^e" center-of-m ass fram e. F rom  th is  we see th a t

—  oc I M P
d U ( D D )  I '  [ A . I O ]

o c  ViPi  r j jP i  ,

and  by Eq. [A .l],

O C  PiPi  -  n i P i  H j P j  

a  1 — (n • p)^ .

[A .ll]

Defining th e  po lar angle of th e  D  to  th e  beam  axis to  be 0, so th a t  cosd  =  û • p, 

we see th a t  th e  po lar an g u lar d is trib u tio n  is

This rem ains tru e  in th e  rela tiv is tic  calculation .

* Ail m atrix  elements are from Ref. 14.
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A  4 D * D  +  D D *  P r o d u c t io n  a n d  D ecay

T h e p roduction  m a tr ix  elem ent for D 'D  p roduction  is^

Md 'D  «  7  • P  X e . [A.13]

Squaring  th is  and  sum m ing  over v ir tu a l p ho ton  po larizations using Eq. [A .l], 

and  using Eq. [A.7] to  express the  cross-product, we get th e  D ‘ D  p roduction  

cross section:

w here £ is th e  D* po larization  vector. If th e  D* po larization  is n o t observed, we 

can elim inate e using Eq. [A.Sj:

If we again  let 0 be the  po la r angle of the  D* re la tive  to  th e  beam , so th a t  cos 0 =  

h  ■ p, we see th a t  the  angu lar d is trib u tio n  is (non-relativ istically)

In o rder to  calculate the  com bined p roduction  and  decay cross-sections, we 

will need th e  D* decay m a trix  elem ents for the  photonic and  pionic decays. These

oc e • 9 , and  [A.17]

<x  € ■ [k X È ) = e ■ Ê  [A.18]

t  For the remainder of this discussion, the expression D *D  will be understood to repre­
sent D* D  +  D D *.
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w here g{k) is th e  p ion(pho ton) th ree -m om en tum  u n it vec to r, an d  B  is th e  m ag­

netic po larization  vector of the  em itted  pho ton . F or th is  p h o to n , a  po lm iza tion  

sum  sim ilar to  Eq. [A.l] can be w ritten :

ê i B j  =  6i j  -  icikj . [A. 19]
m a g n e t i c

p o l a r i z a t i o n *

T he P ionic Decay D *D  —> •wDD

MaJting use of Eqs. [A.14] and  [A.17], and  id en tity  [A.3] to  sum  over the  D* 

po larization , we find for th e  pionic decay

«  1 -  (P f ) '  -  (A . (P X , ) ) :  . [A.20]

If th e  D ’ d irection  is n o t observed (or equivalently  th e  D  d irec tion), th en  using

Eq. [A.4], we find

w hich yields a 1 +  cos^ 9^ inclusive d is trib u tio n  for the  p ion if it alone is observed 

(6w =  9 • A).

T h e  P ho ton ic  Decay D *D  —» 'jD D

S im ilarly  for the  photonic decay, using Eqs. [A.14], [A.18], and  [A.19], we 

find th a t

+  (A • (p X t ) ) '  . [A.22]

If th e  D* d irection  is in teg rated  over, using Eqs. [A.4] and  [A.8], we find th a t  the

inclusive pho ton  d is trib u tio n  is

da  1
 — OC X — —
dri{D'D~.-lDD) 3

o c l - ^ ( ^ - n ) ^  [A.23]
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A .5 D * D *  P r o d u c t io n  a n d  D ecay

T he p ro d u ctio n  m a trix  elem ent for D 'D ‘ p ro d u c tio n  is

■MjD-d* cxAo(e • ï ){tj • p) +

/ 1  1 1 \  [A.24]
^ 2  ^ -(e -p )(e -r7 )  +  “  g(P ‘ »7)(e ‘ j  •

As in the  preceding section, various an g u lar d is trib u tio n s could be calcu lated  

using th is  m a trix  elem ent an d  th e  decay m a trix  elem ents above by in teg rating  

over the  D* o r th e  P *  po larizations an d  directions, p ion  or p h o ton  directions, 

pho ton  po larizations, an d  so fo rth . These are in struc tive  b u t n o t necessary for 

our purpose here, so these  expressions will no t be discussed; in stead , th e  final 

expressions for angu lar d is trib u tio n s for D*D*  p ro d u ctio n  an d  decay th a t  were 

used in th e  M onte  C arlo a re  given d irectly  below.

T he D ouble-P ion  Decay D *D ‘ —» wttD D

S ta rtin g  from  th e  m a trix  elem ent in Eq. [A.24], an d  using Eq. [A.17] tw ice, 

we get the  resu lt

+  2 AoAz(gi • gg) (91 • p ) { g 2 ■ p) -  ^ ( 9 1  • 9 2 ) +  (p • n)

X Q ( ? i  • h ) { p - n )  -  ■ p ) { h  ' A) -  ^ (9 2  - p)(gi

+  A 2  ^ ^ ( 9 1  ■ PŸ +  “ ( 9 2  ■ pŸ + g ( 9 i  ■ 9 2 ) ^  -  ^ ( 9 1  • P )^{92 ■

-  - (9 1  • ” ) ^ ( 9 2  ■ p ) *  -  - (9 1  • 9 z ) ^ ( p  ■

~  g ( 9 i  • p ) { 9 2  • p ) ( 9 i  • 92 )  -  g ( 9 i  ' P ) ( 9 2  • f i ) ( 9 i  • A ) (92 • p )  

+  ^(91  - P ) ( 9 2  • n)(gi  ■ 92) ( p  ■ n )
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+  ^ ( 9 1 -" ) (9 2 -p )!? !  • 9 2 ) ( p - n ) ^  . [A.25]

T he F io n -P h o to n  Decay D ‘D* —* ■k '^D D

S ta rtin g  from  th e  m a tr ix  elem ent in Eq. [A.24], and  using Eqs. (A.17] an d  [A.18], 

we find th a t

da
dVl{D-D'-^niDD)

« ^ 0  -  (p • n)^ +  (? • fc)^(p ■

+  2 A 0 A 2 +  (9  • p Y  +  1 ( q ■ +  ^ ( p  ■ A ) '  -  ^ ( 9  • k ) 2 ( p  - n f3 '  '  3 '  '  3

-  (q ■ k){k  • p){g ■ p) -  (g ■ p)(g ■ n )(p  ■ n)

^ ( 9  • k )(p  ■ n] • p)[g -71) + [k -  n )(g  ■ p)J+

-  (̂9 • k)̂  - (̂p ■ A )' +  ■ p)*(9 • n)*

+  • A)^(9 -p)^ +  ^ ( 9  • fc)^(p- A)^ +  ^ ( k - p ) ( g  ■ k ) ( g - p )

+ g(P-A)(9-A)(9-p) + ^(Â-p)(^-A)(9-n)(9 p)

; ( k - p} ( g  ■ k) (g ■ n) (p ■ A)

- ^ ( k - n ) ( g - k ) ( g - p ) ( p - n ) [A.26]

T he D ouble-P hoton  D ecay D * D ' —> ~)~fDD

A gain s ta rtin g  from  the m a trix  elem ent in Eq. [A.24], and  using Eq. [A.18]
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tw ice, we get th e  resu lt

da
dCl(D-D"^niDD]

o c A q  ( p  ■ n ) ^  +  ( k i  ■ k i ) ^  —  { k i  ■ & 2 ) ^ ( p  '

+  j4qj42

+ A l

-  ( l  -  (p • n ) * )  -  - { k i  ■ k 2 Ÿ  -  2  ( ( & !  • P Ÿ  +  (&2 • p )‘ 

+  ^ (^ 1  • h Y i P  ■ A ) ^  +  2 ( p  • n )  • A ) ( f c i  • p )

+  (^2 • A)(&2 - p ) )  + 2 ( ^ 1  • &2)(&i -p)(fc2 ■ p)

- { k i  k 2 ] ( p - n )  ( ( & !  • n ) ( ^ 2  p )  +  ( h  - A ) ( î i  - p ) ) ]  

g  +  ^ ( P  • A ) ^  +  - ( & !  • 62)2  (1  -  ( p  • A ) 2 )

-  ( (^ 1  • P Y  +  (^2  • P ) ^ )  +  -  ( ( & !  • A ) ^  +  ( k i  ■ A ) 2 ^

-  ^ ( P -  A) ( (& i • A)(Âi • p) +  (&2 • A)(Â:2 - p ) )

-  ^ ( î l  • * 2 ) ( ^ l  • P ) ( f c 2  P )

-  Y  ((^ 1  ■ A ) ^ ( ^ 2  • p)^  +  (^1  • p)^(k2 ■ A ) ^ ^

+  ^ ( Â l  • &2)(p • A) ((& ! ■ A)(&2 • p) +  (k i  • P)(k2 ■ A ) j

[A.27]1
• A)(fci • p)(&2 ■ A){fc2 • p)

A .5.1 The Param eters A q and  A 2

T he expression for the  D*D* m a trix  elem ent, Eq. [A.13], involves th e  am ­

plitudes Aq and  A2 (a possible f -w a v e  com ponen t has been neglected). Only 

the  ra tio  z  — A ojA g  is observable. T here  is only lim ited  experim en tal evidence 

for the  value of 2 .* In place of an  experim ental de term ina tion , we have used

* Ref. 79 gives |z p  <  0.51.
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z  =  —1 /6  for all D*D* M onte C arlo  events generated  for th is  analysis. C ahn 

and  K ayser, in Ref. 14, s ta te  th a t  th is value is p red ic ted  by  theo ry  if one assum es 

the  resonance is a  s ta te , and  th a t  th e  sp in  of th e  ligh t quarks is n o t strongly  

co rre la ted  w ith  th e  sp in  of the  ch arm  queu'ks.

A .6  R e la tiv is tic  C o rre c tio n s

T he d is trib u tio n s for D*D* p roduction  and decay p resen ted  above are non- 

rela tiv is tic  approxim ations. However, these are sufficient for our purposes be­

cause we are study ing  these processes only 10 MeV above threshold ; th e  P * ’s are 

m oving slowly. Also, the  d is trib u tio n  for D D  p roduction  is sufficient; it rem ains 

th e  sam e in a  rela tiv istic  calcu lation . However, th e  d is trib u tio n s for D *D  m ust 

be corrected  since we are w orking ~  150 MeV above th resho ld  for th is  m eson 

com bination .

C ahn  and  K ayser have calcu lated  these effects. In essence, th e  angu lar dis­

tr ib u tio n s  now include te rm s involving th e  energies of th e  decay pion or photon . 

For th e  pionic decay, the  d is trib u tio n  is

t i n

«  (■  -  (3  ” ) ’ )  111’  (1  -  ( 5  • W ’ )  IA -2S I

This is the  generalization  of Eq. [A.20]. For the  pho ton  decay, th e  d is trib u tio n

dÜ(D

— 0 D 'k  • p ^^3 — (fc • n]^ j  ~  ~  j  (fc • p)

+  2 ^ # ' [ +  (^ ■ + 2 ^ 1 -  (fc • { k - p Y

-  ( l - 3 ( ^ n ) = )  ( ^ p ) ^ ] |  [A.29]

This is the  corrected  version of Eq. [A.22]. Eqs. [A.28] and  [A.29] are used in the 

M onte C arlo  event generator.
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