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A b str a ct

T h e a n g ul ar di stri b uti o n s of t h e c h ar m o ni u m r e s o n a n c e s J/ Ψ ( 3 0 9 7) a n d

Ψ ( 3 6 8 6) i n t h eir e x cl u si v e d e c a y t o a n el e ctr o n- p o sitr o n p air ar e st u di e d.

E x p eri m e nt 8 3 5 at t h e F er mi N ati o n al A c c el er at or L a b or at or y pr o d u c e d

c h ar m o ni u m r e s o n a n c e s b y a n ni hil ati n g pr ot o n s wit h a nti pr ot o n s i n t h e Fi x e d

T ar g et M o d e of t h e A nti pr ot o n A c c u m ul at or:  A st o c h a sti c all y c o ol e d a nti pr ot o n

b e a m c olli d e s wit h a h y dr o g e n g a s j et, w hi c h f or m s cl u st er s u n d er t h e ri g ht

pr e s s ur e a n d l o w t e m p er at ur e.   T h e c h ar m o ni u m d e c a y pr o d u ct s ar e d et e ct e d

o ut of a l ar g e h a dr o ni c b a c k gr o u n d wit h t h e h el p of a s e g m e nt e d l e a d gl a s s

s a m pli n g c al ori m et er, w hi c h i s s e n siti v e t o t h e hi g h m a s s el e ctr o n- p o sitr o n

c h ar m o ni u m d e c a y, a n d a s et of C er e n k o v t hr e s h ol d d et e ct or s t h at pr o vi d e

g o o d el e ctr o n/ pi o n s e p ar ati o n.  S e v er al f a ct or s i nfl u e n c e t h e a n g ul ar

di stri b uti o n p ar a m et er λ
 
t a k e n fr o m t h e a n g ul ar di stri b uti o n, i n cl u di n g t h e

e n er g y s c al e of t h e r e s o n a n c e, t h e c o u pli n g str e n gt h of t h e c h ar m o ni u m at o m,

a n d h o w q u ar k s a n d gl u o n s i nt er a ct i n t h e di s s ol uti o n of t h e pr ot o n a n d

a nti pr ot o n.  T h e a n g ul ar di stri b uti o n p ar a m et er i s d et er mi n e d t o b e

0. 6 3 +/- 0. 1 8 ( st ati sti c al) +/- 0. 0 5 ( s y st e m ati c) at t h e J/ Ψ ( 3 0 9 7), a n d

0. 6 6 +/- 0. 2 7 ( st ati sti c al) +/- 0. 0 3 ( s y st e m ati c) at t h e Ψ ( 3 6 8 6).
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1. C h ar m o ni u m

1. 1. Hi st or y

Pri or t o 1 9 7 4, t h e e xi st e n c e of a f o urt h q u ar k w a s a m att er of c o nj e ct ur e

b a s e d o n t h e or eti c al d e b at e a n d cir c u m st a nti al e vi d e n c e.  T hr e e diff er e nt

q u ar k s w er e k n o w n t o e xi st ( u p, d o w n, str a n g e) al o n g wit h f o ur l e pt o n s

( el e ctr o n, m u o n, e- n e utri n o,  µ - n e utri n o).  B a s e d u p o n s y m m etr y, a n a d diti o n al

q u ar k w a s r e q uir e d i n or d er t o c o m pl et e t h e q u ar k-l e pt o n d o u bl et s s h o w n i n

Fi g ur e 1. 1.

e

ν e

µ

ν µ

- 1

0

u

d s

+ 2 / 3

- 1 / 3

Fi g ur e 1. 1 :  Q u ar k-l e pt o n d o u bl et s pri or t o
1 9 7 4.
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The ratio of electron-positron annihilation rates into hadrons versus that

for muons depends to first order on (a) the number of colors each quark has,

and (b) the number of quark flavors.  Note the increase in Figure 1.2 with the

addition of each quark.  This ratio was shown to increase past a center of mass

energy around 3 GeV, and an additional quark flavor with a +2/3 charge could

help account for the difference.1

Figure 1.2:  Ratio R of e+e- annihilation into hadrons from 0 to 40 GeV.2

Charm was shown in 1970 under the GIM mechanism to explain the

absence of strangeness-changing neutral currents in weak interactions.  The

suppression of such decays is explained by the different masses of the up and

charm quarks.3  In 1974, Appelquist and Politzer predicted that charmonium

would form a set of bound states much like those seen in positronium.4
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H e n c e, t h er e w er e e x p eri m e nt al a n d t h e or eti c al i n di c ati o n s of t h e

e xi st e n c e of a c h ar m e d q u ar k.  H o w e v er, t h e e xi st e n c e of a f o urt h q u ar k w o ul d

m e a n t h at t h er e s h o ul d b e m or e h a dr o ni c st at e s.  E vi d e ntl y, if t h er e w er e a

f o urt h q u ar k, it w a s h e a v y e n o u g h f or t h e s e ot h er h a dr o ni c st at e s t o li e at

e n er gi e s n ot e x c e e d e d b y a n y e x p eri m e nt at t h at ti m e.

I n N o v e m b er, 1 9 7 4, t w o e x p eri m e nt s i n d e p e n d e ntl y di s c o v er e d a

r e s o n a n c e wit h a stri ki n gl y n arr o w t ot al wi dt h at ar o u n d a c e nt er- of- m a s s

e n er g y of 3. 1 G e V.  Br o o k h a v e n N ati o n al L a b or at or y ( B N L) s a w t hi s f e at ur e i n

t h e i n v ari a nt e+ e - m a s s pl ot pr o d u c e d b y c olli si o n s of a pr ot o n b e a m o n a

B er ylli u m t ar g et.  T h e y c all e d t hi s n e w r e s o n a n c e ‘ J’. 5   T h e St a nf or d Li n e ar

A c c el er at or C e nt er ( S L A C) s a w t hi s r e s o n a n c e i n a pl ot of cr o s s- s e cti o n v s.

e n er g y f or m ulti- h a dr o n fi n al st at e s r e s ulti n g fr o m e + e - a n ni hil ati o n s.6   S L A C

c all e d t hi s r e s o n a n c e Ψ  , a n d t o d a y it i s c all e d t h e J/ Ψ .

T h e r a di al e x cit ati o n of t h e J/  Ψ,  t h e Ψ ’, w a s s o o n di s c o v er e d

aft er w ar d s. 7   H o w e v er, t h e s e t w o r e s o n a n c e s c o ul d n ot b e c o nfi d e ntl y attri b ut e d

t o t h e b o u n d st at e of a c h ar m- a nti c h ar m q u ar k p air u ntil t h e s o- c all e d " c h ar m e d"

m e s o n s (i. e. m e s o n s wit h a c o n stit u e nt c h ar m q u ar k) w er e f o u n d a n d t h e

u ni q u e b e h a vi or of it s d e c a y s w er e v erifi e d b y e x p eri m e nt. 2, 8

3



Fi g ur e 1. 3:  Di s c o v er y of t h e J/ Ψ  at Br o o k h a v e n (l eft)5 , a n d at S L A C (ri g ht).6

O n e m a y ri g htf ull y a s k h o w o n e c a n a s si g n t h e s e t w o n e w r e s o n a n c e s t o

a f a mil y c all e d c h ar m o ni u m.  T h e fir st cl u e i s t h e e xtr e m el y n arr o w wi dt h s of

t h e s e t w o r e s o n a n c e s.  T hi s m a y b e e x pl ai n e d b y t h e O ZI- R ul e ( O k u b o- Z w ei g-

Ii z u k a), w hi c h h a s b e e n a p pli e d t o t h e φ  m e s o n.  Alt h o u g h t h e Q- v al u e of t h e

d e c a y (t h e Q- v al u e i s t h e m a xi m u m ki n eti c e n er g y r el e a s e d i n t h e d e c a y of t h e

r e s o n a n c e t o t h e l o w e st m a s s st at e c o nt ai ni n g t h e c o n stit u e nt q u ar k s of t h e

p ar e nt r e s o n a n c e) i nt o t w o K m e s o n s i s q uit e s m all a n d t h e Q- v al u e of t h e

d e c a y i nt o 3  π i s m u c h l ar g er,  t h e d e c a y of t h e φ  m e s o n i nt o k a o n s d o mi n at e s.1

4
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c

c

q

q

q

q

Fi g ur e 1. 4:  O ZI- s u p pr e s s e d c h ar m o ni u m d e c a y.

T h e O ZI r ul e st at e s t h at t h e di s c o n n e ct e d q u ar k di a gr a m s of Fi g ur e 1. 4

( w h er e o n e or m or e q u ar k li n e s ar e n ot c o nti n u o u s fr o m t h e i niti al t o t h e fi n al

st at e) ar e s u p pr e s s e d r el ati v e t o t h e c o n n e ct e d q u ar k di a gr a m s of Fi g ur e 1. 5.  I n

t h e c a s e of t h e φ m e s o n, t h e d e c a y t o K m e s o n s i s c o n n e ct e d a n d t h e d e c a y t o 3

pi o n s, w hil e o p e n t o m or e p h a s e s p a c e, i s di s c o n n e ct e d ( n o str a n g e q u ar k s

a p p e ar i n t h e fi n al st at e).  W hil e t h e  φ m e s o n sit s j u st a b o v e t h e t hr e s h ol d t o

d e c a y i nt o t h e t w o l o w e st- m a s s str a n g e m e s o n s, s e v er al c h ar m o ni u m

r e s o n a n c e s ar e b el o w t h e t hr e s h ol d f or t h e d e c a y i nt o t h e t w o l o w e st c h ar m e d

m e s o n s.  D e c a y s wit h c o n n e ct e d di a gr a m s ar e t h u s n ot ki n e m ati c all y all o w e d

f or c h ar m o ni u m r e s o n a n c e s wit h m a s s e s l e s s t h a n t wi c e t h e m a s s of t h e

s m all e st c h ar m e d m e s o n, D ( c u ).  Wi dt h s ar e s m all er b e n e at h t hi s t hr e s h ol d

b e c a u s e d e c a y s ar e f or c e d t o pr o c e e d t hr o u g h t h e s u p pr e s s e d c h a n n el s.
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Fi g ur e 1. 5:  O ZI- all o w e d c h ar m o ni u m d e c a y.

T h e D- m e s o n w a s di s c o v er e d at S L A C i n 1 9 7 6 wit h a m a s s of 1 8 6 3

M e V. 9    Wit h t h e e x c e pti o n of D- w a v e st at e s t h at c a n n ot d e c a y i nt o D- m e s o n s

d u e t o p arit y, all c h ar m o ni u m st at e s a b o v e t wi c e t hi s m a s s h a v e br o a d wi dt h s.

Si n c e c h ar m i s c o n s er v e d i n str o n g a n d el e ctr o m a g n eti c d e c a y s, D- m e s o n s

a n d t h eir c h ar m e d c o u si n s m u st d e c a y vi a w e a k i nt er a cti o n s, w hi c h w er e

s u b s e q u e ntl y f o u n d at S L A C a n d D E S Y ( D e ut s c h e s El e ktr o n e n- S y n c hr otr o n).

O b s er v ati o n of t h e e x cit e d D *  a n d F m e s o n s, t h e i nt er m e di at e P-l e v el st at e s,

a n d t h e i n cr e a s e i n t h e r ati o R m e nti o n e d pr e vi o u sl y n e ar t h e r e gi o n of 3. 1 G e V

all l e a d o n e t o b eli e v e t h at t h e Ψ  f a mil y i s b uilt fr o m a c h ar m e d q u ar k- a nti q u ar k

p air. 9
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1. 2. S p e ctr o s c o p y

St at e s i n t h e c h ar m o ni u m s p e ctr u m ( s e e Fi g ur e 1. 6) ar e l a b ell e d eit h er

b y q u a nt u m n u m b er s J P C  ,  w h er e J  i s t h e t ot al s pi n of t h e s y st e m (J  = L + S ), or

b y t h e n ot ati o n n 2 S + 1 L
J 
, w h er e n i s t h e r a di al q u a nt u m n u m b er.   F or a n y

f er mi o n- a ntif er mi o n s y st e m,  t h e p arit y q u a nt u m n u m b er i s

P =   - 1 L + 1  , ( 1. 1)

a n d t h e c h ar g e- c o nj u g ati o n p arit y i s

C =   - 1 L + S   . ( 1. 2)

T h e q u a nt u m n u m b er s f or t h e J/ Ψ ( 3 0 9 7), 1 0  Ψ( 3 6 8 6), 1 1  a n d t h e Ψ ( 3 7 7 0)1 2

h a v e b e e n f o u n d t o b e t h e s a m e a s t h o s e of t h e p h ot o n, 1 --.  T h u s t h e s e st at e s

ar e r e a dil y a c c e s si bl e t o pr o d u cti o n vi a e + e - a n ni hil ati o n, w hi c h pr o d u c e s a

virt u al p h ot o n wit h t h e s a m e q u a nt u m n u m b er s.

7
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Figure 1.6:  The spectrum of charmonium bound states below the threshold to
open charm.13

The dominating characteristic of the charmonium spectrum is the

apparent division between the low-lying states with total widths on the order of

100 keV and higher excitations that have widths on the order of 100 MeV.   The
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principal reason for this effect is the heavy mass of the charmed quark, which is

approximately 1.5 GeV.  States with center-of-mass energies less than twice the

mass of the lightest charmed meson obey the previously mentioned OZI-Rule:

The decay into hadrons with lighter quarks is suppressed while the decay into

charmed mesons is not allowed.

The other impact of the mass of the charmed quark is that the quantum

mechanics of the hydrogen atom can be applied to the charmonium system.

One can roughly evaluate the worthiness of the approach by computing the

average kinetic energy of charmonium via the virial theorem.  Given that a linear

term in the potential dominates at the mean radius of the charmonium atom and

the expectation value for the kinetic energy,

T   =   1 
2 r P C œ P V ( r P )  , (1.3)

where the binding energy of the system is E b   =   3 T .  Non-relativistically the

kinetic energy of two charmed quarks is expressed as

T   =   2   
m c v 2 

2 . (1.4)

As a result, one expects for the charmed quark the square of the velocity to be

v 2   =   
E b 

3 m c 
. (1.5)
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A s s u mi n g f or t h e c h ar m o ni u m s y st e m t h at t h e bi n di n g e n er g y i s t h e

diff er e n c e i n m a s s e s b et w e e n t h e J/ Ψ ( n e ar t h e l o w e st p o s si bl e b o u n d st at e)

a n d t h e Ψ ’ ( cl o s e t o t h e t hr e s h ol d t o o p e n c h ar m), a n d t h e m a s s of t h e c h ar m

q u ar k i s a p pr o xi m at el y 1. 5 G e V, o n e o bt ai n s a n e sti m at e f or t hi s s q u ar e d

v el o cit y of 0. 1 5 c 2 .   O n e s e e s t h at alt h o u g h r el ati vi sti c eff e ct s m a y b e i m p ort a nt,

t h e y d o n ot d o mi n at e t h e c h ar m o ni u m s y st e m.  I n st ar k c o ntr a st,  t h e m a s s e s of

t h e li g ht er q u ar k s (fr o m u n d er 1 0 M e V t o a c o u pl e h u n dr e d M e V) m a k e a n y

n o n-r el ati vi sti c tr e at m e nt u nr eli a bl e.  S p e ctr o s c o p y of t h e s e l o w er m a s s st at e s

i s al s o e n c u m b er e d b y t h e s h e er n u m b er of t h e li g ht- q u ar k st at e s a n d t h eir

o v erl a p pi n g wi dt h s.

1. 3. P ot e nti al T h e or y

Si n c e t h e m a s s of t h e c h ar m e d q u ar k i s s o h e a v y, w e att e m pt t o a p pl y a

n o n-r el ati vi sti c S c hr ö di n g er’ s E q u ati o n t o t h e c h ar m o ni u m s y st e m wit h a Q C D-

i n s pir e d p ot e nti al.  Alt h o u g h m a n y diff er e nt p ot e nti al s e xi st, t h e o n e m o st oft e n

r ef err e d t o a n d t h e si m pl e st o n e i s t h e C or n ell p ot e nti al, w hi c h a d dr e s s e s t h e

t w o m ai n c o n c e pt s i n Q C D: a s y m pt oti c fr e e d o m a n d q u ar k c o nfi n e m e nt.  It

c o n si st s of a C o ul o m b-li k e t er m r e pr e s e nti n g o n e- gl u o n e x c h a n g e at s m all

di st a n c e s a n d a li n e ar t er m, m o st li k el y d u e t o m ulti- gl u o n e x c h a n g e s,  t h at will

f or c e q u ar k s t o b e c o nfi n e d i n h a dr o n s a n d m e s o n s:

1 0



     V r   =   - 
4 
3 

α s r 

r 
  +  k r. ( 1. 6)

 A s y m pt oti c fr e e d o m d o e s n ot e xi st i n Q E D: T h e c h ar g e of a n el e ctr o n i s

d et er mi n e d b y it s l o n g di st a n c e b e h a vi or.  V a c u u m fl u ct u ati o n s of el e ctr o n-

p o sitr o n p air s t e n d t o s cr e e n t h e b ar e c h ar g e, s o t h at t h e cl o s er y o u g et t o t h e

el e ctr o n, t h e gr e at er t h e c h ar g e.  W h er e a s p h ot o n s (t h e c arri er s of t h e

el e ctr o m a g n eti c i nt er a cti o n) d o n ot c arr y a c h ar g e ( a n d t h u s d o n ot i nt er a ct wit h

e a c h ot h er), gl u o n s (t h e c arri er s of t h e str o n g i nt er a cti o n) c arr y a c ol or  c h ar g e.

A s t h e di st a n c e s c al e b e c o m e s l ar g er h o w e v er, α
s
 i n cr e a s e s a s w ell a s t h e

c o ntri b uti o n s of hi g h er or d er t er m s i n a p ert ur b ati v e a p pr o a c h.

H e n c e t h er e i s n o c orr e s p o n di n g l o n g- di st a n c e Q C D li mit f or t h e c ol or

c h ar g e .  I n Q C D t h e c ol or c h ar g e l e a d s t o a nti s cr e e ni n g:   T h e cl o s er y o u g et t o

t h e p arti cl e i n q u e sti o n, t h e l e s s i nt e n s e t h e eff e cti v e f or c e b e c o m e s, a n d t h e

m or e t h e p arti cl e a ct s li k e it w er e fr e e.  T h e c o n st a nt α
s
 a n d it s d e cr e a s e wit h

i n cr e a si n g e n er g y m a y b e p ar a m et eri z e d i n t er m s of it s F o uri er tr a n sf or m1 4 

α s Q 2   =   
1 2   π 

3 3 - 2 n f l n
Q 2 

Λ 2 

 , ( 1. 7)

w h er e n
f
 i s t h e n u m b er of fl a v or s wit h m a s s b el o w Q a n d Λ  i s a c h ar a ct eri sti c

1 1
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(  ) 
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s c al e of a b o ut 2 0 0 M e V.

A p pl yi n g s u c h p ot e nti al s d e p e n d s i n p art o n t h e str e n gt h of t h e str o n g

c o u pli n g c o n st a nt  α
s
.   T h e c orr e s p o n di n g c o u pli n g c o n st a nt f or Q E D ( Q u a nt u m

El e ctr o d y n a mi c s) i s m u c h s m all er, 1/ 1 3 7, t h a n t h e a v er a g e v al u e of  α
s
 i n t h e

c h ar m o ni u m s y st e m (t y pi c all y c al c ul at e d b et w e e n 0. 2 a n d 0. 3).  If α
s
 i s t o o

l ar g e, t h e n p ert ur b ati v e t e c h ni q u e s, s u c h a s d e s cri bi n g pr o c e s s e s vi a fir st- or d er

F e y n m a n gr a p h s, ar e n o l o n g er v ali d.

T h e b e h a vi or of α
s
 at l ar g e di st a n c e s i s r el at e d t o t h e r e a s o n w h y o nl y

c ol orl e s s c o m bi n ati o n s of s u b at o mi c p arti cl e s o c c ur i n n at ur e a n d q u ar k s ar e

c o nfi n e d t o m e s o n s or h a dr o n s.  B ef or e a p arti cl e wit h a si n gl e c ol or c a n

e s c a p e, e n o u g h e n er g y e xi st s t o m a nif e st n e w c ol orl e s s c o m bi n ati o n s of

p arti cl e s o ut of t h e v a c u u m d u e t o t h e c o n si d er a bl e v al u e of α
s
 i n t h e Q C D

p ot e nti al.

D u e i n p art t o t h e c o m pl e xiti e s br o u g ht a b o ut b y c o nfi n e m e nt, a si m pl e

n o n-r el ati vi sti c p ot e nti al b y it s elf m a y n ot b e s ati sf a ct or y t o m o d el t h e

c h ar m o ni u m b o u n d st at e s.  S pi n d e p e n d e n c e of t h e Q C D p ot e nti al m a y b e

a c c o m pli s h e d b y di vi di n g t h e a b o v e p ot e nti al i nt o v e ct or a n d s c al ar p art s, a n d

t h e n u si n g t h e s e t er m s t o b uil d a H a milt o ni a n wit h s pi n- s pi n, t e n s or, a n d s pi n-

1 2



or bit c o ntri b uti o n s.  T h e n e c e s sit y of i n cl u di n g s pi n d e p e n d e n c e c a n b e

d e m o n str at e d b y o b s er vi n g t h e s plitti n g of t h e S a n d P st at e, w hi c h w o ul d n ot

o c c ur wit h o ut t h e r el ati vi sti c eff e ct s i n h er e nt i n t h e c o n c e pt of s pi n.

I n pri n ci pl e, o n e t a k e s t h e B et h e- S al p et er e q u ati o n f or a r el ati vi sti c

b o u n d st at e s y st e m a n d e x p a n d s e v er yt hi n g u p t o or d er ( v 2 / c2 ).  A n o n-

r el ati vi sti c r e d u cti o n of t hi s e q u ati o n yi el d s t h e g e n er ali z e d Br eit- F er mi

H a milt o ni a n 1 5 :

H   =  m1   +  m
2 
  +   

p P  2 

2 µ 
  -   

1 
8 

1 

m 1 
3 + 

1 

m 2 
3   +  V( r )   

+  H SI   +  HL S   +  HS S   +  HT 

, ( 1. 8)

w h er e t h e p ot e nti al i s a s u m of a v e ct or a n d a s c al ar c o ntri b uti o n,

V ( r )   =  VV ( r )   +  VS ( r )  . ( 1. 9)

T h e s pi n- or bit ( H
L S

), s pi n- s pi n ( H
S S

), a n d t e n s or ( H
T
) t er m s m a y b e writt e n

a s:

H L S   =   
1 

2 m 2 r 
3 

d 
dr

V V ( r )   -   
d 
dr

V S ( r ) L P  C  S  P   ; ( 1. 1 0)

H S S   =   
2 

3 m 2 S P  
1 C  S P  

2 ∆ V V ( r )  ; a n d ( 1. 1 1)

H T   =   
1 

1 2 m 2 

1 
r 

  
d 
dr

 VV ( r )   - 
d 2 

dr 2  VV ( r ) S 1 2  , ( 1. 1 2)

1 3
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w h er e

S 1 2 =   1 2
S P  

1 C  r P  S P  
2 C  r P  

r 2 
  -   

1 
3 

S P  
1 C  S P  

2 . ( 1. 1 3)

T h e e xi st e n c e of t h e s e s pi n- d e p e n d e nt p ot e nti al s h a s a dir e ct i m p a ct o n

t h e s p a ci n g i n t h e c h ar m o ni u m s p e ctr u m.  S p e cifi c all y t h e h y p erfi n e i nt er a cti o n,

H
S S

, i ntr o d u c e s a s plitti n g b et w e e n t h e si n gl et  (1 S
0
) a n d tri pl et ( 3 S

1
) S- w a v e

r e s o n a n c e s(r e s p e cti v el y t h e η
c
 a n d t h e J/Ψ  f or e x a m pl e).  T h e s pi n- or bit a n d

t e n s or i nt er a cti o n s al s o l e a d t o diff er e nt e n er g y l e v el s f or t h e tri pl et P- w a v e

st at e s ( 3 P
J
 or χ

J 
, J = 0, 1 , 2).

A n ot h er c o n c e pt t h at i s s o m eti m e s i n c or p or at e d i nt o t h e st u d y of t h e

c h ar m o ni u m s p e ctr u m i s q u a nt u m m e c h a ni c al mi xi n g, i n w hi c h e v er y

c h ar m o ni u m st at e i s a li n e ar c o m bi n ati o n of all ot h er c h ar m o ni u m st at e s a b o v e

a n d b el o w t hr e s h ol d wit h t h e s a m e s et of q u a nt u m n u m b er s J P C  vi a a “ c o u pl e d

c h a n n el “ f or m ali s m. 1 6    T h e b o u n d c h ar m o ni u m st at e s ar e n ot t h e p ur e st at e s

gi v e n b y t h e p ot e nti al m o d el s, b ut u s u all y t h e a m o u nt of mi xi n g i s n e gli gi bl e or

s m all.

I n f a ct, t h e Ψ ( 3 7 7 0) ( a b o v e t hr e s h ol d) a n d t h e Ψ ( 3 6 8 6) ( b el o w t hr e s h ol d)

ar e pr o b a bl y q u a nt u m m e c h a ni c all y mi x e d. 1 7   T hi s e x pl ai n s w h y t h e d e c a y

1 4
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wi dt h of t h e Ψ ( 3 7 7 0) i nt o e+ e - i s t o o l ar g e f or a p ur e D- w a v e, a n d t h e d e c a y

wi dt h of t h e Ψ ( 3 6 8 6) i s sli g htl y t o o s m all f or a p ur e S- w a v e.  T h e a m o u nt of S- D

w a v e mi xi n g i n e a c h r e s o n a n c e i s d efi n e d b y a mi xi n g a n gl e 1 8 

ψ ( 3 6 8 6)   =   2 3 S 1 c o s θ   +   1 3 D 1 si n θ  ( 1. 1 4)

a n d ψ ( 3 7 7 0)   =   - 2 3 S 1 si n θ   +   1 3 D 1 c o s θ   , ( 1. 1 5)

br o u g ht a b o ut b y a t e n s or i nt er a cti o n 1 9 

si n θ   .    2 2   
2 3 S 1  Vt e n s or 1 3 D 1 

E 1 3 D 
1 

-  E 2 3 S 
1 

. ( 1. 1 6)

E x p e ct ati o n s f or t hi s mi xi n g a n gl e r a n g e fr o m a n y w h er e b et w e e n 0 t o 3 0

d e gr e e s, 2 0, 2 1  b ut it i s m o st li k el y s m all e n o u g h t o r e g ar d t h e Ψ ’ a s a p ur e

S- w a v e r e s o n a n c e.

Of c o ur s e t h e tr u e t e st of all t h e diff er e nt p ot e nti al s i n a S c hr ö di n g er

e q u ati o n, or a n y ot h er f or m ali s m d e s cri bi n g t hi s s y st e m, i s t h eir a bilit y t o

r e pli c at e a n d/ or pr e di ct t h e b e h a vi or of t h e b o u n d st at e s a s f o u n d b y

e x p eri m e nt.  T hi s b e h a vi or i n cl u d e s s u c h t hi n g s a s t h e m a s s of t h e r e s o n a n c e,

it s t ot al wi dt h, br a n c hi n g fr a cti o n s, q u a nt u m n u m b er s, e n er g y s plitti n g s i n t h e

s y st e m, a n d t h e a n g ul ar di stri b uti o n of it s d e c a y pr o d u ct s.

1 5
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C h ar m o ni u m s er v e s a s a n i m p ort a nt t e sti n g gr o u n d f or m a n y diff er e nt

a s p e ct s of Q C D t h e or y a n d e x p eri m e nt.  T h e a n g ul ar di stri b uti o n s of

J / Ψ   6   e + e −   a n d  Ψ   '   6   e + e −   ar e pr o p orti o n al t o 1   +   λ  c o s 2 θ 
∗ 

, w h er e θ *  i s t h e

c e nt er- of- m a s s p ol ar a n gl e a n d λ  i s t h e a n g ul ar di stri b uti o n p ar a m et er.  T h e

p ar a m et er λ  i s s e n siti v e t o i s s u e s s u c h a s  t h e w a v ef u n cti o n of t h e c h ar m o ni u m

at o m ( a n d t h er ef or e t h e Q C D p ot e nti al), h o w c h ar m o ni u m c o u pl e s t o p p , a n d

t h e str u ct ur e of t h e pr ot o n at c h ar m o ni u m e n er gi e s.

E x p eri m e nt all y, t h e c h ar m o ni u m f a mil y h a s a ri c h hi st or y at s e v er al e + e -

c olli d er s a cr o s s t h e gl o b e s u c h a s t h e E ur o p e a n L a b or at or y f or P arti cl e P h y si c s

( C E R N),  t h e St a nf or d Li n e ar A c c el er at or ( S L A C), t h e D e ut s c h e s El e ktr o n e n-

S y n c hr otr o n ( D E S Y), a n d t h e B eiji n g El e ctr o n P o sitr o n C olli d er ( B E P C).

R e c e ntl y c h ar m o ni u m e x p eri m e nt s h a v e b e e n p erf or m e d b y c olli di n g pr ot o n s

wit h a nti pr ot o n s i n st e a d of el e ctr o n s wit h p o sitr o n s, fir st at C E R N a n d t h e n at

F er mil a b.   I n t h e f ut ur e, h e a vi er b o u n d st at e s y st e m s s u c h a s b ott o m o ni u m a n d

t o p o ni u m m a y o n e d a y b e cr e at e d b y c olli di n g pr ot o n s a n d a nti pr ot o n s b a s e d

u p o n t h e e x p eri e n c e g ai n e d b y e x a mi ni n g c h ar m o ni u m.

I n s u m m ar y, t h e a n al y si s of a n g ul ar di stri b uti o n s pr o b e diff er e nt a s p e ct s

of t h e Q C D p ot e nti al, a n d si n c e t h e J/ Ψ ( 3 0 9 7) a n d Ψ ( 3 6 8 6) m a y b e pr o d u c e d

dir e ctl y b y eit h er e + e - a n ni hil ati o n or  p p  a n ni hil ati o n, t h e st u d y of t h e s e
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(  ) 



r e s o n a n c e s i n p arti c ul ar s er v e a s a n i m p ort a nt li n k i n t h e c o m p ari s o n b et w e e n

t h e t w o m et h o d s.  T hi s t h e si s i s a st u d y of t h e a n g ul ar di stri b uti o n s i n t h e

e x cl u si v e d e c a y s of J/ Ψ ( 3 0 9 7) a n d Ψ ( 3 6 8 6) i nt o e+ e - vi a t h e pr ot o n- a nti pr ot o n

a n ni hil ati o n m et h o d.
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2. Pr o d u cti o n of C h ar m o ni u m

2. 1. Hi st or y

F or t h e fir st d e c a d e aft er t h e di s c o v er y of c h ar m o ni u m, it w a s pr o d u c e d

s ol el y b y e + e - a n ni hil ati o n.  Alt h o u g h t h e m a s s e s r e s ulti n g fr o m s u c h a n

e x p eri m e nt ar e v er y pr e ci s e, t h e wi dt h s of t h e r e s o n a n c e s ar e n ot.  T hi s i s a

r e s ult of t h e l ar g e e n er g y s pr e a d i n t h e el e ctr o n b e a m s a n d t h e r a di ati v e

c orr e cti o n s t h at m u st b e m a d e.  F urt h er m or e , o nl y st at e s wit h q u a nt u m

n u m b er s J P C  = 1 -- c a n b e pr o d u c e d dir e ctl y i n l ar g e q u a ntiti e s, si n c e t h e s e ar e

t h e q u a nt u m n u m b er s of t h e virt u al p h ot o n fr o m t h e e+ e - a n ni hil ati o n.2 2

R e s o n a n c e s wit h o ut t h e s e q u a nt u m n u m b er s d o n ot c o u pl e t o e + e - t o fir st or d er,

a n d m u st b e st u di e d i n t h e d e c a y fr o m t h e 1 -- st at e s.  T h e a bilit y t o s e e

c h ar m o ni u m st at e s at e + e - c olli d er s d e p e n d s gr e atl y o n t h e r e s ol uti o n of t h e

d et e ct or i n t h e e x p eri m e nt a n d t h e r e c o n str u cti o n of t h e fi n al st at e. 2 3

D u e t o t h e pi o n e eri n g eff ort s of e x p eri m e nt R 7 0 4 at t h e C E R N

I nt er s e cti n g St or a g e Ri n g s,2 4  it b e c a m e p o s si bl e t o st u d y c h ar m o ni u m vi a p p 

a n ni hil ati o n.  R 7 0 4 i m pl e m e nt e d a t w o- ar m n o n- m a g n eti c s p e ctr o m et er,

c o n si sti n g of a n u p str e a m s e cti o n f or tr a c ki n g c h ar g e d p arti cl e s f oll o w e d b y a

s e g m e nt e d el e ctr o m a g n eti c c al ori m et er, t o o pti mi z e t h e s e p ar ati o n b et w e e n

n e utr al γ ’ s a n d c o al e s c e d π 0 ’ s a n d b et w e e n c h ar g e d e- ' s a n d π ’ s.2 5   D e s pit e t h e
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pr e s e n c e of a l ar g er h a dr o ni c b a c k gr o u n d, c h ar m o ni u m’ s c h ar a ct eri sti c d e c a y s

i nt o a hi g h m a s s e+ e - p air all o w e d d et e cti o n of t h e s e st at e s.  St o c h a sti c c o oli n g

of a n a nti pr ot o n b e a m f o c u s e d o nt o a h y dr o g e n g a s t ar g et a n d pr e ci s e c o ntr ol

of t h e e n er g y of t hi s b e a m i n a n a nti pr ot o n st or a g e ri n g p er mitt e d t h e

m e a s ur e m e nt of m a s s e s a n d wi dt h s f or t h e s e n arr o w r e s o n a n c e s t o gr e at

a c c ur a c y.  F urt h er m or e, o n e w a s n o l o n g er li mit e d t o st u d yi n g o nl y t h e 1 --

c h a n n el:  T h e f ull s p e ctr u m of c h ar m o ni u m c o ul d n o w b e pr o d u c e d dir e ctl y.

E x p eri m e nt E 7 6 0 at F er mil a b i m pr o v e d t h e t e c h ni q u e s of a  p p 

a n ni hil ati o n e x p eri m e nt d uri n g t h e 1 9 9 0- 1 9 9 1 Fi x e d T ar g et R u n.  A m o n g it s

m o st n ot a bl e a c hi e v e m e nt s ar e t h e di s c o v er y of t h e si n gl et P- w a v e 2 6  (1 P
1
),

e x a mi n ati o n of t h e tri pl et P- w a v e st at e s ( χ ), a n d i m pr o v e m e nt s o n t h e m a s s a n d

wi dt h of t h e  η
c
( 2 9 8 0).  E 8 3 5' s g o al s ar e t o fi n d t h e mi s si n g η

c

’ , t h e r a di al

e x cit ati o n t o t h e η
c
 ,  a n d t o c o m pl et e t h e s p e ctr u m b el o w t h e t hr e s h ol d t o o p e n

c h ar m. 2 7

2. 2.  Pr o d u cti o n a n d St or a g e of A nti pr ot o n s

T h e F er mil a b A nti pr ot o n A c c u m ul at or ( Fi g ur e 2. 1) w a s d e si g n e d t o

a c c u m ul at e a n d c o ol a nti pr ot o n s f or u s e of t h e T e v atr o n c olli di n g b e a m

pr o gr a m.  Pr ot o n s wit h a n e n er g y of 1 2 0 G e V fr o m t h e m ai n ri n g c olli d e wit h a
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tungsten target, and the resulting negatively charged particles are collected with

a 15 cm X 1cm lithium lens.

E835

Figure 2.1 :  The E835 Antiproton Accumulator.28

A debuncher ring then accepts this particle bunch with a momentum of

8.9 GeV/c and stochastically cools the antiprotons, or debunches the

antiprotons, into a beam.   Stochastic cooling is a process of moving antiprotons
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wit h a ki c k er m a g n et  a w a y fr o m a n u ni nt e n d e d or bit  t o k e e p t h e b e a m

tr a n s v er s el y s m all a n d t o k e e p t h e m o m e nt u m s pr e a d s m all.  T h e m o m e nt u m

s pr e a d ∆ p/ p dr o p s fr o m a b o ut 4 % t o 0. 2 % at t hi s st a g e.  D uri n g t hi s tr a n siti o n

a n y pi o n s or m u o n s h a v e ti m e t o d e c a y, a n d a n y el e ctr o n s i n t h e b e a m ar e l o st

d u e t o s y n c hr ot o n r a di ati o n l o s s e s. 2 9, 3 0

N e xt, t h e a nti pr ot o n b e a m tr a v el s t o t h e A c c u m ul at or, w h er e it i s

st o c h a sti c all y c o ol e d a g ai n t o a s pr e a d of ∆ p/ p of 2 X 1 0 - 4 b y a s eri e s of of di p ol e

a n d q u a dr u p ol e m a g n et s, a n d t h e n d e c el er at e d t o t h e d e sir e d m o m e nt u m.

St o c h a sti c c o oli n g i s t h e pri m ar y r e a s o n w h y a  p p  a n ni hil ati o n e x p eri m e nt

c a n b e d o n e.  It c o u nt er a ct s t h e gr o wt h of b e a m e mitt a n c e d u e t o t h e m a n y

tr a v er s al s t hr o u g h t h e h y dr o g e n g a s j et t ar g et a n d i nt er a cti o n s wit h r e si d u al g a s

i n t h e a c c u m ul at or ri n g.  A s a r e s ult, t h e b e a m e n er g y s pr e a d c a n b e n arr o w e d

t o a b o ut 0. 5 M e V.

W h e n t h e A c c u m ul at or i s i n t h e Fi x e d T ar g et m o d e, a nti pr ot o n s ar e

c oll e ct e d u ntil t h e b e a m c urr e nt i s a n y w h er e fr o m 5 0 t o 1 0 0 m A.  T h e b e a m i s

t h e n d e c el er at e d u ntil t h e c e nt er of m a s s e n er g y of t h e a nti pr ot o n- pr ot o n s y st e m

r e a c h e s t h e m a s s of t h e d e sir e d r e s o n a n c e.  T h e a nti pr ot o n st a c k si z e

d e cr e a s e s a s it i nt er a ct s wit h t h e h y dr o g e n g a s j et t ar g et.  T h e e n er g y of t h e

b e a m i s d e c el er at e d fr o m a b o v e t h e d e sir e d v al u e i n s m all st e p s i n or d er t o

s c a n t h e m a s s a n d wi dt h of t h e r e s o n a n c e.   E v e n t h o u g h t h e wi dt h of t h e
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r e s o n a n c e m a y b e l e s s t h a n t h e wi dt h of t h e a nti pr ot o n b e a m ( ~ 5 0 0 k e V f or t h e

b e a m a n d ~ 1 0 0 k e V f or t h e J/ Ψ ), t h e t ot al wi dt h f or t h e r e s o n a n c e c a n b e

e xtr a ct e d if t h e r ati o of t h e p e a k cr o s s- s e cti o n t o t h e ar e a u n d er t h e c ur v e i s

d et er mi n e d a n d t h e wi dt h of t h e b e a m i s k n o w n. 2 2

2. 3. B e a m E n er g y M e a s ur e m e nt

T h e s u c c e s s of pr o d u ci n g c h ar m o ni u m i n  p p  a n ni hil ati o n s d e p e n d s i n

l ar g e p art o n t h e pr e ci s e d et er mi n ati o n of t h e a v er a g e b e a m e n er g y a n d it s

wi dt h.  W e d e s cri b e h er e t h e pr o c e d ur e t o d et er mi n e t h e s e q u a ntiti e s. 2 2, 3 1

T h e b e a m v el o cit y i s gi v e n b y

c β   =  f L , ( 2. 1)

w h er e f i s t h e a v er a g e r e v ol uti o n fr e q u e n c y of t h e a nti pr ot o n s, a n d L i s t h e or bit

l e n gt h.  U s u all y L i s d efi n e d wit h r e s p e ct t o s o m e r ef er e n c e or bit l e n gt h:

L =  L
0 
  +   ∆ L  . ( 2. 2)

Fr o m e q u ati o n ( 2. 1) w e c a n d eri v e t h e f oll o wi n g r el ati o n:

2 2
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df
f 

  =   
d β 

β 
  -   

d L
L 

 . ( 2. 3)

T h e fr a cti o n al m o m e nt u m s pr e a d i s d efi n e d vi a

d β 

β 
  =   

1 

γ 2 
  
d p
p 

 . ( 2. 4)

F urt h er m or e, a tr a n siti o n g a m m a f a ct or γ
t 
i s gi v e n b y 

d L
L 

  =   
1 

γ 2 t 
  
d p
p 

 . ( 2. 5)

C o m bi ni n g e q u ati o n s ( 2. 3) , ( 2. 4) , a n d ( 2. 5) ,  t h e r el ati o n b et w e e n t h e

fr a cti o n al m o m e nt u m s pr e a d a n d t h e fr a cti o n al fr e q u e n c y s pr e a d b e c o m e s:

d p
p 

  =   
1 

η 
  
df
f 

 , ( 2. 6)

wit h t h e sli p f a ct or η d efi n e d a s:

η   =   
1 

γ 2 
  -   

1 

γ 2 t 
 . ( 2. 7)
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T h e tr a n siti o n g a m m a f a ct or γ
t 
c orr e s p o n d s t o t h e b e a m tr a n siti o n e n er g y

at w hi c h t h e sli p f a ct or η  i s z er o a n d i s c o m pl et el y d et er mi n e d b y t h e n at ur e of

t h e a c c u m ul at or l atti c e.  Si n c e a nti pr ot o n s ar e c h ar g e d p arti cl e s, t h e y i nt er a ct

wit h t h e ot h er a nti pr ot o n s i n t h e b e a m a n d wit h t h e e xt er n al m a g n eti c fi el d s t h at

b e n d t h eir p at h, r e s ulti n g i n b ot h l o n git u di n al o s cill ati o n s a n d o s cill ati o n s

tr a n s v er s e t o t h e b e a m.  F or b e a m e n er gi e s a b o v e t h e tr a n siti o n e n er g y (η  < 0)

a hi g h er- e n er g y p arti cl e t a k e s a l o n g er ti m e t o c o m pl et e o n e or bit t h a n a l o w er

e n er g y p arti cl e.  F or b e a m e n er gi e s b el o w t hi s t hr e s h ol d ( η  > 0) a l o w er e n er g y

p arti cl e t a k e s l o n g er t o c o m pl et e o n e or bit.

O n c e η  i s k n o w n, t h e c e ntr al fr e q u e n c y of t h e b e a m i s f o u n d b y a n al y zi n g

t h e p o w er s p e ctr u m wit hi n a gi v e n l o n git u di n al S c h ott k y n oi s e b a n d,

P ( f ) ∆ f %   e2  f2 
a v e   

d N
df

  ∆ f   . ( 2. 8)

T h e si g n al i s d et e ct e d b y a c o a xi al q u art er w a v el e n gt h r e s o n a nt pi c k u p w h o s e

b a n d wi dt h i s m u c h gr e at er t h a n t h e b e a m fr e q u e n c y wi dt h, 7 9. 3 2 3 M H z.

T h e e n er g y of t h e b e a m c a n t h e n b e f o u n d fr o m
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E =   
m p 

1   -   ( f L) 2 
. ( 2. 9)

T h e err or o n t h e e n er g y m e a s ur e m e nt i s t h u s

δ E 
E 

  =   β 2   γ 3   
δ L 
L 

  +   
δ f 
f 

. ( 2. 1 0)

B e c a u s e s ur v e y m e a s ur e m e nt s of t h e c e ntr al or bit ar e n ot a c c ur at e

e n o u g h, t h e k n o w n v al u e of t h e  Ψ’ m a s s i s u s e d t o c al c ul at e t h e r ef er e n c e or bit

l e n gt h a n d it s err or.  Wit h t h e c e nt er of m a s s e n er g y

s =   2  m p 
2   +   2  m p E  ( 2. 1 1)

a n d it s r e s p e cti v e err or

δ s   =   
m p 

s 
  δ E  ( 2. 1 2)

e x pr e s s e d i n t er m s of t h e b e a m e n er g y, a n d n oti n g t h at t h e fr a cti o n al fr e q u e n c y

err or i s v er y s m all,  i. e.  δ f/f ~ 1 0- 7 ,  t h e fr a cti o n al err or i n t h e or bit l e n gt h i s:

2 5
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δ L 
L 

  =   
s 

γ β 2 m p 
2   δ s . ( 2. 1 3)

U si n g t h e b e st a v ail a bl e m e a s ur e m e nt f or t h e Ψ ’ m a s s,3 2

3 6 8 6. 0 0 ± 0. 1 0 M e V, o n e att ai n s a r ef er e n c e or bit l e n gt h of 4 7 4. 0 4 5 7 m ± 0. 6 7

m m.  H o w e v er, t h e q u ot e d err or of 0. 6 7 m m i s n ot t h e o nl y err or i n v ol v e d i n t h e

d et er mi n ati o n of t h e b e a m e n er g y, si n c e t h e b e a m c a n n ot pr e ci s el y b e k e pt o n

t h e r ef er e n c e or bit at all e n er gi e s.  N or m all y t h e tr u e or bit d e vi at e s fr o m t h e

r ef er e n c e or bit b y ± 2 m m, a s m e a s ur e d b y 4 8 B P M’ s ( B e a m P o siti o n M o nit or s)

di stri b ut e d t hr o u g h o ut t h e A c c u m ul at or.  F urt h er m or e, t h er e w a s a r a n d o m err or

i n m e a s uri n g t h e or bit l e n gt h of ± 1 m m.  T h e fi n al m a s s err or s f or t h e J/Ψ  a n d

t h e Ψ ’ w er e f o u n d t o b e 0. 0 5 M e V/ c2 a n d 0. 1 5 M e V/ c 2  r e s p e cti v el y i n E 7 6 0.3 1

2. 4. H y dr o g e n G a s J et

D uri n g t h e 1 9 9 0- 9 1 Fi x e d T ar g et R u n at F er mil a b, E 7 6 0 utili z e d a

h y dr o g e n g a s j et ( Fi g ur e 2. 2) c o ol e d d o w n t o 8 0 K wit h li q ui d nitr o g e n t o f or m

t h e t ar g et f or t h e b e a m of a nti pr ot o n s.3 3   At l o w t e m p er at ur e s a n d hi g h

pr e s s ur e s, h y dr o g e n g a s m a y f or m cl u st er s of l ar g e n u m b er s of h y dr o g e n

m ol e c ul e s i n a n e x p a n si o n pr o c e s s fr o m a n o z zl e.  H e n c e i n st e a d of tr yi n g t o hit

a si n gl e h y dr o g e n m ol e c ul e, t h e a nti pr ot o n b e a m h a s a m u c h l ar g er t ar g et, a n d

t h e pr o b a bilit y of a n i nt er a cti o n t h u s i n cr e a s e s.  T hi s j et h a s b e e n u p gr a d e d t o
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increase the interaction rate with the antiproton beam for E835, whose intensity

has also been increased.  There are primarily three reasons why the upgrade

on the gas jet was needed.

Figure 2.2 :  The E835 Hydrogen Gas Jet.33

First,  larger clusters yield a higher interaction rate with the antiproton

beam.  The temperature of the hydrogen gas jet has been decreased from 80K

to 27K to enhance the clustering of the hydrogen gas, which happens as the

gas expands from the nozzle, to at least 104 atoms per cluster.   During testing it

was shown that the cryocooler was capable of cooling the jet nozzle to at least

10K, and the density of the gas jet could be as much as 5 times as large as that

in E760.

27

): - ): I S S LI DE 
'(' A.X I s SL Lor 

ANC.L -OS b 1i I I 
G,I A RI!. C 

- C S J,ET 
VACU '51-1£1.L 



Second, less background gas escaping into the ring improves stochastic

cooling and limits unwanted secondary interactions.  The pumping speed for

the vacuum chamber in which the gas jet sits has been improved.  The chamber

pressure can be maintained below 1 Pa, and this reduces the interaction of the

background gas with the jet stream.

Third, adjusting the position of the jet nozzle can optimize the interaction

rate with the antiproton beam.  The nozzle may now be moved in the plane

perpendicular to the gas stream produced by the nozzle, and the angular

direction of the nozzle may be altered as well.

The end result is that an interaction rate of approximately 5 MHz yields a

beam lifetime of about 30 hours for a 100 mA antiproton stack.33
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3. T h e E 8 3 5 S p e ctr o m et er

Fi g ur e 3. 1 :  T h e S p e ctr o m et er f or F er mil a b E x p eri m e nt 7 6 0. 3 4

3. 1. L u mi n o sit y m o nit or

T h e l u mi n o sit y m o nit or, 3 5  l o c at e d i n t h e b ott o m l eft c or n er of Fi g ur e 3. 1, i s

a s et of s oli d st at e d et e ct or s t h at i s l o c at e d dir e ctl y b el o w t h e b e a m pi p e.  It s

p ur p o s e i s t o m e a s ur e t h e p p  diff er e nti al cr o s s s e cti o n n e ar 9 0 d e gr e e s.  T h e

p p  diff er e nti al cr o s s s e cti o n i s a s u m of n u cl e ar, el a sti c C o ul o m b s c att eri n g,

a n d i nt erf er e n c e c o ntri b uti o n s:

d σ C 

dt
  =   

4 π α 2 

t 2 
h c 

2 
G 4 t  ; ( 3. 1)
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d σ N 

dt
  =   

σ T 
2 1   +   ρ 2 e - b t 

1 6 π h c 
2  ; ( 3. 2)

( 3. 3)

a n d
d σ i 

dt
  =   

α σ T 

t 
 G2 t  e- b t   ρ c o s δ   +  si n δ .

 K n o wi n g t h e a c c e pt a n c e of t h e fi x e d a n d m o v a bl e s oli d- st at e d et e ct or s

o n e c a n n or m ali z e t h e n u m b er of r e c oil e d pr ot o n s wit h a c ert ai n ki n eti c e n er g y

of t h e  p p  diff er e nti al cr o s s s e cti o n.  F urt h er m or e, if o n e m e a s ur e s t h e a m o u nt

of ti m e t h at t hi s m e a s ur e m e nt i s t a k e n, t h e i nt e gr at e d l u mi n o sit y c a n b e f o u n d.

F or a c al c ul ati o n of a cr o s s- s e cti o n,  o n e m u st u s e t h e i nt e gr at e d l u mi n o sit y, n ot

t h e i n st a nt a n e o u s l u mi n o sit y.  T y pi c all y i n E 8 3 5 t h e i n st a nt a n e o u s l u mi n o sit y

w a s 2. 5 X 1 0 3 1  c m- 2s - 1.

3. 2. I n n er D et e ct or s

F er mil a b E x p eri m e nt 8 3 5 u s e s s e v er al l a y er s of d et e ct or s w hi c h c o v er

t h e e ntir e a zi m ut h al r a n g e a n d p art of t h e p ol ar a n gl e r a n g e.  T h e s e ar e

r e s p o n si bl e f or d et er mi ni n g t h e p ol ar a n d a zi m ut h al a n gl e s, tr a c ki n g, a n d

h el pi n g t o i d e ntif y el e ctr o n s.
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Figure 3.2 :  Side View of the E835 Inner Detectors.36

There are 4 sets of hodoscopes: H1, H2, H2’, and the Forward Charged

Veto (FCV).  Pulse heights from the first three hodoscopes (see Figure 3.2) help

define charged tracks in the hardware trigger logic.  The FCV is used to detect

charged particles in the forward direction, and with H1 helps to from a veto on

charged particles for the neutral trigger logic.  E835 also implements two layers

of straw tubes, a silicon pad detector, and a scintillating fiber tracker.

The straws, or more properly the aluminized mylar drift tubes, offer a
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si m pl e, r eli a bl e, a n d a c c ur at e w a y t o d et er mi n e t h e l o n git u di n al p o siti o n a n d

a zi m ut h al a n gl e f or t h e tr a c ki n g. 3 7     T h e z- c o or di n at e of t h e tr a c k i s d et er mi n e d

b y c h ar g e di vi si o n vi a t h e a m o u nt of c h ar g e c oll e ct e d at b ot h e n d s.  T h e a n o d e

wir e i n t h e drift c h a m b er b e st b al a n c e s t h e c o m p eti n g f a ct or s of r e d u ci n g

t h er m al n oi s e a n d k e e pi n g ri s e ti m e s f or c h ar g e c oll e cti o n at t h e e n d s s m all.

T y pi c all y wit h a g a s mi xt ur e of 8 7. 5 % ar g o n a n d 1 2. 5 % c ar b o n di o xi d e it t a k e s

o nl y a f e w n a n o s e c o n d s t o c oll e ct t h e c h ar g e cr e at e d b y a p arti cl e tr a c k.

T h e sili c o n p a d d et e ct or 3 8  f or E 8 3 5 w a s d e si g n e d t o s e ar c h f or t h e φ φ

d e c a y of t h e p s e u d o s c al ar st at e s, w h o s e pri m ar y d e c a y c h a n n el of 2 p h ot o n s i s

c o nt a mi n at e d b y f e e d- d o w n fr o m 2 π 0  a n d  π 0 γ  e v e nt s, a n d t h e e v e nt u al d e c a y of

e a c h  φ i nt o c h ar g e d k a o n s.  It s s p ati al r e s ol uti o n of 2 mr a d i n a zi m ut h a n d 3

mr a d i n t h e l a b p ol ar a n gl e a n d f a st r e a d o ut al s o s er v e t o c orr el at e s p ati al

m e a s ur e m e nt s fr o m t h e ot h er i n n er d et e ct or s.  T hi s c yli n dri c al d et e ct or c o v er s

3 6 0 d e gr e e s i n a zi m ut h a n d 1 5 t o 6 5 d e gr e e s i n t h e l a b p ol ar a n gl e.

A n ot h er m e a s ur e m e nt of t h e l a b p ol ar a n gl e w a s gi v e n b y t h e

s ci ntill ati n g fi b er tr a c k er. 3 9   T h e t w o-l a y er tr a c k er (r a dii of 1 4. 4 c m a n d 1 5. 0 6 c m)

c a n a c c o m m o d at e t h e i n cr e a s e d l u mi n o sit y of E 8 3 5 o v er E 7 6 0 b y d eli v eri n g a n

effi ci e n c y of m or e t h a n 9 9 % d uri n g p e a k l u mi n o sit y r u n s.  Li g ht c o mi n g fr o m

e a c h of t h e 8 6 0 fi b er s ( c or e r a di u s of 3 7 0 µ m) i s r e a d o ut b y s oli d st at e d e vi c e s

3 2



called VLPC’s (Visible Light Photon Counters) with a high quantum efficiency

(i.e.  a very high signal-to-noise ratio).  Like the silicon pad detector, the fiber

tracker covers 15 to 65 degrees in lab polar angle and 360 degrees in azimuth.

Figure 3.3 :  Cross section of the Cerenkov detector.40

A threshold gas Cerenkov detector41 (Figure 3.3) serves to reject

charged pions from electrons, and thus help one pick out an electromagnetic

signal from the huge hadronic background.   It is divided into 8 azimuthal

sections (45 degrees each), with each of these divided into 2 polar regions with

2 different gases.  Each of the polar regions are operated at atmospheric

pressure and room temperature.

On one hand, the gas chosen had to have an index of refraction small
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e n o u g h s o t h at t h e t hr e s h ol d v el o cit y at w hi c h C er e n k o v li g ht w a s pr o d u c e d

(β
t h

 = 1/ n ) w a s hi g h er t h a n t h e v el o cit y of eit h er pi o n fr o m t h e dir e ct pr o d u cti o n

of 2 c h ar g e d pi o n s.  O n t h e ot h er h a n d, it h a d t o b e l ar g e e n o u g h t o m a xi mi z e

t h e yi el d of C er e n k o v li g ht.   F urt h er m or e, b ot h g a s e s h a d t o b e l o w li g ht-

a b s or bi n g a n d n o n- e x pl o si v e.  A s a r e s ult, C O
2
 w a s c h o s e n f or t h e f or w ar d

r e gi o n a n d Fr e o n 1 3 f or t h e b a c k w ar d r e gi o n.  C er e n k o v li g ht w a s t h e n r efl e ct e d

b y mirr or s o nt o p h ot o m ulti pli er t u b e s, a n d t h e n r e a d o ut b y a n al o g t o di git al

c o n v ert er s ( F E R A).

 3. 3. C e ntr al C al ori m et er

Fi g ur e 3. 4 :   O n e w e d g e of t h e C e ntr al C al ori m et er. 4 2

3 4
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The heart of the experiment is the central calorimeter  (CCAL).  The

CCAL consists of 1280 lead-glass blocks arranged so that there are 20 ‘rings’

(Figure 3.5)  and 64 ‘wedges’ (Figure 3.4).  Each of the 64 blocks in a particular

ring shares the same polar angle (20 rings X 64 wedges/ring = 1280 blocks),

and each of the 20 blocks in a wedge shares the same azimuthal angle (64

wedges X 20 blocks/wedge= 1280 blocks).   The CCAL covers the entire

azimuthal range and all polar angles between 11 and 70 degrees, where the z-

axis is defined by the direction of the antiproton beam.  The faces of all 1280

blocks point towards the center of the interaction region where the antiproton

beam intersects with the hydrogen gas jet.

Each lead glass block responds to photons and electrons by creating

electromagnetic showers.  When these shower particles travel faster than the

speed of light within the lead glass, they produce Cerenkov light, which is

collected by Hamamatsu photomultiplier tubes.
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Fi g ur e 3. 5 :  O n e ri n g of t h e C e ntr al C al ori m et er. 4 3

T h e C C A L w a s d e si g n e d t o i d e ntif y t h e c h ar m o ni u m si g n al fr o m a l ar g e

b a c k gr o u n d, w hi c h pri m aril y c o m e s fr o m t h e pr o c e s s p p   6    2   π 0  
.  If o n e or b ot h

of t h e π 0 ’ s d e c a y a s y m m etri c all y a n d t h e l o w e n er g y p h ot o n i s n ot d et e ct e d,

t h e n t hi s e v e nt m a y mi mi c a 2γ  or a 3γ  e v e nt.  A s a r e s ult, p h ot o n s wit h a n

e n er g y of gr e at er t h a n 5 0 M e V m u st b e d et e ct e d wit h a n effi ci e n c y of gr e at er

t h a n 9 5 %.  O n t h e ot h er h a n d, it h a s t o r e s ol v e b ot h p h ot o n s fr o m a s y m m etri c

π 0  d e c a y, w h er e t h e o p e ni n g a n gl e c a n b e q uit e s m all.

T h e gr a n ul arit y of t hi s c al ori m et er w a s f o u n d vi a a M o nt e C arl o

si m ul ati o n, w hi c h r e q uir e d t h at a s y m m etri c al π 0  w o ul d pr o d u c e t w o r e s ol v a bl e
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cl u st er s i n t h e C C A L at t h e hi g h e st f or m ati o n e n er g y i nt e n d e d f or t h e

e x p eri m e nt.  E a c h of t h e l e a d- gl a s s bl o c k s s u bt e n d s diff er e nt p ol ar a n gl e s a s a

r e s ult:  1. 1 d e gr e e s i n t h e f or w ar d dir e cti o n t o 5. 2 d e gr e e s i n t h e b a c k w ar d

dir e cti o n.  U si n g t h e s a m e M o nt e C arl o, it w a s s h o w n t h at i n or d er t o r ej e ct

b a c k gr o u n d e v e nt s, it i s m or e criti c al t o c o nt ai n a s m u c h of t h e s h o w er a s

p o s si bl e f or l o w e n er g y p h ot o n d et e cti o n t h a n it i s t o o pti mi z e t h e e n er g y

r e s ol uti o n.  T h u s bl o c k l e n gt h s w er e c h o s e n t o c o nt ai n 9 0- 9 5 % of t h e s h o w er’ s

e n er g y. 4 4

T h e C C A L i s c ali br at e d b y l o o ki n g at π 0 π 0  e v e nt s.4 5   D uri n g d at a t a ki n g,

a n e v e nt i s s el e ct e d t o b e writt e n t o a c ali br ati o n t a p e.  A D S T ( D at a S u m m ar y

T a p e) i s pr o d u c e d t o i n cl u d e π 0 π 0 , π 0 η , a n d η η  e v e nt s t h at h a v e a n a c o pl a n arit y

< 0. 1 a n d a ki n e m ati c s < 0. 0 5.    A c o pl a n arit y m e a s ur e s h o w diff er e nt t h e t w o

m e s o n s c o m e o ut i n t h eir a zi m ut h al a n gl e s, a n d a ki n e m ati c s m e a s ur e s h o w

diff er e nt t h e t w o m e s o n s ar e pr o d u c e d i n t h eir c e nt er- of- m a s s p ol ar a n gl e s.  If

t h e e v e nt i s a n e x cl u si v e 2- m e s o n e v e nt, t h e m e s o n s ar e pr o d u c e d b a c k-t o-

b a c k i n t h e c e nt er- of- m a s s, a n d b ot h t h e s e q u a ntiti e s ar e z er o.

T h e C C A L cl u st er t hr e s h ol d s ar e s et at 2 5 a n d 5 0 M e V ( at l e a st 2 5 M e V

f or t h e s e e d bl o c k, a n d at l e a st 5 0 M e V mi ni m u m f or a n e ntir e cl u st er).  T h e

offli n e cl u st eri z er r o uti n e s r e c o n str u ct e v e nt s fr o m t h e e n er g y d e p o sit s i n t h e

c e ntr al c al ori m et er b y s e ar c hi n g f or " s e e d" bl o c k s ar o u n d w hi c h t o b uil d a

3 7



cl u st er of e n er g y d e p o sit s r e pr e s e nti n g a p arti cl e tr a c k t hr o u g h t h e C C A L.  N o

ti mi n g c ut s ar e i n c or p or at e d f or t h e cl u st er s vi a t h e T D C' s  (ti m e t o di git al

c o n v ert er s), b ut o nl y e v e nt s wit h 4 cl u st er s g et writt e n t o t h e D S T, w hi c h i s u s e d

t o d et er mi n e t h e l o c ati o n of t h e i nt er a cti o n v ert e x i n t h e s u b s e q u e nt a n al y si s.

O n c e t h e D S T h a s b e e n cr e at e d, a s u b s et of π 0 π 0  e v e nt s ar e s el e ct e d.

H er e t h e a c o pl a n arit y m u st b e l e s s t h a n 0. 0 3 2,  t h e a ki n e m ati c s m u st b e l e s s

t h a n 0. 0 1, a n d t h e m a s s of e a c h r e c o n str u ct e d π 0  m u st b e wit hi n 4 0 M e V of t h e

π 0  m a s s q u ot e d b y t h e P arti cl e D at a Gr o u p, 1 3 5 M e V.  G ai n c o n st a nt s ar e

e v al u at e d b y it er ati n g o v er t hi s s u b s et u si n g t h e p e d e st al s u btr a ct e d a d c c o u nt

( a n al o g t o di git al c o n v er si o n pr o d u c e d b y t h e F E R A’ s) f or e a c h bl o c k.   T h e s e

n e w g ai n c o n st a nt s ar e u s e d t o fi n d π 0 η  e v e nt s i n t hi s D S T, a n d o n e s c al e s

t h e s e g ai n c o n st a nt s i n or d er t o arri v e at t h e pr o p er m a s s of t h e η , 5 4 8 M e V.

3 8



Fi g ur e 3. 6 :   Fr o nt vi e w of t h e F or w ar d C al ori m et er. 4 6

3. 4. F or w ar d C al ori m et er

A f or w ar d e n d c a p c al ori m et er  ( Fi g ur e 3. 6) i s al s o i n cl u d e d a m o n g t h e

d et e ct or el e m e nt s of t h e e x p eri m e nt.  Si n c e t h e c h ar m o ni u m si g n al m u st b e

e xtr a ct e d fr o m a h u g e h a dr o ni c b a c k gr o u n d, t h e f or w ar d c al ori m et er m u st b e

a bl e t o d et e ct si n gl e p h ot o n s d o w n t o a b o ut 6 0 M e V.  T h e l ar g e st b a c k gr o u n d t o

t h e d e c a y η c   6    γ   γ   i s 2 π 0 , a n d eit h er b ot h π 0
’s d e c a y a s y m m etri c all y or o n e of

t h e s oft p h ot o n s ar e n ot d et e ct e d a n d t h u s t hi s c h a n n el c a n c o ntri b ut e t o t h e

3 9
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b a c k gr o u n d f or t h e η
c 
.

Fi g ur e 3. 7 :   F or w ar d C al ori m et er M o d ul e. 4 6

T h e f or w ar d c al ori m et er 4 6  i s a s a m pli n g el e ctr o m a g n eti c c al ori m et er.

C e nt er e d u p o n a 1 3 X 1 3 gri d t h at i s 3 m et er s fr o m t h e i nt er a cti o n p oi nt, wit h t h e

b e a m pi p e g oi n g t hr o u g h t h e c e nt er, 1 4 4 m o d ul e s ar e st a c k e d at t h e e n d of t h e

c e ntr al c al ori m et er.  Bl o c k s d o n ot e xi st at t h e c or n er s of 1 3 X 1 3 gri d si n c e t hi s

ar e a i s bl o c k e d b y t h e c e ntr al c al ori m et er.  E a c h m o d ul e i s 5 1 c m l o n g a n d h a s

tr a n s v er s e di m e n si o n s of 1 0 c m X 1 0 c m.  Wit hi n e a c h m o d ul e ar e 1 4 8

alt er n ati n g l a y er s of l e a d a n d a cr yli c s ci ntill at or t h at w er e c o m pr e s s e d a n d

4 0



shrink-wrapped together.  A POPOP wavelength shifter lies along one side of

each FCAL module to transmit light to the PMT’s (photomultiplier tubes) and on

to the data acquisition system.
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4. D at a A c q ui siti o n

D et e ct or s f or t h e e x p eri m e nt ar e l o c at e d i n t h e pit of t h e A P- 5 0 t ar g et h all

at F er mil a b.  A s e v e nt s ar e s el e ct e d b y h ar d w ar e tri g g er s l o c at e d n e ar t h e

i nt er a cti o n v ert e x of t h e h y dr o g e n g a s j et a n d t h e a nti pr ot o n b e a m ( w hi c h

d et er mi n e w h et h er t h e e v e nt s h o ul d b e k e pt or p a s s e d o v er), t h e r e s p e cti v e

p ul s e h ei g ht s fr o m v ari o u s d et e ct or s ar e s e nt u p st air s t hr o u g h d el a y c a bl e s t o

t h e  A P- 5 0 C o u nti n g R o o m.  F urt h er d e ci si o n s ar e m a d e vi a s oft w ar e r e g ar di n g

w hi c h e v e nt s ar e w ort h k e e pi n g a n d writt e n t o t a p e a n d/ or di s k.

T h e d at a ar e oft e n r ef err e d t o b y t h eir r u n n u m b er.  G e n er all y a "r u n" i s

t h e r u n ni n g of t h e d at a a c q ui siti o n s y st e m a n d t h e writi n g of e v e nt i nf or m ati o n t o

t a p e.  A n e w r u n b e gi n s w h e n o n e of t h e m a n y t a p e s b e c o m e s f ull of d at a a n d a

n e w s et of t a p e s m u st b e u s e d.  E a c h r u n h a s it s o w n s et of c ali br ati o n

c o n st a nt s i n t h e E 8 3 5 d at a b a s e.

T h e b a si c p hil o s o p h y of t h e E 7 6 0/ E 8 3 5 tri g g er i s t o b a s e d e ci si o n s o n a

m or e m a n a g e a bl e n u m b er of c o m p o n e nt s t h a n t h e 1 2 8 0 el e m e nt s of t h e C C A L

w hil e at t h e s a m e ti m e r e q uiri n g at l e a st t w o si g nifi c a nt d e p o sit s of tr a n s v er s e

el e ctr o m a g n eti c e n er g y (i. e. h o p ef ull y a e + e - or γ γ  si g n al).  T hi s i s a c hi e v e d b y

a n al o g s u m mi n g a dj a c e nt c al ori m et er bl o c k s i nt o 4 0 s u p er- cl u st er s .  T h e

s u m mi n g pr o c e s s i n cl u d e s o v erl a p s s o t h at m o st of t h e e n er g y fr o m t h e

tr a n s v er s e s pr e a d of a s h o w er m a y b e c o nt ai n e d wit hi n a si n gl e s u p er- cl u st er,

4 2



and higher trigger rates are avoided by setting proper thresholds.47

4.1. The Trigger

Figure 4.1 :  The CCAL Trigger Logic.47

Initially, the signal from each of the 1280 blocks is split:  95 % is sent

through a delay cable to the ADC’s , and 5 % is delivered to the Level I Summer

(Figure 4.1).  Ultimately if the event passes certain requirements set on these

super-clusters and/or the inner detectors, a gate signal will be sent by the

Gatemaster (an event must pass the requirements of at least one hard-wired

trigger in this logic unit) to the FERA’s, allowing them to read in the analog

signals from the previously mentioned delay cables.  Otherwise the event is

rejected.
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Signals within each wedge of 64 blocks are summed into one of 8 super-

wedges, i.e. a super-wedge is a pure azimuthal sum.  Each super-wedge is

actually a sum of 9 blocks due to the overlap mentioned earlier.  Hence the first

and last blocks in a ring are included in two different sums.  Since there are 20

such wedges,  the Level I Summer produces 20 X 8 = 160 signals.

These 160 Level I signals are sent to the Level II Summer, which sums

all Level I signals sharing one of the 8 azimuthal regions into 5 polar regions

called super-rings , which overlap with the adjacent super-ring by one

calorimeter block.  Since there are 8 azimuthal regions and 5 sums performed

in each region, there are 8 X 5 = 40 super-clusters.

The requirement of having at least two significant deposits of transverse

electromagnetic energy translates into requesting two such deposits to be a)

coplanar and b) have an invariant mass of greater than 2.0 GeV.  Usually the

coplanar requirement means that the super-clusters must be back-to-back in the

center-of-mass frame, which means that the other energy deposit must lie in the

directly opposite super-cluster(called a "1 vs. 1" geometry).  However, this can

be softened to a 1 vs. 3 geometry: The other energy deposit  is in one of the 3

opposing super-clusters in the center-of-mass.

This constitutes the main body of the trigger.  Other requirements, such
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a s u si n g or v et oi n g o n diff er e nt d et e ct or s or c h a n gi n g t h e i n v ari a nt m a s s

t hr e s h ol d, m a y b e a d d e d t o pr o d u c e diff er e nt tri g g er s.  S e v er al diff er e nt

h ar d w ar e tri g g er s ar e fl a g g e d a s o n or off b y t h e G at e m a st er, i n cl u di n g a e + e -

tri g g er, π + π - tri g g er, γ γ  tri g g er, φ φ tri g g er, a n d s e v er al c ali br ati o n tri g g er s.

4. 2. D A R T H ar d w ar e

T o g et e v e nt s fl a g g e d b y t h e G at e m a st er writt e n t o t a p e,  t h e y m u st p a s s

t hr o u g h t h e h ar d w ar e of t h e E 8 3 5 d at a a c q ui siti o n s y st e m ( Fi g ur e 4. 2).  T h e

E 8 3 5 D A Q i s b a s e d o n t h e ar c hit e ct ur e of t h e D A R T D at a A c q ui siti o n Pr oj e ct

s h ar e d a m o n g s e v er al fi x e d t ar g et e x p eri m e nt s at F er mil a b.  D A R T pr o vi d e s a

c o m m o n s y st e m of h ar d w ar e a n d s oft w ar e t h at c a n b e e a sil y c o nfi g ur e d a cr o s s

a v ari et y of U NI X a n d V M E pl atf or m s. 4 8

I n r e g ar d s t o h ar d w ar e, t h e E 8 3 5 D A Q u s e s t hr e e Sili c o n Gr a p hi c s

c o m p ut er s a n d o n e M ot or ol a M V M E 1 6 7 pr o c e s s or.  O n e Sili c o n Gr a p hi c s I n d y

r u n s t h e pr o gr a m s t h at p erf or m R u n C o ntr ol, e x e c ut e s t h e D at a A c q ui siti o n

M o nit ori n g Pr o gr a m ( D A M P), a n d t al k s t o t h e t w o C A M A C br a n c h e s.  A

C h all e n g e- L t a k e s a d v a nt a g e of f o ur 1 5 0- M H z pr o c e s s or s t o b uil d a n d filt er

e v e nt s, a n d t h e n l o g t h e m t o t a p e.  A n I n di g o i s u s e d f or m o nit ori n g t h e

d et e ct or s a n d r u n s t h e E v e nt Di s pl a y, i n w hi c h si g n al s f or all t h e d et e ct or

el e m e nt s f or a c h o s e n e v e nt m a y b e vi e w e d gr a p hi c all y. 4 9
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Data from the detectors are read out via TDC  (LRS3377)50 in a common

start mode and either by FERA ADC  (LRS4300)51 or PCOS Latches

(LRS2731)52 through the  ECL-ports in the controller’s front by Damn Yankee

Controllers (DYC).53  The TDC’s (time-to-digital converters) help determine if a

particular hit in the detector is on-time or not associated with this event.  ADC’s

(analog-to-digital converters) convert the analog signals delivered by the

detectors' photomultiplier tubes into digital information for further processing.

When properly calibrated, the ADC’s yield information about the energy of a hit

in the detector for example.   A data stream is formed by daisy-chaining DYC’s

together  by a DART ribbon cable form streams, and each stream is  read out by

two pairs of Access Dynamics DC2/DM115 modules.54

The DC2 writes its data to one of the Dual Ported Memories (DPM) using

a “ping-pong” algorithm.  A process on the Challenge called Gateway reads the

“ping” memory while the DC2 writes to the “pong” memory.  A third DPM serves

as a mailbox which is constantly polled by the processes that write and read to

the first two Dual Ported Memories to see when the other is finished.55
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Figure 4.2 :  Hardware of the E835 Data Acquisition System.56

The event header,57 which in effect lists the locations of different parts of

the event data within the data stream and how much information is within each

event, is constructed in the PRUDE filter program, which includes pointers
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locating information in the body of the event from individual DYC’s, denoting

which hardware triggers fired, etc.  If the topology of the event matches certain

software triggers, it is further analyzed in the PRUDE filter program (Please

Remove UnwanteD Events), and written to the appropriate buffer, which is most

often a tape drive for storage.  Just as the number of gates sent out to the

FERA’s by the triggers are prescaled, so too are the number of events that get

written to different buffers of the Challenge.  Thus not every event that passes

one of the internal software triggers in PRUDE gets written to tape.  However, a

certain percentage of events are automatically written to buffers for calibration

purposes via an autopass trigger regardless of whether it passes any of

software triggers included in PRUDE.  Rebuilt events from PRUDE may either

be sent to a process called DOT  (Data On Tape) to write the event to tape or to

a process named HOIST, which serves the event display and the E835

Consumer program used for on-line monitoring.

One may change the many variables associated with each software and

hardware trigger via a graphical interface built from the Tcl/Tk language.58  For

instance, one may want to activate or deactivate certain triggers before the run

starts, change how often data passing a certain trigger gets written to a buffer

(prescaling), or assign different buffers to the various triggers.  Furthermore, one

may want to create a new trigger,  rename a trigger, view all the trigger bits

making up each software trigger, or change the priorities of all the hardware

triggers.
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4.3.  DART Software

The DART software architecture (Figure 4.3), of which the PRUDE filter is

the central member, is highly functional and flexible. A client-server protocol

over TCP/IP sockets forms the basic structure.  Buffers are managed via a

service provider/requestor algorithm, and the same application may be a

provider in one circumstance and a requestor in another.  Applications are

registered with one or more groups, and different applications communicate

through run control via group multicasting.59  In other words, Run Control will

send messages to all the members of a registered group.

The data acquisition is controlled via a single program called the

Operator Control Program (OCP) through a user interface, which may occur via

a command line or a graphical user interface (GUI).  E835 uses a GUI to update

the configuration database and start applications over several different nodes

(i.e. several different SGI machines).  DART provides a library of functions to

allow applications to connect to servers, register to groups, and perform any

kind of transaction.  OCP is written in Tcl/Tk, which allows one to bind

commands to buttons and exchange parameters in the database via entry

boxes that one can type in.

49



Figure 4.3 :  Active DART software processes for the DAQ.60

There are several servers that run while data acquisition is taking place.

The two primary applications are the filter, which builds events from buffers

passed to it via 3 different data streams, and the logger, which writes events that

have passed certain hardware or software trigger requirements to tape or disk,

as shown in Figure 4.4.
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Figure 4.4 :  The filter PRUDE and the logger.58
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However,  in such a dynamic environment, buffers must be properly

scheduled and organized to rebuild an event successfully, and all applications

must be able to report errors and know where to look for buffers and/or

messages.  Furthermore, one wants to be able to monitor various rates and

statistics for different processes.  The DIS framework (distributed information

services) was designed by DART to perform these functions.  A database of

parameter values (numbers or strings) for each application is stored for a

particular configuration (i.e. pure calibration, the taking of pedestals, and

general data acquisition), and these statistics may be accessed during a run for

monitoring purposes.

A server called DFM  (data flow management) distributes buffers among

various processes.  Requestors queue buffers to different service providers that

will use them.  DFM schedules buffers via a list of buffer descriptors, which

provide information about the buffer locations.

Messages from one application are multicast to all other processes of the

same registered group via DMS  (distributed multicasting services).  The

advantages of DMS are that messages can be distributed to applications on

several different nodes as long as they are registered to the same group,

commands are executed across the whole group, and members may join or

leave groups dynamically.  The application sending the message will wait for a

reply from all members of the group before continuing.
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DAQ (data acquisition) statistics may be monitored via DAMP, the Data

Monitoring Program.  DAMP provides a GUI builder (Graphical User Interface)

to dynamically change the presentation of statistics (logging rates, percentage

of tape used, buffer information) using various strip charts, bar graphs, etc.

DAMP is closely related to the DIS server in the manner in which it accesses

parameters.

A certain percentage of events are “hoisted” to the on-line monitoring

program called Consumer.  Events are funnelled to various histograms, which

may be dynamically viewed on-line by running Histoscope.  In Histoscope, one

can also dynamically adjust the binning of the histograms by clicking and

dragging an axis with the mouse.

4.4. Dead Time

There are two dead times for the experiment.61  One of these is caused

by the Data Acquisition System itself.  While the DAQ is processing an event, all

triggers are vetoed, and therefore all events occurring during this “dead time”

are lost.  Run at a constant rate of 2.5 * 1031 nb-1 , the experiment was dead 2%

of the time due to the DAQ (i.e. number of triggers lost compared with total

number of triggers).
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The second type of dead time is caused by the detectors themselves.

Due to the high event rate, a veto counter may incur an accidental hit.  If a

trigger was formed but this veto counter was on, the event was disregarded.  A

study was done by looking at the veto counters in randomly opened gates

during data taking, and it was determined that this contributed a dead time of

about 10% to the experiment.

4.5. Operations

During 8-hour shifts around the clock  the data acquisition system,

various gas bottles used by the inner detectors, the status of the hydrogen gas

jet, and the status of the detector elements are monitored.  The E835 Monitor

program looks after the DAQ and the various detector elements, a MacIntosh

serves to monitor the gas jet, and gas levels are periodically examined

manually.

Several programs run during each shift are necessary for the proper

operation of the experiment.  One of the programs critical to the basic operation

of the experiment is the High Voltage Program.62,63  E835 uses six LeCroy 1440

high voltage mainframes to power the photomultiplier tubes used by the

hodoscopes, Cerenkov counters, central calorimeter, and forward calorimeter.
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The E760 version of the program provided a text-based interface that wrote

commands to, and read responses from, the RS232 port of the Controller for

each 1440 mainframe.  Since E835 does not use any VAX-based computers,

the program’s I/O routines had to be rewritten in order to communicate with the

1440 via a serial port on an SGI running UNIX.  UNIX does not provide a set of

easy-to-use I/O routines such as the SYS$QIOW routine that VAX does.

A High Voltage Monitor Program64 is also available to alert Run Control

of any changes in the status of the LeCroy mainframes during a shift.  The

program polls the mainframes every so often and reports an error if a mainframe

does not respond to a command, the response is abnormal, or the voltage read

back is outside a certain window.  Both the High Voltage Control Program and

the High Voltage Monitor are designed to lock out the SGI serial port so only

one user may have access to the high voltage mainframes at any one time.

Pedestals for the experiment may be taken at any time by running the

data acquisition system software in the pedestal configuration.  Usually 10-

20,000 events generated by a pulser are taken, and the pedestal program65

then evaluates means and widths for every FERA ADC channel in the

experiment.   One problem that the pedestal program must address is spurious

large hits due to large cosmic rays that may pass through the detector at the

time the gate is opened.  One or two such hits per channel may dramatically

impact the pedestal mean.  To alleviate this problem, a subset of a couple
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h u n dr e d e v e nt s ar e u s e d t o e st a bli s h a m e a n pl u s 3 σ  wi n d o w (If σ  i s t o o s m all,

t h e n t h e d ef a ult wi n d o w i s m e a n pl u s 3 0 A D C c o u nt s).  If a p e d e st al i s l ar g er

t h a n t hi s t hr e s h ol d, it i s n ot u s e d i n t h e e v al u ati o n of t h e p e d e st al m e a n f or t h at

c h a n n el.

O n c e t h e r e q u e st e d n u m b er of e v e nt s h a v e b e e n t a k e n , t h e p e d e st al

pr o gr a m o p e n s a n i nt erf a c e w hi c h r e p ort s h o w m a n y a n d w h at ki n d of err or s

o c c urr e d, a n d l o g s err or i nf or m ati o n f or e a c h c h a n n el t o a fil e.  T h e u s er m a y

vi e w t h e c urr e nt p e d e st al s, c o m p ar e t h e m wit h a diff er e nt s et of p e d e st al s, or

writ e t h e p e d e st al s t o a fil e or t o t h e E 8 3 5 d at a b a s e.

P e d e st al s a n d c ali br ati o n c o n st a nt s f or t h e e x p eri m e nt ar e st or e d i n t h e

E 8 3 5 d at a b a s e b y t h e m S Q L d at a b a s e p a c k a g e.  T h e p a c k a g e i n cl u d e s

r o uti n e s t o writ e a n d r e a d e ntri e s of t h e c ol u m n s ( or fi el d s) of t a bl e s, w hi c h f or m

t h e str u ct ur e of t h e d at a b a s e.  A pr o d u ct c all e d D B M S Q L h a s b e e n i n st all e d o n

b ot h  offli n e a n d o nli n e m a c hi n e s, s o t h at r u n-ti m e D A Q a p pli c ati o n s m a y

a c c e s s t h e d at a b a s e a s w ell a s offli n e a n al y s e s. 6 6
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5. T h e or y of A n g ul ar Di stri b uti o n s

5. 1. H eli cit y F or m ali s m

T y pi c all y w h e n e x a mi ni n g c olli si o n s, a fi x e d dir e cti o n i s c h o s e n i n or d er

t o cl a s sif y t h e v ari o u s p ol ari z ati o n st at e s of a p arti cl e.  I n t h e h eli cit y f or m ali s m,

st at e s ar e l a b ell e d b y t h e c o m p o n e nt of t h e t ot al a n g ul ar m o m e nt u m al o n g t h e

dir e cti o n of t h e p arti cl e m oti o n.  T hi s a v oi d s t h e r el ati vi sti c c o m pli c ati o n s

i n h er e nt i n br e a ki n g u p t h e a n g ul ar m o m e nt u m o p er at or i nt o a s pi n- a n d a n

or bit al- p art. 6 7

A n ot h er a d v a nt a g e of t h e h eli cit y f or m ali s m p ert ai n s t o t w o- p arti cl e

h eli cit y st at e s.  Wit hi n t h e c e nt er- of- m a s s fr a m e, t h e or bit al a n g ul ar m o m e nt u m

i s al w a y s p er p e n di c ul ar t o t h e r el ati v e m oti o n of t h e t w o p arti cl e s.  D efi ni n g t h e

h eli cit y of t h e st at e a s

Ω   =   J P    C    p P  
p P  

, ( 5. 1)

t h e c o m p o n e nt of s pi n al o n g t h e dir e cti o n of r el ati v e m oti o n will al s o b e t h e

c o m p o n e nt of t h e t ot al a n g ul ar m o m e nt u m al o n g t hi s dir e cti o n, 6 8  si n c e

J P    =   L P    +   S P   a n d L P    C    p P    =   0 .

T h e h eli cit y q u a nt u m n u m b er Ω  i s al s o i n v ari a nt wit h r e s p e ct t o or di n ar y
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r ot ati o n s.  I n ot h er w or d s p erf or mi n g a r ot ati o n o n a st at e will c h a n g e t h e

dir e cti o n of t h e m o m e nt u m ( k e e pi n g it s m a g nit u d e c o n st a nt), b ut t h e h eli cit y

q u a nt u m n u m b er d o e s n ot c h a n g e d uri n g t hi s o p er ati o n.  H o w e v er, a s s e e n b y

t h e e q u ati o n a b o v e, if t h e m o m e nt u m v e ct or i s r ot at e d b y 1 8 0 d e gr e e s, t h e

h eli cit y q u a nt u m n u m b er c h a n g e s si g n.

  Gi v e n a s et of t ot al a n g ul ar m o m e nt u m o p er at or s ( J
x
, J

y
, J

z
) a n d t hr e e

E ul er a n gl e s ( α, β, γ ) it i s c u st o m ar y t o d e s cri b e a r ot ati o n b y

R α ,   β ,   γ   =  e
- i α  J

x    e
- i β   J 

y    e
- i γ  J

z . ( 5. 2)

I n t h e h eli cit y f or m ali s m, o n e w a nt s t o r ot at e t h e m o m e nt u m v e ct or a w a y fr o m

t h e z- a xi s t o t h e dir e cti o n (θ, φ ) i n a u ni q u e m a n n er, s o (α, β, γ ) i s (φ, θ, − φ ).

I n t h e b a si s f or m e d b y a n g ul ar m o m e nt u m ei g e n v e ct or s, t h e m atri x

el e m e nt of t hi s r ot ati o n m atri x i s

 J'  M'   R α ,   β ,   γ    J M   =   δ J J'  DJ M M' α ,   β ,   γ . ( 5. 3)

T h e r ot ati o n m atri x D f or a s p e cifi c t ot al s pi n J c a n t h u s b e f o u n d b y i n s erti n g t h e

e x pr e s si o n f or a g e n er al E ul er r ot ati o n b et w e e n t w o st at e s of t h e s a m e J.  T hi s
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r ot ati o n m atri x i s r e pr e s e nt e d a s

D J 
M M' 

* 
α ,   β ,   γ   =  e- i α  M dJ 

M M' β  e- i γ  M'  , ( 5. 4)

w h er e

d J 
M M' β   =    J M'    e

- i β  J
y    J M . ( 5. 5)

I n ot h er w or d s,  w h e n w e p erf or m a r ot ati o n u p o n a p arti c ul ar a n g ul ar

m o m e nt u m st at e, t h e r ot ati o n m atri x s u p pli e s t h e c o effi ci e nt s of t h e n e w r ot at e d

st at e i n t er m s of all t h e 2 J + 1 a n g ul ar m o m e nt u m st at e s m a ki n g u p t h e b a si s f or

t hi s v e ct or s p a c e.6 9

U si n g t h e a b o v e t o ol s a n d a k n o wl e d g e of t h e S- m atri x, o n e m a y

d et er mi n e t h e m atri x el e m e nt f or a pr o c e s s a +  b 6   c +  d i n t h e c e nt er- of-

m a s s, w h er e a a n d b li e al o n g t h e Z- a xi s, a n d t h e r el ati v e m o m e nt u m of c a n d d

i s r ot at e d t o t h e dir e cti o n (θ, φ ) f or o n e gi v e n s et of h eli citi e s.

S u p p o s e t h at i niti all y w e h a v e t w o p arti cl e s a a n d b h e a di n g t o w ar d

e a c h ot h er al o n g t h e z- a xi s, a n d t h e c olli si o n pr o d u c e s t w o ot h er p arti cl e s c a n d

d.   I n o ur c a s e, a a n d b mi g ht r e pr e s e nt t h e pr ot o n a n d t h e a nti pr ot o n.  T h e

r el ati v e m o m e nt u m v e ct or of c a n d d i s r ot at e d b y t h e a n gl e s θ  a n d φ a w a y fr o m

t h e z- a xi s i n t h e c e nt er- of- m a s s fr a m e.  J a c o b a n d Wi c k e x pr e s s t hi s S- m atri x
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el e m e nt a s

C =     θ   ϕ   Ω 
c 
  Ω 

d 
 S E     0   0   Ω 

a 
  Ω 

b 
   . ( 5. 6)

O n e c a n t h e n i n s ert a c o m pl et e s et of st at e s b ef or e a n d aft er t h e S( E):

( 5. 7)

C = 3  
J , M 

3  
J ' , M ' 

θ ϕ Ω 
c 
Ω 

d 
J M Ω 

c 
Ω 

d 
J M Ω 

c 
Ω 

d 
 S( E )   J ' M ' Ω 

a 
Ω 

b 

J ' M ' Ω 
a 
Ω 

b 
0 0 Ω 

a 
Ω 

b 

 .

T hi s m a y b e si m plifi e d b y t h e a p pl yi n g

( 5. 8)

E J M   Ω 
c 
  Ω 

d 
 S  E'  J'  M'   Ω 

a 
  Ω 

b 
  =   

    δ ( E - E ' )   δ 
J J' 

  δ 
M M' 

Ω 
c 
Ω 

d 
 SJ E   Ω 

a 
Ω 

b 

a n d t h e d efi niti o n of t h e r ot ati o n m atri x

θ   ϕ   Ω 
1 
  Ω 

2 
    J M   Ω 

1 
  Ω 

2 
  =  DJ 

M Ω 

∗ ϕ ,   θ , − ϕ  , ( 5. 9)

w h er e  Ω i s n o w t h e diff er e n c e of t h e t w o h eli cit y q u a nt u m n u m b er s, Ω
1
 − Ω

2
.

T h e e n d r e s ult f or t h e m atri x el e m e nt i n t h e h eli cit y f or m ali s m m a y b e e x pr e s s e d

6 0

I ( ) I ) 
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a s

( 5. 1 0)
1 

4  p
3  
J 

  2 J +   1 Ω 
c 
Ω 

d 
 SJ ( E )   Ω 

a 
Ω 

b 
 DJ 

Ω µ 

* ϕ , θ , − ϕ  .

H er e Ω  i s t h e diff er e n c e of t h e fi n al st at e h eli citi e s ( c a n d d), a n d µ  i s t h e

diff er e n c e of t h e i niti al st at e h eli citi e s ( a a n d b).  T h e t ot al a m plit u d e c o n si d er s

all p o s si bl e v al u e s of t ot al a n g ul ar m o m e nt u m J.    H o w e v er, w e o nl y c o n c er n

o ur s el v e s wit h J = 1 b e c a u s e of t h e v e ct or n at ur e of t h e J/ Ψ  a n d Ψ′ .

pp

Ω p b a r Ω p

Ω e +

Ω e -

J/ Ψ

e +

e -

θ, φ

M z

Fi g ur e 5. 1 :  D e c a y of t h e J/ Ψ  or Ψ ’ i n t h e h eli cit y f or m ali s m.

F or t h e d e c a y pr o c e s s  p p    6    J / Ψ   6   e
+ 
 e

- 
 s h o w n i n Fi g ur e 5. 1, t w o

st a g e s m u st o c c ur:  p p   6   J/ Ψ    a n d  J / Ψ   6   e + e −  .  T o d eri v e t h e m atri x

el e m e nt,  o n e fir st m ulti pli e s a n a m plit u d e b y a r ot ati o n m atri x f or b ot h t h e

6 1

- ( )( ) (  ) 

7 1 

< 



pr o d u cti o n a n d d e c a y st a g e s, a n d t h e n s u m s o v er all p o s si bl e i nt er m e di at e

st at e s M
z
 of t h e v e ct or st at e J/Ψ, si n c e t h e J/ Ψ  i s u n o b s er v e d

7 0
:

( 5. 1 1)

M Ω 
p p 

,   Ω 
e + e - 

,  J = 3  
M 

z 

C 
M 

z 

D J * 

Ω 
p p 

, M 
z 

0 , 0 , 0 B 
Ω 

e + e - 

D J * 

M 
z 
, Ω 

e + e - 

ϕ , θ , − ϕ  .

H er e Ω 
p p 

 r ef er s t o t h e diff er e n c e i n h eli cit y b et w e e n t h e pr ot o n a n d

a nti pr ot o n, a n d Ω 
e + e - 

  r ef er s t o t h e diff er e n c e i n h eli cit y b et w e e n t h e el e ctr o n a n d

t h e p o sitr o n.    T h e fir st r ot ati o n m atri x a b o v e i s a d elt a f u n cti o n, m e a ni n g Ω 
p p 

 =

M
z
 .  T h e fir st t er m i n br a c k et s d e s cri b e s t h e pr o d u cti o n of a c h ar m o ni u m st at e at

t h e ori gi n wit h a p ol ari z ati o n gi v e n b y M
z
, a n d s o o nl y o n e t er m c o ntri b ut e s fr o m

t hi s s u m.  H e n c e w e h a v e

( 5. 1 2)

M Ω 
p p 

,   Ω 
e + e - 

,  J   %  C 
Ω 

p p 

B 
Ω 

e + e − 

D J ∗ 

Ω 
p p 

, Ω 
e + e - 

ϕ , θ , − ϕ .

Aft er t hi s m atri x el e m e nt i s s q u ar e d, it m u st b e a v er a g e d o v er t h e i niti al

p p  st at e s a n d s u m m e d o v er t h e fi n al e+ e - st at e s t o g et t h e diff er e nti al cr o s s

s e cti o n.  T hi s m e a n s s u m mi n g o v er all p o s si bl e h eli cit y c o m bi n ati o n s of t h e
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pr ot o n a n d a nti pr ot o n, a n d t h e n s u m mi n g o v er all p o s si bl e c o m bi n ati o n s f or t h e

el e ctr o n a n d p o sitr o n.  T h er e ar e f o ur s u c h h eli cit y st at e s f or t h e pr ot o n a n d

a nti pr ot o n  ( 8  8  ,   8  9  ,   9  8  ,   9  9  ), w hi c h m e a n s t h at t h er e ar e t w o p o s si bl e w a y s t o

pr o d u c e h eli cit y z er o.  T h e el e ctr o n a n d p o sitr o n st at e c a n n ot h a v e a h eli cit y

z er o t er m if w e n e gl e ct t h e m a s s e s of t h e el e ctr o n s.

Si n c e t h e h eli cit y of e a c h i n di vi d u al pr ot o n or el e ctr o n i s + 1/ 2 or - 1/ 2,

t h er e e xi st fi v e diff er e nt h eli cit y a m plit u d e s i n o ur e x cl u si v e d e c a y s: C
- 1

, C
0
, C

1
,

B
1
, a n d B

- 1
.  Alt h o u g h t h e C’ s a n d B’ s ar e i n d e p e n d e nt of e a c h ot h er, t h e

f oll o wi n g p arit y r el ati o n s a p pl y:

B 
Ω 

e + e - 

  =   η 
ψ 
η 

e 
+ 
e 

- 
− 1 

S 
ψ 
- S 

e + 
+  S

e -  B
- Ω 

e + e - 

= - 1 - 1 - 1 
1 - 1 

2 
  +   1 

2  B
- Ω 

e + e - 

 ; ( 5. 1 3)

C 
Ω 

p p 

  =   η 
p p 

η 
ψ 

- 1 
S 

p ̄ 
  +  S

p 
- S 

ψ   C 
- Ω 

p p 

= - 1 - 1 - 1 
1 

2 
  +   1 

2 
  -   1 

   C
- Ω 

p p 

 . ( 5. 1 4)

A s a r e s ult, B
1
 = B

- 1
 a n d C

1
 = C

- 1
.   W e n o w s q u ar e t h e m atri x el e m e nt

a b o v e a n d s u m o v er all p o s si bl e h eli cit y c o m bi n ati o n s f or t h e pr ot o n a n d
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a nti pr ot o n, a n d t h e n s u m o v er all p o s si bl e c o m bi n ati o n s f or t h e el e ctr o n a n d

p o sitr o n:

 M 2   %    3  
Ω 

p p 
,   Ω 

e + e - 

 B2 

Ω 
e + e - 

 C2 
Ω 

p p 

d 1 

Ω 
p p 

,   Ω 
e + e - 

θ 
2  
. ( 5. 1 5)

I n t h e pr o c e s s of s q u ari n g t h e r ot ati o n m atri x, t h e e x p o n e nti al f a ct or s

h a v e c a n c el e d wit h t h eir c o m pl e x c o nj u g at e s, s o t h e a n g ul ar di stri b uti o n d o e s

n ot d e p e n d u p o n t h e a zi m ut h al a n gl e of t h e el e ctr o n s i n t h e c e nt er of m a s s

fr a m e.  T h e s u m i s n o w p erf or m e d o v er Ω 
p p  

 = - 1, 0, 0, 1 a n d Ω 
e + e − 

 = - 1, 1.  Si n c e

w e ar e o nl y i nt er e st e d i n t h e s h a p e of t h e a n g ul ar di stri b uti o n, a n d B
1

2  i s

c o m m o n t o e v er y t er m i n t hi s s u m d u e t o p arit y, w e m a y s af el y f a ct or it o ut.

U si n g t h e f oll o wi n g d   f u n cti o n s f or J = 1,

d 1 
1 1 θ   =  d1 - 1 - 1 θ   = c o s2 θ 

2 
  ; ( 5. 1 6)

d 1 
1 - 1 θ   =  d1 - 1 1 θ   =  si n2 θ 

2 
 ; ( 5. 1 7)

a n d d 1 
0 1 θ   =  d1 0 - 1 θ   =   2 si n

θ 
2 

c o s
θ 
2 

 ; ( 5. 1 8)

o n e arri v e s at t h e fi n al f or m of t h e a n g ul ar di stri b uti o n of t h e el e ctr o n s i n t h e

c e nt er- of- m a s s f or t hi s e x cl u si v e pr o c e s s:
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M 2   %    1   +   λ  c o s2 θ   , ( 5. 1 9)

w h er e λ   =   
C 

1 

2   -   2  C
0 

2 

C 
1 

2   +   2  C
0 

2 
 . ( 5. 2 0)

Si n c e w e h a v e t a k e n t h e el e ctr o n s t o b e m a s sl e s s, t h e a n g ul ar

di stri b uti o n p ar a m et er f or o ur e x cl u si v e pr o c e s s e s i s s ol el y d e p e n d e nt u p o n t h e

m a n n er i n w hi c h t h e J = 1 c h ar m o ni u m st at e w a s pr o d u c e d.  If w e h a d pr o d u c e d

c h ar m o ni u m b y c olli di n g el e ctr o n b e a m s i n st e a d of a n ni hil ati n g pr ot o n s a n d

a nti pr ot o n s, t h e s u m o v er t h e i niti al e + e - h eli cit y st at e s w o ul d h a v e e x cl u d e d a n y

pr o d u cti o n of h eli cit y z er o c h ar m o ni u m, a n d α  w o ul d b e c o m e u nit y.  T hi s h a s

alr e a d y  b e e n c o nfir m e d b y pr e vi o u s e + e - e x p eri m e nt s f or b ot h t h e J/Ψ  a n d

Ψ ’.7 1, 7 2   T hi s p ar a m et er i s l e s s t h a n o n e f or t h e c a s e of a nti pr ot o n- pr ot o n

a n ni hil ati o n i n g e n er al b e c a u s e t h e m a s s of t h e pr ot o n i s m u c h gr e at er t h a n t h e

m a s s of t h e el e ctr o n.

 5. 2. T h e A n g ul ar Di stri b uti o n P ar a m et er

I n e x cl u si v e d e c a y s, o n e c a n n ot di sti n g ui s h w h et h er t h e el e ctr o n s c a m e

fr o m a c h ar m o ni u m d e c a y, or dir e ctl y fr o m t h e c o nti n u u m c h a n n el p p 6   e + e −  .
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T h u s t h e a n g ul ar di stri b uti o n p ar a m et er λ  h a s a str o n g c o ntri b uti o n r e s ulti n g

fr o m t h e 3- gl u o n e x c h a n g e i n t h e pr o d u cti o n of c h ar m o ni u m (i. e. t h e l o w e st

or d er F e y n m a n gr a p h s h o w n i n Fi g ur e 5. 2), a n d a n el e ctr o m a g n eti c

c o ntri b uti o n r e s ulti n g fr o m t h e a n ni hil ati o n of t h e pr ot o n a n d a nti pr ot o n i nt o a

virt u al p h ot o n, w hi c h m a y or m a y n ot i n cl u d e a n i nt er m e di at e v e ct or

c h ar m o ni u m st at e.   F urt h er m or e, a n ot h er el e ctr o m a g n eti c c o ntri b uti o n st e m s

fr o m t h e r e pl a c e m e nt of  o n e of t h o s e 3 gl u o n s b y a p h ot o n.

c

c

u

u

u

u

d

d

Fi g ur e 5. 2 :  L o w e st or d er F e y n m a n gr a p h f or t h e str o n g c o ntri b uti o n t o t h e
a n g ul ar di stri b uti o n p ar a m et er.

H o w e v er,  m e a s ur e m e nt s of t h e ti m e-li k e el e ctr o m a g n eti c f or m f a ct or s

a w a y fr o m t h e c h ar m o ni u m r e gi o n r e v e al t h at t h e cr o s s- s e cti o n f or t h e

c o nti n u u m c h a n n el i s n e gli gi bl e at t h e J/ Ψ  a n d Ψ ’, o n t h e or d er of a pi c o b ar n.7 3   
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F ut h er m or e, c al c ul ati o n s s h o w t h at t h e el e ctr o m a g n eti c c o ntri b uti o n s t o t h e

a n g ul ar di stri b uti o n p ar a m et er ar e o n t h e or d er of 5 %.

O n e m a y al s o q u e sti o n w h et h er t h e s e e x cl u si v e d e c a y s al s o r e c ei v e a

c o ntri b uti o n fr o m t h e  c c  g F o c k st at e ( c h ar m q u ar k + a nti- c h ar m q u ar k + gl u e)

i n a d diti o n t o t h e di a gr a m i n Fi g ur e 5. 2.  I n g e n er al, t h e F o c k st at e

r e pr e s e nt ati o n i n cl u d e s all q u a nt u m fl u ct u ati o n s of t h e h a dr o n w a v ef u n cti o n.7 4

I n t h e c a s e of P- w a v e st at e s, t h e v al e n c e c c  st at e i s s u p pr e s s e d i n e x cl u si v e

d e c a y s a n d t h e c c  g  F o c k st at e c o ntri b ut e s.  F ort u n at el y i n S- w a v e e x cl u si v e

d e c a y s li k e o ur s t h e sit u ati o n i s r e v er s e d.  Hi g h er- or d er F o c k st at e s li k e c c  g

ar e s u p pr e s s e d b y f a ct or s of t h e c h ar m e d q u ar k m a s s a n d v el o cit y. 7 5

U s u all y w h e n o n e di s c u s s e s t h e a n g ul ar di stri b uti o n of t h e c o nti n u u m

c h a n n el, o n e t al k s a b o ut e xtr a cti n g a p air of el e ctr o m a g n eti c f or m f a ct or s of t h e

pr ot o n.  D u e t o t h e v e ct or-li k e n at ur e of t h e i nt er m e di at e p h ot o n, L or e nt z

i n v ari a n c e all o w s t h e pr ot o n- a nti pr ot o n- p h ot o n v ert e x t o b e writt e n i n t h e

f oll o wi n g m a n n er:

( 5. 2 1)

 Γ µ   =  e v  ̄( p ' ) γ µ F 1 Q 2   - 
p +  p' 

µ 

2 M 
F 2 Q 2 u ( p )   ,

w h er e F
1
 a n d F

2
 r ef er t o t h e h eli cit y- c o n s er vi n g a n d h eli cit y-fli p p art s of t hi s
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v ert e x a n d ar e r ef err e d t o a s Dir a c f or m f a ct or s.  Fr o m t hi s o n e c a n d eri v e t h e

f or m of t h e a n g ul ar di stri b uti o n f or t hi s pr o c e s s7 6

( 5. 2 2)

d σ 

d ( c o s θ * ) 
  =   

π α 2 

8 E P
G M 

2 
1 + c o s 2 θ *   +   

4 m p 
2 

s 
G E 

2 

si n 2 θ *  ,

w h er e E a n d P ar e t h e c e nt er- of- m a s s e n er g y a n d m o m e nt u m of t h e a nti pr ot o n,

θ *  i s t h e p ol ar d e c a y a n gl e of t h e a nti pr ot o n i n t h e c e nt er- of- m a s s fr a m e, a n d

t h e S a c h s el e ctr o m a g n eti c f or m f a ct or s ar e d efi n e d a s

G M   =  F1   +  F2   , ( 5. 2 3)

a n d G E   =  F1   +   
q 2 

4 m p 
2 F 2  . ( 5. 2 4)

A s a r e s ult, t h e a n g ul ar di stri b uti o n p ar a m et er m a y b e writt e n a s

λ   =   

E 
C M

2   - 4 
G 

E 

G 
M 

2 

m 
p 

2 

E 
C M

2   + 4 
G 

E 

G 
M 

2 

m 
p 

2 

. ( 5. 2 5)

I n t h e c a s e of c h ar m o ni u m , o n e c a n al s o e xtr a ct f or m f a ct or s li k e t h e s e

fr o m t h e a n g ul ar di stri b uti o n of c h ar m o ni u m d e c a y s si n c e b ot h t h e virt u al

p h ot o n a n d t h e s pi n 1 c h ar m o ni u m st at e ar e v e ct or st at e s.  H o w e v er, o n e

c a n n ot c all t h e s e f or m f a ct or s el e ctr o m a g n eti c .  T h e s e “ str o n g” f or m f a ct or s c a n
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al s o b e e v al u at e d b y a p pl yi n g L or e nt z i n v ari a n c e at t h e v ert e x.

T h e di sti n cti o n c a n b e cl arifi e d b y t h e d eri v ati o n of t h e f or m f a ct or F
1
 b y

Br o d s k y a n d L e p a g e. 7 7   T h e y br e a k u p t h e el e ctr o m a g n eti c f or m f a ct or i nt o 3

p art s: a) a n a m plit u d e  φ  f or fi n di n g t h e t hr e e- q u ar k v al e n c e st at e i n t h e

i n c o mi n g pr ot o n, b) a n a m plit u d e T
H
 f or t hi s st at e t o s c att er wit h t h e p h ot o n

pr o d u ci n g 3 q u ar k s wit h r o u g hl y c olli n e ar m o m e nt a, a n d c) a n a m plit u d e φ * f or

t hi s fi n al q u ar k st at e t o f or m i nt o a h a dr o n:

( 5. 2 6)

F 1 Q 2 = 
1 

I  
0 

d x
1 

I  
0 

d y φ * y i , Q  ̃ y  TH x i ,  yi , Q   φ x i , Q  ̃ x  ,

w h er e

d x   =  d x1  d x2  d x3 δ 1 - x 1 - x 2 - x 3 ( 5. 2 7)

a n d Q ̃ x   =  mi n( x i Q )  , ( 5. 2 8)

a n d x r e pr e s e nt s t h e fr a cti o n of t h e l o n git u di n al m o m e nt u m t a k e n u p b y e a c h

v al e n c e q u ar k.

T h e f or m ati o n of c h ar m o ni u m fr o m pr ot o n- a nti pr ot o n a n ni hil ati o n r e all y

i n v ol v e s t w o di sti n ctl y diff er e nt pr o c e s s e s7 8 :   A n i nt er a cti o n b et w e e n t h e
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v ari o u s q u ar k s a n d gl u o n s t h at i s pri m aril y p ert ur b ati v e i n n at ur e, a n d a

r e c o m bi n ati o n of t h e q u ar k s i nt o a pr ot o n ( or br e a ki n g u p t h er e of) t h at i s

b a si c all y  n o n- p ert ur b ati v e.

T
H 

 , t h e “ h ar d s c att eri n g a m plit u d e”, i n cl u d e s di a gr a m s li k e t h o s e i n

Fi g ur e 5. 1 wit h t h e e x c h a n g e of gl u o n s.  I n t h e el e ctr o m a g n eti c c a s e s u c h

di a gr a m s r ef er o nl y t o t h e e x c h a n g e of t h e virt u al p h ot o n.  S o f or a n y pr o c e s s,

T
H
 a d dr e s s e s t h e h ar d s c att eri n g a m o n g t h e gl u o n s a n d t hr e e q u ar k s of t h e

h a dr o n, w hi c h c a n b e tr e at e d p ert ur b ati v el y.

T h e “ q u ar k di stri b uti o n a m plit u d e” φ , a f u n cti o n of Q 2 , i n v ol v e s s oft

pr o c e s s e s t h at r e c o m bi n e t h e pr o d u c e d q u ar k s i nt o h a dr o n s.  At c h ar m o ni u m

e n er gi e s, s u c h s oft pr o c e s s e s ar e n ot tr e at a bl e b y p ert ur b ati v e m et h o d s i n

Q C D.  T h e di stri b uti o n a m plit u d e c a n b e t h o u g ht of a s a pr o b a bilit y of fi n di n g a

v al e n c e q u ar k i n t h e pr ot o n c arr yi n g a fr a cti o n X
i
 of t h e pr ot o n’ s m o m e nt u m a n d

c arr yi n g a tr a n s v er s e m o m e nt u m l e s s t h a n s o m e s c al e Q.  A s a r e s ult, t h e s e

v al e n c e q u ar k s m a y b e tr e at e d a s m o vi n g c olli n e arl y u p t o t hi s s c al e Q. 7 9

F urt h er m or e, t h e s e a m plit u d e s ar e i n d e p e n d e nt of t h e e x cl u si v e d e c a y a n d ar e

r el at e d t o t h e t ot al h a dr o ni c w a v e f u n cti o n.

    T h e s oft pr o c e s s e s r e s p o n si bl e f or t h e r e c o m bi n ati o n p h a s e ar e

t y pi c all y st u di e d vi a Q C D s u m r ul e s or l atti c e c al c ul ati o n s.  Q C D s u m r ul e s

7 0



all o w o n e t o c al c ul at e diff er e nt m o m e nt s of t h e di stri b uti o n a m plit u d e s.  F or

i n st a n c e t h e ( n 1, n 2, n 3)-t h m o m e nt of t h e pr ot o n’ s di stri b uti o n a m plit u d e i s

( 5. 2 9)

I  
x 1 , x 2 , x 3 

φ x 1 , x 2 , x 3 , Q 2 x 1 

n 1  x2 

n 2  x3 

n 3  d x 1 d x 2 d x 3  .

P ert ur b ati v e Q C D yi el d s a g e n er al e x pr e s si o n f or t h e di stri b uti o n a m plit u d e at a

v er y hi g h e n er g y t h at i s a n i nfi nit e s u m of t er m s wit h a n u n k n o w n n o n-

p ert ur b ati v e p ar a m et er w hi c h i s r el at e d t o t h e s e ( n 1, n 2, n 3)-t h m o m e nt s.  T h e

diff er e nt t h e or eti c al m o d el s f or t h e di stri b uti o n a m plit u d e s all e v al u at e a s m a n y

m o m e nt s a s p o s si bl e at a gi v e n e n er g y, tr u n c at e t h e g e n er al p ert ur b ati v e

e x pr e s si o n, a n d fi n d t h e u n k n o w n c o effi ci e nt s u si n g Q C D s u m r ul e s. 8 0

H o w e v er, it i s n ot c o m pl et el y d et er mi n e d at t hi s ti m e w h et h er o n e c a n a p pl y t h e

g e n er al Q C D e x pr e s si o n or a p pl y s u c h a tr u n c ati o n t o N t er m s at l o w er

e n er gi e s.

5. 3  C o m p ari s o n of T h e or eti c al Pr e di cti o n s

Br o d s k y a n d L e p a g e 8 1  pr e di ct e d t h at if o n e n e gl e ct s t h e m a s s of t h e

c o n stit u e nt q u ar k s, t h e n t h e t ot al h a dr o ni c h eli cit y of all t h e c o n stit u e nt v al e n c e

q u ar k s i s c o n s er v e d.  F urt h er m or e, t h e a n g ul ar di stri b uti o n of Ψ d e c a y s i nt o p p 
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m u st h a v e t h e s a m e f or m, 1 + c o s 2 (θ ), t h at t h e dir e ct d e c a y of e+ e - i nt o p p  vi a a

p h ot o n h a s b e c a u s e t h e J/ Ψ  i s a v e ct or p arti cl e li k e t h e virt u al p h ot o n.

O n e c a n still f a v or a s pi n- o n e gl u o n a n d h a v e a λ  t h at i s l e s s t h a n o n e if

o n e c o n si d er s v ari o u s m a s s eff e ct s o n t h e d e c a y.  Cl a u d s o n, Gl a s h o w, a n d

Wi s e t o o k i nt o a c c o u nt t h e eff e ct of t h e t ot al b ar y o n m a s s a s a w h ol e a n d

n e gl e ct e d t h e c o ntri b uti o n of t h e f or m f a ct or F
2
,8 2

( 5. 3 0)

d Γ ( J / Ψ 6  B B ̄ ) 

d ( c o s θ ) 
  %    1 +   

M 2 

Ψ 
  -   4 m 

B 

2 

M 2 

Ψ 
  +   4 m 

B 

2 
c o s 2 θ  ,

w hi c h pr e di ct s λ  = 0. 4 6 3 f or t h e J/Ψ  a n d λ  =  0. 5 8 9 f or t h e Ψ ’.  Eff e cti v el y, t hi s

d eri v ati o n n e gl e ct s t h e fli p pi n g of t h e c o n stit u e nt q u ar k s’ s pi n s i n t h e pr ot o n.

C ari m al o c o n si d er e d m a s s eff e ct s o n t h e q u ar k l e v el b y ( a) a s si g ni n g

e a c h c o n stit u e nt q u ar k t o h a v e a n eff e cti v e m a s s of 1/ 3 t h e m a s s of t h e pr ot o n

a n d ( b) a s s u mi n g a n o nr el ati vi sti c st ati c q u ar k m o d el , i n w hi c h all q u ar k s s h ar e

t h e m o m e nt u m e q u all y.8 3   H e d eri v e s t h e a n g ul ar di stri b uti o n c o effi ci e nt a s
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λ   =   1   +  u
2 
  -  u 1   +   6 u 2 

1   +  u
2 
  +  u 1   +   6 u 2 

 , ( 5. 3 1)

w h er e u = 
m p 

2 

M ψ 
2   . ( 5. 3 2)

Di sr e g ar di n g t h e s m all el e ctr o m a g n eti c c orr e cti o n, t hi s r e s ult s i n λ  = . 6 8 8  f or

t h e J/Ψ  a n d λ  =. 8 0 2 f or t h e Ψ ’.

 At v er y hi g h e n er gi e s, t h e a n g ul ar di stri b uti o n p ar a m et er s h o ul d b e o n e,

r e g ar dl e s s of w h at ki n d of e x cl u si v e d e c a y o c c ur s, si n c e t h e e n er g y of t h e

r e s o n a n c e will b e m u c h l ar g er t h a n t h e m a s s of t h e pr ot o n.  At t h e s e e n er gi e s,

p ert ur b ati v e Q C D r ei g n s.  At l o w er e n er gi e s, di st a n c e s b et w e e n t h e v al e n c e

q u ar k s of t h e pr ot o n m a y b e c o m e l ar g er.  H e n c e t h e c o nfi n e m e nt Q C D

p ot e nti al, w hi c h i s n ot w ell m o d ell e d p ert ur b ati v el y, c o m e s i nt o pl a y.

F urt h er m or e, t h e m a s s e s of t h e q u ar k s a n d h a dr o n s, a n d p er h a p s a n eff e cti v e

m a s s f or t h e gl u o n, h a v e a n i m p a ct a s w ell.  Si n c e t h e m a s s of t h e Ψ  i s l o w er

t h a n t h e m a s s of t h e Ψ ’, t h e a n g ul ar di stri b uti o n p ar a m et er λ  at t h e Ψ  s h o ul d b e

l o w er t h a n λ  at t h e Ψ ’ f or o ur e x cl u si v e d e c a y s i nt o e+ e -.
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T h e w orl d e x p eri m e nt al a v er a g e 8 4  of t h e a n g ul ar di stri b uti o n p ar a m et er

f or t h e Ψ pri or t o 1 9 8 9 w a s 0. 6 3 "  . 0 8.  T h e d eri v ati o n of Cl a u d s o n, Gl a s h o w,

a n d Wi s e w a s a bl e t o d e m o n str at e t h at c orr e cti o n s d u e t o m a s s eff e ct s c a n b e

s u b st a nti al, b ut it al s o s h o w s t h at o n e c a n n ot n e gl e ct t h e i m p a ct of t h e

i n di vi d u al q u ar k s.  S o of t h e fir st t hr e e pr e di cti o n s pr e s e nt e d s o f ar, a n o n-

r el ati vi sti c tr e at m e nt, w h er e b y e a c h of t h e v al e n c e q u ar k s of t h e pr ot o n s h ar e

t h e m o m e nt u m e q u all y,  a p p e ar s t o pr e di ct t h e a n g ul ar di stri b uti o n p ar a m et er at

t h e J/ Ψ  v er y w ell.

M or e i n v ol v e d c al c ul ati o n s of t h e a n g ul ar di stri b uti o n p ar a m et er c all

u p o n diff er e nt m o d el s f or t h e q u ar k di stri b uti o n a m plit u d e s, diff er e nt

a p pli c ati o n s of Q C D s u m r ul e s di s c u s s e d i n S e cti o n 5. 2, a n d v ari o u s f or m s of

t h e c o u pli n g c o n st a nt α
s
 u s e d i n t h e c al c ul ati o n.   T h e pr e di cti o n s s h o w n i n

T a bl e s 5. 1 a n d 5. 2 r e v e al t h at t h e wi dt h fr o m c h ar m o ni u m t o p p  i s al s o

si g nifi c a nt.  T h e n o n-r el ati vi sti c tr e at m e nt of C ari m al o 8 3  d o e s n ot h ol d u p a s w ell

u n d er t hi s a d diti o n al c o n str ai nt, a n d it a p p e ar s t h at t h e “ h et er oti c” s ol uti o n of

St ef a ni s a n d B er g m a n n 8 5 m at c h e s b ot h ( a) t h e w orl d a v er a g e f or t h e a n g ul ar

di stri b uti o n p ar a m et er a n d ( b) t h e P arti cl e D at a Gr o u p v al u e f or t h e wi dt h

Γ ( J / Ψ   6  p p )  of 1 8 8 e V.

Al s o pr e s e nt e d i n T a bl e 5. 2 ar e t h e r e s p e cti v e t h e or eti c al e x p e ct ati o n s 8 6
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f or t h e a n g ul ar di stri b uti o n p ar a m et er at t h e Ψ ’ a n d t h e r e s p e cti v e d e c a y wi dt h s

t o p p .  T h e s a m e m o d el s w hi c h pr e di ct t hi s p ar a m et er a n d t h e p p  d e c a y

wi dt h 8 7  at t h e Ψ  ar e u s e d t o pr e di ct it at t h e Ψ ’.  A c c or di n g t o t h e P arti cl e D at a

Gr o u p t h e v al u e of t h e d e c a y wi dt h t o p p  i s 5 3 e V at  t h e Ψ ’.
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D A M o d el λ  Γ ( J / Ψ   6    p p )  
( e V)

Br o d s k y a n d L e p a g e 8 1 1 -

Cl a u d s o n, Gl a s h o w, a n d
Wi s e 8 2

0. 4 6 -

C ari m al o( N o n-
r el ati vi sti c)8 3

0. 6 8 8 0. 2

A s y m pt oti c 7 8 0. 6 6 7 2. 6

C h er n y a k a n d
Z hit nit s k y 8 8

0. 5 6 1 5 8. 7

C h er n y a k, O gl o bi n, a n d
Z hit nit s k y 8 9

0. 5 6 5 8 2. 6

Ki n g a n d S a c hr aj d a 9 0 0. 5 9 1 1 2 5. 5

G ari a n d St ef a ni s 9 1 0. 9 6 3 1 6. 8

St ef a ni s a n d B er g m a n n
( h et er oti c) 8 5

0. 6 8 9 1 6 7. 1

T a bl e 5. 1 :  T h e or eti c al Pr e di cti o n s of t h e a n g ul ar di stri b uti o n p ar a m et er a n d p arti al wi dt h
t o p p  at t h e J/Ψ .
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D A M o d el λ Γ ( Ψ   '   6    p p )  
( e V)

Br o d s k y a n d L e p a g e 8 1 1 -

Cl a u d s o n, Gl a s h o w, a n d
Wi s e 8 2

0. 5 9 -

C ari m al o( N o n-
r el ati vi sti c)8 3

0. 8 0 2 0. 0 2

A s y m pt oti c 7 8 0. 7 8 2 0. 2 1

C h er n y a k a n d
Z hit nit s k y 8 8

0. 6 8 3 5. 4 7

C h er n y a k, O gl o bi n, a n d
Z hit nit s k y 8 9

0. 6 8 7 6. 6 6

Ki n g a n d S a c hr aj d a 9 0 0. 7 1 2 1 0. 3 1

G ari a n d St ef a ni s 9 1 0. 9 8 6 1. 0 7

St ef a ni s a n d
B er g m a n n 8 5

( h et er oti c)

0. 7 9 0 1 4. 0 0

T a bl e 5. 2 :  T h e or eti c al Pr e di cti o n s of t h e a n g ul ar di stri b uti o n p ar a m et er a n d
 p p  at t h e Ψ ’ .

7 7
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6. A n al y si s

6. 1. El e ctr o n- P o sitr o n P air S el e cti o n.

1.  T h e e v e nt p a s s e s t h e e + e-
h ar d w ar e tri g g er a n d P R U D E
filt er, a n d i s writt e n t o a di s k
fil e.

2.  A s u b s et of t hi s fil e p a s si n g
l o o s e c ut s c all e d a D S T ( D at a
S u m m ar y T a p e) i s cr e at e d.

4. At m o st o n e cl u st er p air fr o m
t h e e v e nt i s s el e ct e d a s a n
e + e- c a n di d at e.  A n n-t u pl e, a
fil e a c c e s s e d b y t h e P A W
a n al y si s p a c k a g e ( P h y si c s
A n al y si s W or k st ati o n), st or e s 
ki n e m ati c v ari a bl e s f or e a c h
p air.

5.  Wit hi n P A W, c ut s ar e m a d e
o n t h e c a n di d at e e v e nt' s

a c o pl a n arit y, a ki n e m ati c s ,

n u m b er of o n-ti m e cl u st er s,
t ot al e n er g y, a n d t h e i n v ari a nt
m a s s.

3. A F ortr a n pr o gr a m
r e c o n str u ct s C C A L el e m e nt s
i nt o cl u st er s.  E a c h cl u st er p air
i s a p ot e nti al e + e- c a n di d at e.

6.  E v e nt s p a s si n g st e p 5 fill a n
hi st o gr a m:  T h e c o si n e of t h e
p ol ar a n gl e i n t h e
c e nt er- of- m a s s fr a m e f or e a c h
el e ctr o n, a s d et er mi n e d b y t h e
s ci ntill ati n g fi b er d et e ct or.

7.  T h e a n g ul ar di stri b uti o n
fr o m st e p 6 i s fit t o t h e f u n cti o n

A + B* c o s ( θ *).  T h e a n g ul ar

di stri b uti o n p ar a m et er  λ i s
B/ A.

2

Fi g ur e 6. 1 :  D at a A n al y si s Fl o w C h art.

T h e s e q u e n c e of s el e cti o n s o n el e ctr o n- p o sitr o n c a n di d at e e v e nt s i s

s h o w n s c h e m ati c all y i n Fi g ur e 6. 1.  I niti all y ( St e p 1, Fi g ur e 6. 1), e v e nt s t h at

p a s s t h e h ar d w ar e e + e - tri g g er ar e r e c o n str u ct e d b y t h e P R U D E filt er a n d writt e n

7 8



to disk.  From these resident disk files, loose cuts are applied (Step 2, Figure

6.1) in order to produce a DST file (Data Summary Tape), also residing on disk.

A DST contains a subset of all the events in the disk file that do not include the

large hadronic background present below 2.7 GeV.  The event is rejected if (a)

the event did not fire Gatemaster bit 1 (the e+e- trigger), (b) the number of

clusters seen by the central calorimeter is greater than 20, or (c) the largest

possible invariant pair mass (on-time or out-of-time) constructed from a cluster

pair is less than 2.7 GeV, as determined from the energy deposits and angles

given by the central calorimeter.    All possible combinations of cluster pairs are

considered, except when one of the clusters (a) is not on-time with respect to

the e+e- trigger, or (b) does not exceed a minimum cluster energy of 200 MeV .

   When a particle such as an electron enters the CCAL, it creates an

electromagnetic shower which produces Cerenkov light in several neighboring

lead glass blocks.   The amount of Cerenkov light is proportional to the amount

of energy deposited in each block.   A software program called the clusterizer

searches for possible "seed" blocks, around which the energy deposits are

grouped into clusters (Step 3, Figure 6.1).  A cluster is the CCAL's

representation of the particle that entered it.  For this analysis, cluster thresholds

were set at 5 MeV for the seed block of the cluster, and 20 MeV for the

surrounding 3-by-3 grid.  A cluster pair is defined to be "on-time" if the TDC

values (which flag the cluster creation with respect to the time the interaction

occurred) of its largest energy deposits are on-time.
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From the smaller DST file, further cuts are applied to the data to establish

the thesis sample (Step 4, Figure 6.1) and event information is written to an

n-tuple, a file that stores processed information for future use within PAW (the

Physics Analysis Workstation analysis package).  A typical n-tuple may hold the

values of 35 to 50 kinematic variables per event.  If an on-time cluster pair

generates an invariant mass closest to the resonance in question, and said

invariant mass is greater than 2.7 GeV, then that cluster pair is chosen to be the

e+e- candidate from the event.  There is no way to tell in this experiment which

cluster is the positron and which is the electron.

At this juncture the thesis sample is refined using the PAW analysis

package (Step 5, Figure 6.1).  Many different analysis cuts, like those discussed

later in Section 6.3 to determine the thesis sample, can be made.  For example,

suppose one wants to plot the invariant mass of all the events in the n-tuple with

only 2 on-time clusters.   Kumac files may include a large list of commands like

those below, and allow Fortran programs to be called from within PAW to

analyze the data.  The general procedure is as follows:

> pawX11 ! Launch the PAW software

! package.

>hi/file 1 /scratchj/mctaggar/jpsi.ntp ! Load the desired n-tuple.
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> nt u pl e/ pl ot 2 0. s 1 2 o nti m e. e q. 2 ! Di s pl a y a n hi st o gr a m of t h e

! i n v ari a nt m a s s ( s 1 2) of all

! e v e nt s  w h o s e v al u e

! of " o nti m e" i s 2.

Aft er t h e fi n al t h e si s s a m pl e h a s b e e n a s c ert ai n e d, o n e m a y pl ot t h e

a n g ul ar di stri b uti o n i n a n hi st o gr a m ( St e p 6, Fi g ur e 6. 1), a n d fit t hi s hi st o gr a m t o

o bt ai n t h e a n g ul ar di stri b uti o n p ar a m et er  λ ( St e p 7, Fi g ur e 6. 1).  T h e d et ail s of

t h e fit will b e pr e s e nt e d i n C h a pt er 7: T h e r e m ai n d er of C h a pt er 6 f o c u s e s o n

t h e s el e cti o n of t h e t h e si s s a m pl e.  S e cti o n 6. 2 d et er mi n e s w hi c h p ol ar a n gl e

i nf or m ati o n i s i n cl u d e d i n t h e a n g ul ar di stri b uti o n hi st o gr a m.  I n S e cti o n 6. 3 t h e

a n al y si s c ut s ar e f ull y d et ail e d, a n d fi n all y i n S e cti o n s 6. 4 a n d 6. 5 a n y

b a c k gr o u n d c o nt a mi n ati o n r e m ai ni n g i n t h e s a m pl e a n d p o s si bl e bi a s wit h t h e

h ar d w ar e tri g g er ar e di s c u s s e d r e s p e cti v el y.

6. 2.  P ol ar A n gl e fr o m Fi b er s a n d C C A L.

I n t h e e x p eri m e nt t h er e ar e s e v er al w a y s t o d efi n e t h e p ol ar a n gl e s of t h e

e + e - p air.  Pri m aril y o n e m a y u s e eit h er t h e i nf or m ati o n gi v e n b y t h e s ci ntill ati n g

fi b er tr a c k er,9 2  t h at gi v e n b y t h e c e ntr al c al ori m et er, or s o m e c o m bi n ati o n of t h e

t w o.  T h e C C A L h a s t h e a d v a nt a g e of yi el di n g t h e p arti cl e’ s e n er g y, a zi m ut h

a n d p ol ar a n gl e i n t h e l a b.  I n f a ct t h e e + e - p air i s c h o s e n wit h t h e s e 3 v ari a bl e s

8 1



a n d w h et h er t h e C C A L cl u st er s ar e o n-ti m e.  H o w e v er, d u e t o t h e fi n er

r e s ol uti o n of t h e fi b er s a n d t h e b e h a vi or of t h e C C A L cl u st eri z er,  t h e a n gl e t h at

i s i n cl u d e d i n t h e fi n al a n g ul ar di stri b uti o n c o m e s fr o m t h e s ci ntill ati n g fi b er s

a s s o ci at e d wit h t h e C C A L cl u st er a n d n ot dir e ctl y fr o m t h e C C A L cl u st er it s elf.

F urt h er m or e, n o c o m bi n ati o n of t h e t w o a n gl e s ar e att e m pt e d eit h er.

I n r e c o n str u cti n g fi n al e+ e - st at e s, t h e pr e s e nt offli n e cl u st eri z er h a s a

pr ef er e n c e f or c e nt eri n g cl u st er s a cr o s s t h e f a c e of a c al ori m et er bl o c k: A w a y

fr o m bl o c k c e nt er s a n d t o w ar d t h e bl o c k e d g e s.  T hi s d o e s n ot r e s ult i n a

s m o ot h a n g ul ar di stri b uti o n of t h e e + e - i n c o s(θ *).  T h e pri m ar y r e a s o n f or t hi s

b e h a vi or i s t h at t h e r e s ol uti o n of t h e c al ori m et er i s b ett er n e ar t h e e d g e s of t h e

bl o c k s ( w h er e 2 p h ot o m ulti pli er t u b e s c a n s e e t h e e v e nt) t h a n at t h e c e nt er

( w h er e o nl y o n e will r e c ei v e t h e e n er g y d e p o sit).

T h e cl u st eri z er i s al s o b ett er e q ui p p e d t o h a n dl e t h e 2 p h ot o n d e c a y s of

r e s o n a n c e s li k e t h e χ
2 
or t h e η

c
 t h a n t h e e+ e - d e c a y s st u di e d h er e.  It s

al g orit h m s s e ar c h f or e n er g y d e p o sit s t o gr o u p i nt o cl u st er s, a n d al o n g wit h t h e

e + e - i n t h e e v e nt m a y c o m e d elt a r a y s fr o m t h e i nt er a cti o n of t h e el e ctr o n s wit h

t h e d et e ct or s.  T h e p o siti o n of t h e cl u st er c a n b e aff e ct e d b y t h e s e d elt a r a y s t h at

g et a b s or b e d i n t h e cl u st eri zi n g pr o c e s s.

T h e r e s ult i s a n u n n at ur all y hi g h c hi- s q u ar e p er d e gr e e of fr e e d o m f or t h e
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angular distribution, which is not related to whether both electrons are

contained within the geometrical acceptance of the CCAL.  This oscillation of

CCAL angular distributions about the fit curve, which repeats after every CCAL

block,  is easily seen in Figure 6.2.  Using only the CCAL information, the chi-

square per degree of freedom for the final angular distribution of this thesis

would be over 2.0 (the nominal value is 1.0 per degree of freedom).

The CCAL shower Monte Carlo93 for e835 attempts to describe the

general behavior of the lead-glass calorimeter blocks in response to photons

and electrons passing through it by integrating over the shower shape instead

of producing secondary showering particles as the GEANT version does, but

once fully tuned it will deliver a very fast estimation of the response of the

calorimeter with many thousands of events.  In principle a fully-tuned Monte

Carlo (either kind) will correct angular distributions like those found in Figure

6.2 when it can replicate qualities such as acoplanarity, akinematics, where the

electron hits a CCAL block across the block face, and bring the chi-square of

the final fit to near 1.0 per degree of freedom.   However, it was decided for this

thesis that the present form of the CCAL shower Monte Carlo and the current set

of tuning parameters did not satisfy all of these requirements.

83



Figure 6.2:  Behavior of the CCAL Clusterizer:  Raw Angular Distribution
of Background Runs 1180-1184.  

 Angular distributions using the scintillating fibers do not suffer from this

repetitive behavior seen in the CCAL distributions because the fibers are

physically finer than the face of a CCAL block(~1 mrad 92 vs. ~10 mrad 44).

However, the fiber angular distribution is not completely independent of the

corresponding CCAL distribution.  Fiber hits are associated with particular

84

500 

400 

300 

2D0 

100 

0 
-lU!i 

f.:!a w I:! DC k.gra und Angular t:llel:r1 butlcri, un s 1 , MU -1 1 Mil 

....(1 ,4 n n.,- C'l.4 O.'-i 



C C A L cl u st er s i n t h e pr o c e s s of fitti n g all t h e d et e ct or el e m e nt s f or c h ar g e d a n d

n e utr al tr a c k s.  B a si c all y t h e fi b er hit s t h at h a v e t h e mi ni m u m o p e ni n g a n gl e

wit h r e s p e ct t o a p arti c ul ar C C A L cl u st er s h ar e t h e s a m e tr a c k a s t h at C C A L

cl u st er, b ut ot h er st ati sti c al a s p e ct s of t h e fitti n g pr o c e d ur e al s o c o m e i nt o pl a y.

O n e w a y t o m a k e a n i n d e p e n d e nt fi b er a n g ul ar di stri b uti o n i s t o c h o o s e

e v e nt s t h at h a v e t h e mi ni m u m a ki n e m ati c s.  H o w e v er, t hi s d o e s n ot m a k e a n y

d e m a n d s o n t h e a c o pl a n arit y, i n v ari a nt m a s s, n or t ot al e n er g y of t h e e v e nt.

T h e s e ar e n ot a v ail a bl e fr o m t h e fi b er s.  F urt h er m or e, t h e fi b er s ar e n ot 1 0 0 %

effi ci e nt:  F or e a c h e + e - p air t h at p a s s e s t h e a n al y si s c ut s ( di s c u s s e d i n t h e n e xt

s e cti o n), t h er e m a y b e 0, 1, or 2 a s s o ci at e d fi b er tr a c k s.  A ki n e m ati c s fr o m fi b er

i nf or m ati o n f or a v ali d e+ e - p air c a n o nl y b e d et er mi n e d if t h er e ar e 2 fi b er hit s

p er p air.

I n t hi s a n al y si s t h e p ol ar a n gl e i s d et er mi n e d fr o m t h e Z- c o or di n at e s of

t h e i n n er a n d o ut er fi b er l a y er s.  Gi v e n t h e r a di u s of t h e fi b er l a y er i s k n o w n, t h e

p ol ar a n gl e i n t h e l a b fr a m e c a n b e c al c ul at e d.  If b ot h l a y er s r e gi st er a hit, t h e

p ol ar a n gl e i s t a k e n a s t h e a v er a g e of t h e t w o.   A s s u mi n g t h e a s s o ci at e d C C A L

cl u st er s p a s s all t h e a n al y si s c ut s, t h e n  0, 1, or 2 e ntri e s ar e m a d e i nt o t h e

hi st o gr a m f or t h e fi n al a n g ul ar di stri b uti o n.  T hi s d e p e n d s u p o n w h et h er ( a) t h e

fi b er tr a c ki n g d et e ct or r e gi st er s a n d ( b) t h e tr a c k i s wit hi n t h e fitti n g r e gi o n.  F or

t h e J/Ψ , t h e fit i s a p pli e d t o t h e r e gi o n - . 4 5  <  c o s θ *   <  . 4 5 , w hi c h
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c orr e s p o n d s i n t h e l a b fr a m e t o 2 3. 5 è    <   θ   <   5 7. 5 è  .  F or t h e Ψ ’, t h e fitti n g r e gi o n

i s − . 5 2 5  <  c o s θ 
∗ 

  <  . 5 2 5 , w hi c h c orr e s p o n d s i n t h e l a b fr a m e t o

1 7. 3 è    <   θ   <   5 2. 3 è  .  O n e r e s ult of t h e s e c h oi c e s i s t h at t h e f or w ar d c al ori m et er i s

n ot u s e d i n t hi s a n al y si s, si n c e it li e s b el o w 1 5 d e gr e e s.  T hi s al s o r e m o v e s

b a c k gr o u n d c a n di d at e s, si n c e t h e m ulti- pi o n c h a n n el i s f or w ar d- p e a k e d.

T h e effi ci e n c y of t h e s ci ntill ati n g fi b er d et e ct or f or s e ei n g a tr a c k i s s h o w n

i n Fi g ur e 6. 3.  T hi s al s o i n cl u d e s t h e g e o m etri c al f a ct or s s h o w n i n Fi g ur e 6. 4,

a n d eff e ct s li k e d e a d c h a n n el s.   Alt h o u g h t h e effi ci e n c y of t h e fi b er s aff e ct s t h e

J/ Ψ  a n g ul ar di stri b uti o n m or e, t hi s effi ci e n c y i s al w a y s o v er 9 2 % f or t h e J/Ψ fit,

a n d o v er 9 6 % f or t h e Ψ ’ fit.

T h e eff e ct of s el e cti n g t h e p ol ar a n gl e fr o m t h e s ci ntill ati n g fi b er tr a c k er

i n st e a d of t h e C C A L o n t h e si z e of t h e t h e si s s a m pl e i s a p p ar e nt i n T a bl e 6. 1.

T h e diff er e n c e s i n t h e e v e nt c o u nt s ( n e ar 1 % f or b ot h c h a n n el s) ar e eit h er d u e

t o mi gr ati o n a cr o s s t h e fit b o u n d ari e s w h e n o n e c h o o s e s t h e fi b er p ol ar a n gl e

o v er t h e C C A L p ol ar a n gl e ( or vi c e- v er s a), a f ail ur e t o a s s o ci at e a fi b er hit t o t h e

c orr e ct cl u st er, or t h e i n effi ci e n c y of t h e fi b er s.   Si n c e b ot h m e m b er s of t h e e + e -

p air ar e al w a y s c o nt ai n e d wit hi n t h e g e o m etr y of t h e d et e ct or, a n d t h e effi ci e n c y

of t h e s ci ntill ati n g fi b er s i s cl o s e t o o n e, n o c orr e cti o n b y M o nt e C arl o i s m a d e t o

t h e a n g ul ar di stri b uti o n of eit h er d e c a y c h a n n el.
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Figure 6.3:  Detection efficiency of the scintillating fiber tracker.92

Figure 6.4:  Number of fibers hit as a function of polar lab angle.92
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R u n N u m b er N u m b er of E ntri e s,
C C A L

N u m b er of E ntri e s,
S ci ntill ati n g Fi b er

9 0 8- 9 0 9 8, 2 4 4 8, 1 9 9

3 0 7 8- 3 0 7 9 2, 4 4 7 2, 4 1 9

J/ Ψ  T ot al 1 0, 6 9 1 1 0, 6 1 8

8 7 7- 8 8 2 2 0 5 2 0 7

1 0 0 6- 1 0 1 8 2 0 2 2 0 0

1 2 7 6- 1 2 8 1 5 3 2 5 0 8

2 0 0 3- 2 0 1 8 5 2 3 5 2 4

2 2 1 8- 2 2 5 3 7 9 4 7 9 0

3 2 1 0- 3 2 3 3 4 6 1 4 5 7

Ψ ’ T ot al 2, 7 1 7 2, 6 8 6

T a bl e 6. 1:  N u m b er of e ntri e s i n t h e fi n al a n g ul ar di stri b uti o n w h e n t h e p ol ar a n gl e i s
d et er mi n e d fr o m eit h er t h e C C A L or t h e s ci ntill ati n g fi b er tr a c k er.

D e ci di n g w hi c h e v e nt s c o ntri b ut e t o t h e a n g ul ar di stri b uti o n, a n d

t h er ef or e t o T a bl e 6. 1, i s t h e s u bj e ct of t h e f oll o wi n g s e cti o n.

6. 3.  T h e si s S a m pl e S el e cti o n.

T o o bt ai n t h e a n g ul ar di stri b uti o n of t h e fi n al e + e - st at e, s e v er al c ut s ar e

a p pli e d t o t h e d at a.  T h e p ur p o s e of e a c h c ut i s t o r e m o v e e v e nt s t h at m a y

si m ul at e a n e + e - p air d e c a yi n g fr o m c h ar m o ni u m, b ut i n st e a d ari s e fr o m t h e

b a c k gr o u n d c o nti n u u m or m ulti- pi o n d e c a y s.  If t h e c a n di d at e p air fr o m t h e

e v e nt p a s s e s t h e f oll o wi n g c ut s i n T a bl e 6. 2, a n d  t h e s ci ntill ati n g fi b er tr a c k er
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yi el d s a p ol ar a n gl e t h at f all s wit hi n t h e fitti n g r e gi o n m e nti o n e d i n S e cti o n 6. 2,

t h e e v e nt m a y c o ntri b ut e 0, 1, or 2 e ntri e s t o t h e fi n al a n g ul ar di stri b uti o n.

Ot h er wi s e t h e e v e nt i s n ot c o n si d er e d.

1. 2 o n-ti m e cl u st er s.

2.
I n v ari a nt m a s s > 2. 7 G e V,  ( J/Ψ )
I n v ari a nt m a s s > 3. 4 G e V, (Ψ ’)

3.
A c o pl a n arit y b et w e e n - 2 5 millir a di a n s

a n d + 2 5 millir a di a n s.

4.
A ki n e m ati c s b et w e e n - 2 5 millir a di a n s

a n d + 2 5 millir a di a n s

5.
4. 7 1 G e V < E T O T < 5. 3 1 G e V ( J/ Ψ )

6. 7 2 G e V < E T O T < 7. 6 2 G e V ( Ψ ’)

T a bl e 6. 2: S u m m ar y of a n al y si s c ut s b a s e d o n C C A L i nf or m ati o n.

T h e p ur p o s e of t hi s s e cti o n i s t o e v al u at e h o w t h e di stri b uti o n of e a c h of

t h e fi v e v ari a bl e s a b o v e i s aff e ct e d b y t h e ot h er c ut s, a n d j u stif y w h y t h e s e c ut s

w er e m a d e.  H o w e v er, o n e s h o ul d n ot c o u nt t h e n u m b er of e v e nt s i n t h e

f oll o wi n g di stri b uti o n s i n t hi s s e cti o n t o a c hi e v e a fi n al e v e nt c o u nt, si n c e t h e

fi d u ci al l a b a n gl e c ut s of S e cti o n 6. 2 m a d e pri or t o fitti n g ar e n ot a p pli e d t o t h e

f oll o wi n g pl ot s.  A s a r e s ult t h e d at a p a s si n g all t h e s e c ut s will pr o vi d e at m o st 2

e ntri e s t o t h e a n g ul ar di stri b uti o n, b ut o nl y 1 e ntr y i n t h e f oll o wi n g pl ot s.  E v e nt s
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t h at pr o vi d e 0 or 1 e ntri e s t o t h e a n g ul ar di stri b uti o n ar e still pl ott e d h er e, a n d

ar e pr e s e nt w h e n t h e wi dt h of t h e t ot al e n er g y di stri b uti o n i s d et er mi n e d.

E v e nt s t h at f ail a n y of t h e s e c ut s al w a y s c o ntri b ut e z er o e ntri e s t o t h e a n g ul ar

di stri b uti o n.

I n A p p e n di c e s A a n d B t h e effi ci e n ci e s of all p o s si bl e c o m bi n ati o n s of

c ut s i n T a bl e 6. 2 a b o v e ar e li st e d f or e a c h s u b s et of t h e  J/ Ψ  a n d t h e Ψ ’ d at a.

I n t hi s c a s e, fi d u ci al l a b a n gl e c ut s ar e p erf or m e d b ef or e c al c ul ati n g t h e

effi ci e n ci e s of t h e a n al y si s c ut s.  T h e effi ci e n c y i s d efi n e d h er e a s t h e n u m b er of

el e ctr o n s p a s si n g all c ut s ( a n d i n cl u d e d i n t h e fit) di vi d e d b y t h e n u m b er of

el e ctr o n s a c hi e v e d b y t h at c o m bi n ati o n of c ut s ( a n d i n cl u d e d i n t h e fit).

T h er ef or e a s et of c ut s i s 1 0 0 % effi ci e nt if it  pr o d u c e s t h e fi n al d at a s a m pl e.  F or

t h e  Ψ ’  t h e effi ci e n ci e s ar e g e n er all y l o w er f or o n e or t w o of t h e a b o v e c ut s t h a n

si mil ar c ut s o n t h e J/ Ψ , d u e t o t h e J/Ψ  + π π  d e c a y of t h e Ψ ’.   C o m bi n ati o n s of

c ut s t h at i n cl u d e a n i n v ari a nt m a s s c ut of 3. 4 G e V h a v e hi g h er effi ci e n ci e s,

si n c e t h e y r e m o v e e + e - p air s t h at ori gi n at e fr o m t h e J/Ψ .

T h e fir st of t h e a n al y si s c ut s i s t h at t h e e v e nt m u st h a v e o nl y 2 o n-ti m e

cl u st er s.  H o w e v er, t hi s c ut b y it s elf d o e s n ot pr o hi bit t h e e v e nt fr o m h a vi n g

s e v er al o ut- of-ti m e cl u st er s i n a d diti o n t o t h e s e t w o.  Fi g ur e 6. 5 f or t h e J/ Ψ  a n d

Fi g ur e 6. 6 f or t h e Ψ ’ s h o w h o w t h e n u m b er of o n-ti m e cl u st er s i n t h e s a m pl e

9 0



c h a n g e s b ef or e a n y c ut s ar e a p pli e d a n d aft er all ot h er c ut s ar e m a d e.  T h e

e xtr a cl u st er s i n t h e Ψ ’ di stri b uti o n at t h e t o p of Fi g ur e 6. 6 ar e d u e t o t h e ( a) t h e

i n cl u si v e d e c a y of t h e Ψ ’ t o t h e J/Ψ , ( b) m ulti- pi o n d e c a y s t h at a c c o m p a n y

c h ar m o ni u m pr o d u cti o n, a n d t o a l e s s er e xt e nt ( c) t h e e + e- c o nti n u u m (i. e.

p p   6   e + e −  ).  T h eir i nfl u e n c e o n t h e st u d y of t h e s e e x cl u si v e d e c a y s of

c h ar m o ni u m ar e b ett er u n d er st o o d b y st u d yi n g t h e i n v ari a nt m a s s of t h e

s a m pl e.  N e v ert h el e s s, t hi s p arti c ul ar c ut i s criti c al i n r e m o vi n g t h e s e u n w a nt e d

e v e nt s.

9 1

-



 

Fi g ur e 6. 5:  J/ Ψ  O n-ti m e Cl u st er N u m b er b ef or e a n y c ut s ar e m a d e
(t o p) a n d aft er all ot h er c ut s ar e a p pli e d ( b ott o m).  O nl y e v e nt s wit h 2

o n-ti m e cl u st er s r e m ai n i n t h e t h e si s s a m pl e.
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Fi g ur e 6. 6:  Ψ ( 3 6 8 6) O n-ti m e Cl u st er N u m b er di stri b uti o n s b ef or e
a n y c ut s (t o p) a n d aft er all ot h er c ut s ( b ott o m) ar e a p pli e d.  O nl y

e v e nt s wit h 2 o n-ti m e cl u st er s r e m ai n i n t h e t h e si s s a m pl e.
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T h e i n v ari a nt m a s s di stri b uti o n s of t h e J/ Ψ ar e s h o w n i n Fi g ur e 6. 7 b ef or e

a n y c ut s ar e m a d e a n d aft er all of t h e ot h er c ut s h a v e b e e n a p pli e d.  Cl u st er

p air s i n cl u d e d i n t h e fi n al J/ Ψ s a m pl e m u st h a v e a n i n v ari a nt m a s s gr e at er t h a n

2. 7 G e V.  R e c all t h at t o b e writt e n t o t h e n-t u pl e, t h e e v e nt m u st h a v e t w o

cl u st er s wit h a n i n v ari a nt m a s s gr e at er t h a n 2. 7 G e V (i. e. n eit h er cl u st er h a s t o

b e o n-ti m e).  T h e e + e - p air i s c h o s e n a s t h e o n-ti m e cl u st er cl o s e st t o t h e

r e s o n a n c e i n q u e sti o n wit h r e s p e ct t o t h e i n v ari a nt m a s s, s o t h er e ar e s o m e

e + e - p air s wit h i n v ari a nt m a s s e s l e s s t h a n 2. 7 G e V i n t h e n-t u pl e.

Pri m aril y t h er e ar e t w o r e a s o n s w h y t h e J/ Ψ  e x cl u si v e d e c a y i s e a si er t o

st u d y t h a n t h e Ψ ’.  Fir st, t h e cr o s s- s e cti o n f or pr o d u ci n g e x cl u si v e d e c a y s f all s

a s 1 

Q 2 
, s o t hi s c h a n n el i s m or e pr o mi n e nt at t h e J/Ψ .  Al s o, t h e r e s o n a n c e b el o w

t h e J/Ψ , t h e η
c
, i s n ot all o w e d t o d e c a y t o e+ e - b y p arit y, s o t hi s a d diti o n al

i n cl u si v e c h a n n el i s n ot s e e n i n Fi g ur e 6. 7 a s it i s i n Fi g ur e 6. 8.    

Cl e arl y e vi d e nt i n t h e t o p of Fi g ur e 6. 8 ar e t h e t w o b a c k gr o u n d s o ur c e s

f or t h e Ψ ’ e x cl u si v e d e c a y t o a n e+ e -  p air b ef or e a n y c ut s ar e m a d e:

C o nt a mi n ati o n fr o m t h e m ulti- pi o n d e c a y s (t h e l ar g e e x p o n e nti al c ur v e), a n d t h e

d e c a y s of t h e Ψ ’ t o J/Ψ  + X, w h er e X m a y b e eit h er 2 π  or si m pl y a n η .  I n t h e
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l att er c a s e a n e+ e -  p air ari s e s fr o m t h e c a s c a di n g d e c a y of t h e J/Ψ i n st e a d of

t h e e x cl u si v e d e c a y of t h e Ψ ’, w hi c h r e s ult s i n t h e e n h a n c e m e nt ar o u n d 3. 1

G e V.      T h e e x cl u si v e c h a n n el r e m ai n s u n d er t h e G a u s si a n c e nt er e d n e ar 3. 6

G e V.  At t h e b ott o m of Fi g ur e 6. 8 a n i n v ari a nt m a s s c ut of 3. 4 G e V a s s ur e s t h at

t h e s e t w o s o ur c e s h a v e littl e i m p a ct o n t h e e x cl u si v e d e c a y c h a n n el.  T h e

di stri b uti o n s s h o w n at t h e b ott o m of Fi g ur e s 6. 7 a n d 6. 8 d e m o n str at e t h e m a s s

r e s ol uti o n of t h e c e ntr al c al ori m et er.
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Fi g ur e 6. 7:  J/ Ψ  I n v ari a nt M a s s di stri b uti o n s b ef or e a n y a n al y si s c ut s
(t o p) a n d aft er all ot h er a n al y si s c ut s ( b ott o m).
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Fi g ur e 6. 8:  Ψ ( 3 6 8 6) I n v ari a nt M a s s di stri b uti o n s b ef or e a n y c ut s
(t o p) a n d aft er all ot h er c ut s ar e a p pli e d ( b ott o m).
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N e xt, e v e nt s ar e r e m o v e d if t h eir a c o pl a n arit y a n d a ki n e m ati c s ar e t o o

l ar g e.   T h e s e t w o q u a ntiti e s ar e e v al u at e d u si n g t h e C C A L p ol ar a n gl e s

i n st e a d of t h o s e gi v e n b y t h e s ci ntill ati n g fi b er s, si n c e C C A L cl u st er f or m ati o n i s

t h e pri m ar y f a ct or i n s el e cti n g tr a c k s.  I n t h e c e nt er- of- m a s s fr a m e, t h e el e ctr o n s

fr o m a n e x cl u si v e c h ar m o ni u m d e c a y s h o ul d c o m e o ut b a c k-t o- b a c k.  Z er o

a c o pl a n arit y m e a n s t h e e v e nt i s e x a ctl y b a c k-t o- b a c k i n t er m s of t h e a zi m ut h al

a n gl e.  Z er o a ki n e m ati c s m e a n s t h e e v e nt i s p erf e ctl y b a c k-t o- b a c k i n t er m s of

t h e c e nt er- of- m a s s p ol ar a n gl e.  I n pr a cti c e, b ot h q u a ntiti e s h a v e a di stri b uti o n

c e nt er e d o n z er o f or p ur e e + e - e v e nt s d u e t o t h e r e s ol uti o n of t h e c e ntr al

c al ori m et er.  If t h e a c o pl a n arit y or a ki n e m ati c s i s gr e at er t h a n 2 5 millir a di a n s,

t h e e v e nt d o e s n ot c o ntri b ut e t o t h e a n g ul ar di stri b uti o n of eit h er r e s o n a n c e’ s

e x cl u si v e d e c a y.

I n Fi g ur e s 6. 9 a n d 6. 1 0 ar e s h o w n t h e a c o pl a n arit y a n d a ki n e m ati c s

di stri b uti o n s f or t h e J/ Ψ   r e s p e cti v el y ( b ef or e a n y c ut s a n d aft er all ot h er c ut s).

T h e c orr e s p o n di n g di stri b uti o n s ar e pr e s e nt e d i n Fi g ur e 6. 1 1 a n d Fi g ur e 6. 1 2

f or t h e Ψ ’.   A s s e e n pr e vi o u sl y i n t h e i n v ari a nt m a s s pl ot s, t h e J/Ψ  s a m pl e i s

m u c h cl e a n er t h a n t h e Ψ ’ s a m pl e t o b e gi n wit h, a n d t h e ot h er c ut s d o a g o o d

j o b i n cl e a ni n g u p b ot h d e c a y c h a n n el s.
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Fi g ur e 6. 9:  J/ Ψ  A c o pl a n arit y di stri b uti o n s b ef or e a n y c ut s (t o p) a n d
aft er all ot h er c ut s( b ott o m) ar e a p pli e d.  Arr o w s r e pr e s e nt t h e c ut

m a d e o n A c o pl a n arit y.
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Fi g ur e 6. 1 0:  J/ Ψ  A ki n e m ati c s di stri b uti o n s b ef or e a n y c ut s (t o p)
a n d aft er all ot h er c ut s ( b ott o m) ar e a p pli e d.  Arr o w s r e pr e s e nt t h e

c ut m a d e o n A ki n e m ati c s.

1 0 0

I !I J 

1 0 0 

~ D.. 0 6 -- o b 4- - o. a.:!i -- o.. o 2 - D.. D 1 o- ll. b 1 a m o-. a.:!i fl.J U- Q Jl 6 

_....,, _ r r atl c: a r a cl 

1 1 1' 1 

1 0 0 l 

~ D.. 0 6 -- o b 4- - o. a.:!i -- o.. o 2 - D.. D 1 o- ll. b 1 a m o-. a.:!i fl.J u. a.Jl E 
_....,, _ r r atl c: a r a cl 



Fi g ur e 6. 1 1:  Ψ ( 3 6 8 6) A c o pl a n arit y di stri b uti o n s b ef or e a n y c ut s
(t o p), a n d aft er all ot h er c ut s ( b ott o m) ar e a p pli e d.  Arr o w s

r e pr e s e nt t h e c ut m a d e o n A c o pl a n arit y.
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Fi g ur e 6. 1 2:  Ψ ( 3 6 8 6) A ki n e m ati c s di stri b uti o n s b ef or e a n y c ut s
(t o p) a n d aft er all ot h er c ut s ( b ott o m).  Arr o w s r e pr e s e nt t h e c ut

m a d e o n A ki n e m ati c s.
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Fi n all y, a c ut i s m a d e o n t h e t ot al e n er g y of t h e e + e - p air.  Aft er all ot h er

c ut s i n T a bl e 6. 2 h a v e b e e n a p pli e d, a G a u s si a n i s fit t o t h e b ott o m of Fi g ur e s

6. 1 3 f or t h e J/ Ψ  a n d 6. 1 4 f or t h e Ψ ’.  E v e nt s t h at li e o ut si d e t h e m e a n t ot al

e n er g y +/- 2 σ  ar e c ut, w hi c h r e s ult s i n 4. 7 1 G e V < E T O T < 5. 3 1 G e V f or Fi g ur e

6. 1 3, a n d 6. 7 2 G e V < E T O T < 7. 6 2 G e V f or Fi g ur e 6. 1 4.

T h e e n d r e s ult s of all t h e s e c ut s ar e t w o v er y cl e a n s a m pl e s fr o m w hi c h

t o st u d y e x cl u si v e d e c a y s of c h ar m o ni u m t o e+ e - p air s.  F urt h er m or e, t o

u n d er s c or e t hi s p oi nt, t h e effi ci e n ci e s of t h e v ari o u s c ut s i n A p p e n di c e s A a n d B

ar e c o n si st e nt a m o n g t h e v ari o u s d at a s et s i n cl u d e d.   B ut b ef or e pr e s e nti n g t h e

fi n al a n g ul ar di stri b uti o n s, w e m u st fir st e sti m at e h o w m u c h of t h e b a c k gr o u n d

w a s n ot e x cl u d e d b y t h e a n al y si s c ut s, a n d a d dr e s s t h e p o s si bilit y of a n y bi a s i n

t h e el e ctr o n tri g g er ( w hi c h i s u s e d t o fl a g a n d writ e t h e d at a t o t a p e).
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Fi g ur e 6. 1 3:  J/ Ψ  T ot al E n er g y di stri b uti o n s b ef or e a n y c ut s ( a b o v e),
a n d aft er all ot h er c ut s ( b ott o m) ar e a p pli e d.  Arr o w s s h o w w h er e t h e

T ot al E n er g y c ut i s m a d e t o t h e s a m pl e.
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Fi g ur e 6. 1 4:  Ψ ( 3 6 8 6) T ot al E n er g y di stri b uti o n b ef or e a n y c ut s (t o p)
a n d aft er all ot h er c ut s ( b ott o m) ar e a p pli e d.  Arr o w s s h o w w h er e t h e

T ot al E n er g y c ut i s m a d e t o t h e s a m pl e.
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6. 4. B a c k gr o u n d t o t h e T h e si s S a m pl e.

D e s pit e h a vi n g r e m o v e d m o st of t h e b a c k gr o u n d t o t h e s e t w o e x cl u si v e

d e c a y s, t h er e i s still a p o s si bilit y t h at s o m e c o nt a mi n ati o n r e m ai n s u n d er n e at h

t h e i n v ari a nt m a s s di stri b uti o n s i n Fi g ur e s 6. 7 a n d 6. 8.  T h e eff e ct of t hi s

p arti c ul ar c o ntri b uti o n i s e v al u at e d b el o w.

T w o diff er e nt s et s of r u n s u s e d i n t h e s e ar c h of t h e  η
c
' ( 21 S

0
) ar e utili z e d

h er e t o d et er mi n e t h e a m o u nt of b a c k gr o u n d pr e s e nt i n t h e d at a fr o m t h e e + e -

c o nti n u u m or a n y r e m n a nt of t h e m ulti- pi o n d e c a y s: R u n s 1 2 8 3- 1 2 8 9 w er e

t a k e n at 3 5 7 6 M e V, a n d r u n s 1 1 8 0- 1 1 8 4 w er e t a k e n at 3 6 6 0 M e V.   T h e

q u a nt u m n u m b er s of t h e η
c
' d o n ot p er mit it t o d e c a y dir e ctl y t o e+ e -, a n d b el o w

t h e t hr e s h ol d f or O ZI- all o w e d d e c a y s o nl y t h e J/Ψ  a n d t h e Ψ ' ar e all o w e d t o d o

s o.

B ot h s et s of d at a w e nt t hr o u g h t h e s a m e a n al y si s fl o w c h art s h o w n i n

Fi g ur e 6. 1, wit h t h e c e nt er s- of- m a s s gi v e n a s 3 5 7 6 M e V a n d 3 6 6 0 M e V

r e s p e cti v el y.  Li k e wi s e t h e s a m e c ut s i n T a bl e 6. 2 ar e a p pli e d; h o w e v er t h e t ot al

e n er g y c ut s ar e a bit cl o s er t o t h e Ψ ’ ( 6. 5 G e V < E T O T < 7. 6 G e V) a n d t h e

i n v ari a nt m a s s c ut i s 2. 7 G e V f or b ot h b a c k gr o u n d r u n s.   T h e cl u st er s

r e pr e s e nti n g t h e b a c k gr o u n d c a n di d at e s w er e a) o n-ti m e a n d b) h a d t h e

1 0 6



i n v ari a nt m a s s cl o s e st t o t h e c e nt er- of- m a s s.  T h e r e s ult s ar e c o m p ar e d t o b ot h

t h e J/Ψ  a n d t h e Ψ ’.

T h e i n v ari a nt m a s s di stri b uti o n s of t h e b a c k gr o u n d c a n di d at e s ar e

pr e s e nt e d i n Fi g ur e 6. 1 5 f or t h e s et at 3 5 7 6 M e V a n d i n Fi g ur e 6. 1 6 f or t h e s et at

3 6 6 0 M e V.    T h e r ati o n al e f or c utti n g e v e nt s wit h a n i n v ari a nt m a s s of l e s s t h a n

2. 7 G e V c a n cl e arl y b e s e e n i n b ot h of t h e s e fi g ur e s:  T h e b a c k gr o u n d wit h o ut

a n y c ut s i n cr e a s e s r a pi dl y b el o w t hi s t hr e s h ol d.  Aft er a p pl yi n g all t h e a n al y si s

c ut s, v er y f e w el e ctr o n c a n di d at e s r e m ai n, a s o n e c a n s e e i n T a bl e 6. 3, a n d t h e

b ott o m of Fi g ur e s 6. 1 5 a n d 6. 1 6.

I n or d er t o e v al u at e t h e n u m b er of b a c k gr o u n d c a n di d at e s t h at m a y

c o ntri b ut e t o t h e fit, t h e n u m b er of el e ctr o n s a ct u all y f alli n g wit hi n t h e fitti n g

r e gi o n n e e d s t o b e f o u n d.  Fi g ur e 6. 1 7 s h o w s t h e a n g ul ar di stri b uti o n of

b a c k gr o u n d c a n di d at e s f alli n g wit hi n t h e Ψ ’ fitti n g r e gi o n ( w hi c h i s l ar g er i n t h e

c e nt er- of- m a s s).    T h e s e di stri b uti o n s ar e cr e at e d wit h r e s p e ct t o t h e C C A L

p ol ar a n gl e.
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Figure 6.15:  Invariant mass distributions for Runs 1180-1184 before
any cuts are made (top) and after all cuts (bottom) are made.
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Figure 6.16:  Invariant mass distributions for Runs 1283-1289
before any cuts (top) and after all cuts (bottom) are made.

109

260 

200 

I IS , ... 
l 
E 
i: 

D.i!I '"" 

DAI -

r,r,vt;inlN-.~ 

r,r,vt;inlN_, 



Figure 6.17:  Angular Distributions for Background Candidates
passing all cuts for Runs 1180-1184 (top)

and Runs 1283-1289 (bottom).
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T a bl e 6. 3 e sti m at e s t h e m a xi m u m a m o u nt of b a c k gr o u n d c o nt a mi n ati o n

l eft u n d er n e at h t h e i n v ari a nt m a s s di stri b uti o n s a s s u mi n g t h at t h e s a m e

p er c e nt a g e of b a c k gr o u n d o c c ur s f or b ot h r e s o n a n c e s.  A n i n v ari a nt m a s s c ut of

3. 4 G e V, t h e i n effi ci e n c y of t h e fi b er s at l ar g e p ol ar a n gl e s, a n d a s m all er

wi n d o w i n t h e c e nt er- of- m a s s will r e d u c e t h e s e e sti m at e s.  T a ki n g t h e a v er a g e

of t h e s e t w o e sti m at e s pr e di ct s a p pr o xi m at el y 1 0 b a c k gr o u n d e v e nt s f or t h e J/ Ψ

( ~ 0. 1 %), a n d a b o ut 5 0 b a c k gr o u n d e v e nt s f or t h e Ψ ’ ( ~ 1. 8 5 %).

B a c k gr o u n d
S a m pl e

I n v ari a nt
M a s s

N u m b er of
el e ctr o n s i n

n-t u pl e

B a c k gr o u n d
el e ctr o n

c a n di d at e s

B a c k gr o u n d
c a n di d at e s

at J/ Ψ
( 1 9, 5 4 0 i n
n-t u pl e)

B a c k gr o u n d
c a n di d at e s

at Ψ ’
( 1 0 8, 4 2 2 i n

n-t u pl e)

R u n s
1 2 8 3- 1 2 8 9

3 5 7 6 M e V 8 6 1 2 2 4. 5 2 5. 2

R u n s
1 1 8 0- 1 1 8 4

3 6 6 0 M e V 9 7 8 4 7 1 4. 0 7 7. 6

T a bl e 6. 3 : B a c k gr o u n d e sti m at e fr o m off-r e s o n a n c e d at a.

6. 5. D e p e n d e n c e of t h e El e ctr o n Tri g g er o n t h e P ol ar A n gl e.

O n e f urt h er s o ur c e of i n effi ci e n c y w hi c h c o ul d eff e ct t h e s h a p e of t h e

a n g ul ar di stri b uti o n m a y c o m e fr o m a p ol ar a n gl e d e p e n d e n c e of t h e el e ctr o n

tri g g er.  T h e el e ctr o n tri g g er ( s e e T a bl e 6. 4) i s m a d e u p of t h e f oll o wi n g tri g g er

r e q u e st s: C M L U( 1) * P B G 3 + C M L U( 2), w h er e C M L U( 1) i s 2 e *( H 2 < 6) +

1 e * 2 h( H 2 = 2) * C O P L , a n d C M L U( 2) i s 2 e *( H 2 = 2) * C O P L *( V et o o n F C H), a n d
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PBG3 is the 1 to 3 back-to-back super-cluster requirement.

The efficiency of the charged trigger (CMLU(1)) was examined during a

special trigger run in April of 1997,94 in which data were taken by replacing the

2-electron trigger (2e) with a 1-electron trigger (1e) in order to determine the

efficiency of detecting an electron.  However, the statistics were too limited to

conclude that there was any polar angle dependence.  Such a dependence

might arise if there were a degradation of the hodoscopes along the z-axis

(perhaps a result of radiation damage near the interaction point), but this was

not visible.  Above and beyond the azimuthal inefficiency brought about by

cracks between the elements of the  H1 hodoscope, the data taken during this

trigger run was consistent with having no azimuthal dependence either.   Since

the efficiency of the electron trigger is considered to be flat in the center of mass

frame, it should not affect the shape of the angular distribution.  As a result, the

data is not corrected for any polar angle dependence of the electron trigger.
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CMLU(1) Output 1 of the Charged Memory
Lookup Unit

CMLU(2) Output 2 of the Charged Memory
Lookup Unit

PBG1 Super-clusters of “electrons” are
directly opposite each other.

PBG3 The other “electron” is in one of the 3
opposing super-clusters

1e At least one Cerenkov cell has a
charged track through it.

2e At least two Cerenkov cells have
charged tracks through them.

H2=2 Only 2 of the 32 H2 elements are hit.

H2<6 Less than 6 of the 32 H2 elements are
hit.

COPL 2 H2 elements are coplanar.

FCH More than one forward hodoscope is
hit.

Table 6.4 :  Definitions for the E835 e+e- trigger.
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7. R e s ult s

I n T a bl e 7. 1 t h e fi n al fit p ar a m et er s t o t h e a n g ul ar di stri b uti o n s pr e s e nt e d

i n Fi g ur e s 7. 1 a n d 7. 2 ar e s h o w n.  F or t h e pr o c e s s J / Ψ   6   e + e −   i n Fi g ur e 7. 1,

t h e bi n si z e i s 0. 0 2 5 a n d t h e r a n g e − 0 . 4 5  <  c o s θ 
∗ 

  <   0  . 4 5 i s fitt e d.   F or t h e

pr o c e s s Ψ '   6   e + e −   di s pl a y e d i n Fi g ur e 7. 2,  t h e bi n si z e of t h e a b s ci s s a i s 0. 0 2 5

a n d t h e r a n g e − 0 . 5 2 5  <  c o s θ 
∗ 

  <   0  . 5 2 5  i s fitt e d.

B ot h a n g ul ar di stri b uti o n s ar e fit t o a f u n cti o n A +  B c o s2 θ 
∗ 

, yi el di n g

t h e fi n al fit p ar a m et er s pr e s e nt e d i n T a bl e 7. 1.   Si g nifi c a ntl y, b ot h di stri b uti o n s

h a v e a c hi- s q u ar e of 1. 0 p er d e gr e e of fr e e d o m.

Fr o m t hi s f u n cti o n, t h e a n g ul ar di stri b uti o n p ar a m et er i s d efi n e d a s

λ   =  B / A  .  Wit h t h e h el p of t h e p ar a m et er s q u ot e d i n T a bl e 7. 1, o n e c a n d eri v e

t h e st ati sti c al err or i n t h e a n g ul ar di stri b uti o n p ar a m et er, δ λ .  A s y st e m ati c err or

i s c al c ul at e d b a s e d u p o n t h e effi ci e n c y of t h e s ci ntill ati n g fi b er s ( s e e Fi g ur e 6. 3),

si n c e n o c orr e cti o n i s m a d e i n t hi s r e g ar d.  F or t h e J/ Ψ , t h e effi ci e n c y i s al w a y s

l ar g er t h a n 9 2 % t hr o u g h o ut t h e r a n g e b ei n g fit.  H e n c e t h e s y st e m ati c err or f or

t hi s a n al y si s i s e sti m at e d a s 8 % of t h e a n g ul ar di stri b uti o n p ar a m et er, 0. 0 5.

Li k e wi s e f or t h e  Ψ’, t h e effi ci e n c y i s al w a y s gr e at er t h a n 9 6 %.  T h e
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c orr e s p o n di n g s y st e m ati c err or i s e sti m at e d a s 4 % of t h e a n g ul ar di stri b uti o n

p ar a m et er, 0. 0 3.  T h e a n g ul ar di stri b uti o n p ar a m et er s a n d t h eir a s s o ci at e d

err or s f or t hi s a n al y si s ar e s u m m ari z e d i n T a bl e 7. 2.

R e s o n a n c e A δ A B δ B χ
2 
p er d. o.f.

J/ Ψ ( 3 0 9 7) 2 8 2. 0 3 4. 2 3 1 8 1 7 7. 3 6 4 7. 8 2 8 1. 0 0 5

Ψ ( 3 6 8 6) 5 9. 4 2 1. 7 9 9 1 3 8. 9 0 3 1 5. 0 4 0 1. 0 0 8

T a bl e 7. 1: Fi n al Fit P ar a m et er s.

R e s o n a n c e λ  = B/ A
δ λ

( st ati sti c al)

δ λ

( s y st e m ati c)

J/ Ψ ( 3 0 9 7) 0. 6 2 9 0. 1 7 7 0. 0 5

Ψ ( 3 6 8 6) 0. 6 5 5 0. 2 6 8 0. 0 3

T a bl e 7. 2: A n g ul ar Di stri b uti o n P ar a m et er s.
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Fi g ur e 7. 1 :  J/ Ψ  -- > e+ e - A n g ul ar Di stri b uti o n
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Fi g ur e 7. 2 : Ψ ' -- > e+ e - A n g ul ar Di stri b uti o n
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U si n g t h e s e r e s ult s f or t h e a n g ul ar di stri b uti o n p ar a m et er, t h e v al u e f or

t h e r ati o of t h e S a c h s f or m f a ct or s 7 6  G
E 

a n d G
M
 di ct at e d b y L or e nt z i n v ari a n c e at

b ot h r e s o n a n c e s c a n b e d e d u c e d fr o m e q u ati o n ( 5. 2 0):

G 
E 

G 
M 

2 

  =   
E 

C M

2 

4 m 
p 

2 
  1 − λ 

1 + λ 
. ( 7. 1)

T h e r ati o of t h e s e str o n g f or m f a ct or s i s z er o w h e n  λ
 
 i s 1.   S etti n g t hi s

r ati o t o o n e yi el d s λ
 
d eri v e d b y Cl a u d s o n, Gl a s h o w, a n d Wi s e, 8 2  w h er e t h e s pi n-

fli p a m plit u d e w a s s et t o z er o.

F urt h er m or e, fr o m e q u ati o n ( 5. 1 6), o n e c a n d et er mi n e t h e pr o b a bilit y t h at

t h e c h ar m o ni u m at o m i s pr o d u c e d i n a h eli cit y o n e or h eli cit y z er o c o nfi g ur ati o n

i n t h e h eli cit y f or m ali s m:

2  C
0 

2 

C 
1 

2 
  =   1 − λ  

1 + λ 
. ( 7. 2)

H er e C
1

2
 i s t h e pr o b a bilit y f or t h e c h ar m o ni u m at o m t o b e pr o d u c e d i n a
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h eli cit y o n e c o nfi g ur ati o n, a n d 2 C
0

2 i s t h e pr o b a bilit y f or h eli cit y z er o pr o d u cti o n.

W e c a n t h e n s ol v e f or C
1

2  fr o m t h e n or m ali z ati o n c o n diti o n C
1

2  + 2 C
0

2  = 1.

R e s o n a n c e λ | GE / GM |2 C 1
2

J/ Ψ ( 3 0 9 7) 0. 6 3 ± 0. 1 8 ± 0. 0 5 0. 6 1 9 0. 8 1 5

Ψ ( 3 6 8 6) 0. 6 6 ± 0. 2 7 ± 0. 0 3 0. 7 9 1 0. 8 3 0

T a bl e 7. 3 :  S a c h s f or m f a ct or r ati o a n d h eli cit y o n e pr o d u cti o n pr o b a bilit y d eri v e d fr o m t h e
a n g ul ar di stri b uti o n p ar a m et er.

A s s e e n i n t a bl e 7. 3, t h e c h ar m o ni u m 1 - - r e s o n a n c e s ar e pr e d o mi n at el y

cr e at e d vi a t h e h eli cit y o n e c h a n n el.  A s t h e e n er g y s c al e i n cr e a s e s, or m or e

si g nifi c a ntl y a s t h e r ati o of t h e pr ot o n m a s s t o t h e c h ar m o ni u m m a s s d e cr e a s e s,

h eli cit y o n e pr o d u cti o n s h o ul d i n cr e a s e a s w ell.   W e n ot e t h at i n e + e -

a n ni hil ati o n t h e r ati o of t h e el e ctr o n m a s s t o t h e c h ar m o ni u m m a s s i s z er o, a n d

t h e a n g ul ar di stri b uti o n p ar a m et er f or c h ar m o ni u m pr o d u cti o n b y e+ e -

a n ni hil ati o n i s 1.  Alt h o u g h t h e a n g ul ar di stri b uti o n p ar a m et er f or t h e Ψ ’ i s

st ati sti c all y c o n si st e nt wit h a v al u e cl o s e t o o n e a n d l ar g er t h a n t h e s a m e f or t h e

J / Ψ , it al s o a p p e ar s li k el y t h at b ot h r e s o n a n c e s s h ar e a si mil ar a n g ul ar

di stri b uti o n p ar a m et er.  If it i s a f u n cti o n of e n er g y, it d o e s n ot s e e m t o v ar y m u c h

i n t h e c h ar m o ni u m f a mil y gi v e n t h e c urr e nt d at a.
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Hi st ori c all y, o nl y t h e J / Ψ  a n g ul ar di stri b uti o n p ar a m et er h a s b e e n

m e a s ur e d b y e x p eri m e nt s.    I n T a bl e 7. 4 a c o m p ari s o n i s m a d e wit h t h e ot h er

e x p eri m e nt al v al u e s.  T h e t h e si s v al u e i s c o n si st e nt wit h t h e w orl d a v er a g e f or

t h e  J/ Ψ .  Att e m pt s t o g e n er at e t h e Ψ ’ a n g ul ar di stri b uti o n p ar a m et er h a v e b e e n

hi n d er e d b e c a u s e t h e e x cl u si v e cr o s s s e cti o n f all s off a s Q - 2.

E x p eri m e nt  λ at J/ Ψ

M ar k I 9 5 1. 4 5 ± 0. 5 6

D A S P 9 6 1. 7 0 ± 1. 7 0

M ar k II 9 7 0. 6 1 ± 0. 2 3

D M 2 9 8 0. 6 2 ± 0. 1 1

M ar k III 9 9 0. 5 8 ± 0. 1 4

F er mil a b E 7 6 0 2 2 0. 6 9 ± 0. 2 6

W orl d A v er a g e 0. 6 3 ± . 0 8

F er mil a b E 8 3 5(t hi s t h e si s) 0. 6 3 ± 0. 1 8 ± 0. 0 5

T a bl e 7. 4 :  Pr e vi o u s e x p eri m e nt al r e s ult s f or t h e a n g ul ar di stri b uti o n p ar a m et er λ .
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8.  C o n cl u si o n s

T h e a n g ul ar di stri b uti o n p ar a m et er  λ m e a s ur e s h o w w ell a p ert ur b ati v e

tr e at m e nt of c h ar m o ni u m a n d t h e c o n stit u e nt a nti pr ot o n a n d pr ot o n w or k s.  If

c h ar m o ni u m c o ul d b e c o m pl et el y tr e at e d p ert ur b ati v el y a n d t h e e n er g y s c al e i s

hi g h e n o u g h, t h e n t hi s p ar a m et er s h o ul d b e o n e.  W e h a v e d et er mi n e d t h e

a n g ul ar di stri b uti o n p ar a m et er t o b e i n a c c or d a n c e wit h t h e w orl d a v er a g e f or

t h e J/Ψ , a n d b ot h t h e J/Ψ  a n d Ψ ’ ar e pr o d u c e d vi a t h e h eli cit y o n e c h a n n el o v er

8 0 % of t h e ti m e.

T h er e ar e a f e w r e a s o n s w h y t h e a n g ul ar di stri b uti o n p ar a m et er i s n ot

o n e i n t h e c h ar m o ni u m s y st e m, e s p e ci all y f or t h e J/ Ψ .  Pri n ci p all y t hi s i s d u e t o

t h e e n er g y at w hi c h c h ar m o ni u m i s pr o d u c e d.  T h e pr o d u cti o n pr o c e s s i n d e e d

pr o b e s di st a n c e s i n t h e c o nfi n e m e nt r e gi o n of t h e i nt er q u ar k p ot e nti al b et w e e n

t h e v al e n c e q u ar k s of t h e pr ot o n a n d b et w e e n t h e c h ar m a n d a nti- c h ar m

q u ar k s.  W h e n t h e i nt er q u ar k di st a n c e i s s m all er, a p ur e p ert ur b ati v e tr e at m e nt

i s m or e a p pr o pri at e.

T h e t h e or eti c al d eri v ati o n of t h e a n g ul ar di stri b uti o n p ar a m et er i s f ar fr o m

c o m pl et e.  Hi g h er- or d er F e y n m a n di a gr a m s c a n still b e i n cl u d e d, a n d it i s

u n cl e ar w h et h er o n e m a y m o d el t h e di stri b uti o n a m plit u d e s i n t h e s a m e w a y at
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c h ar m o ni u m e n er gi e s t h a n at t o p q u ar k e n er gi e s.  O n e m a y al s o ar g u e a b o ut

t h e c h ar m o ni u m p ot e nti al u s e d i n t h e d eri v ati o n a n d t h e a p p e ar a n c e of m ulti-

q u ar k F o c k st at e s i n t h e pr ot o n.  N e v ert h el e s s, r e c e nt t h e or eti c al pr e di cti o n s ar e

q uit e c o n si st e nt wit h e x p eri m e nt al r e s ult s.

Fi g ur e 8. 1 c o m p ar e s t h e a n g ul ar di stri b uti o n p ar a m et er d eri v e d i n t hi s

t h e si s r e s p e cti v el y wit h pr e vi o u s t h e or eti c al e x p e ct ati o n s f or t h e J/Ψ  s h o w n i n

C h a pt er 5.  T h e v al u e of 0. 6 3 ± 0. 1 8 ± 0. 0 5 i s c o n si st e nt wit h m o st of t h e

t h e or eti c al pr e di cti o n s t o wit hi n 1σ , alt h o u g h t h e pr e di cti o n s of Br o d s k y- L e p a g e

a n d G ari - St ef a ni s li e o ut si d e t h e 1 σ  wi n d o w.
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λ

Fi g ur e 8. 1:  C o m p ari s o n of t h e si s v al u e wit h t h e t h e or eti c al pr e di cti o n s
f or t h e a n g ul ar di stri b uti o n p ar a m et er λ at t h e J/Ψ . 

Fi g ur e 8. 2 li k e wi s e c o m p ar e s t h e t h e si s v al u e f or t h e Ψ ’ wit h t h e v ari o u s

t h e or eti c al m o d el s.   I n t hi s c a s e, t h e t h e si s v al u e a g ai n a gr e e s wit h all  t h e

pr e di cti o n s f or t h e Ψ ’ t o wit hi n 1 σ .  A g ai n, t h e v al u e s of Br o d s k y- L e p a g e, a n d

G ari- St ef a ni s li e o ut si d e t h e 1 σ  wi n d o w.
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λ

Fi g ur e 8. 2 :  C o m p ari s o n of t h e si s v al u e wit h t h e t h e or eti c al pr e di cti o n s
f or t h e a n g ul ar di stri b uti o n p ar a m et er λ at t h e Ψ ’. 

I n Fi g ur e 8. 3 o n e m a y c o ntr a st t h e t h e si s v al u e f or t h e J/Ψ  wit h pr e vi o u s

e x p eri m e nt s ( s e e T a bl e 7. 3).  T h e t h e si s v al u e of 0. 6 3 ± 0. 1 8 ± 0. 0 5 a gr e e s wit h

b ot h t h e w orl d a v er a g e of 0. 6 3 ± 0. 0 8 a n d li e s wit hi n t h e err or s of all t h e

pr e vi o u s e x p eri m e nt s e x c e pt M ar k I.    M or e o v er, t h e pr ot o n- a nti pr ot o n

a n ni hil ati o n m et h o d (fr o m e 7 6 0 a n d e 8 3 5) i s c o n si st e nt wit h t h e el e ctr o n-
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p o sitr o n m et h o d of c h ar m o ni u m pr o d u cti o n at t h e J/ Ψ , w h er e λ   i s d eri v e d fr o m

t h e d e c a y of c h ar m o ni u m i nt o p p .

λ

Fi g ur e 8. 3 :  C o m p ari s o n of t h e si s v al u e wit h pr e vi o u s e x p eri m e nt al d at a
f or t h e a n g ul ar di stri b uti o n p ar a m et er λ at t h e J/ Ψ .

I n c o n cl u si o n, t h e e x p eri m e nt al v al u e s pr e s e nt e d i n t hi s t h e si s f or t h e

a n g ul ar di stri b uti o n p ar a m et er ar e c o n si st e nt wit hi n err or s wit h m o st of t h e

t h e or eti c al m o d el s a n d wit h t h e c urr e nt w orl d e x p eri m e nt al a v er a g e.  H o w e v er ,

t h e t h e or eti c al e xtr e m e s of eit h er a p ur e p ert ur b ati v e s y st e m or of a s y st e m

w h er e s pi n-fli p a m plit u d e s ar e n e gli gi bl e ar e mil dl y i n c o n si st e nt wit h t h e r e s ult s

at b ot h t h e J/ Ψ  a n d t h e Ψ ’.   H e n c e s pi n d y n a mi c s a n d t h e c o nfi n e m e nt t er m i n

1 2 5

2 

1, 7 5 - ----- ~ P 

L CI 1t 7 6 C 

1. 2 ~ l l 
0. 7 5 

Q-. ~ 

0, 2 5 

D l I l I 
- Q, Z:::I M arl <:I li'l arl <. II M a r k II ~r.: T,;i ci'ilr;i rl: 



t h e Q C D p ot e nti al h a v e a n eff e ct.

I n cr e a s e d st ati sti c s a n d a v al u e f or t h e wi dt h t o p p  w o ul d h el p t o f a v or

o n e p arti c ul ar t h e or y, si n c e t h e t h e si s v al u e s m at c h s e v er al pr e di cti o n s e q u all y

w ell.  H o w e v er it a p p e ar s t h at t h e h et er oti c tr e at m e nt of St ef a ni s- B er g m a n n 8 5

a gr e e b ett er wit h b ot h t h e t h e si s v al u e s f or t h e a n g ul ar di stri b uti o n p ar a m et er

a n d t h e q u ot e d wi dt h s t o p p  ( s e e T a bl e s 5. 1 a n d 5. 2), w hi c h ar e n ot

d et er mi n e d fr o m t h e t h e si s s a m pl e.  I n t hi s i n st a n c e, n o n- p ert ur b ati v e eff e ct s i n

t h e f or m ati o n of t h e pr ot o n ( or di s s ol uti o n t h er e of) r e pr e s e nt e d b y t h e q u ar k

di stri b uti o n a m plit u d e s b e c o m e i m p ort a nt.

T h e h y p ot h e si s t h at t h e a n g ul ar di stri b uti o n p ar a m et er, w hi c h li n k s  p p 

a n ni hil ati o n t o c h ar m o ni u m pr o d u cti o n, i n cr e a s e s a s t h e f or m ati o n e n er g y

i n cr e a s e s ( w hi c h i s pr e di ct e d b y Q C D) c a n n ot b e e x cl u d e d b y t h e d at a

pr e s e nt e d i n t hi s t h e si s.  H o w e v er, t hi s b e h a vi or m u st b e r e s ol v e d b y m or e d at a

at t h e  Ψ ’, si n c e t h e t h e si s v al u e s of t h e a n g ul ar di stri b uti o n ar e al s o c o n si st e nt

wit h t h e a n g ul ar di stri b uti o n p ar a m et er r e m ai ni n g c o n st a nt, or n e arl y c o n st a nt,

o v er t h e c o ur s e of t h e c h ar m o ni u m s y st e m.
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T h e fi n al v al u e s of t h e a n g ul ar di stri b uti o n p ar a m et er d eri v e d i n t hi s

t h e si s f or t h e e x cl u si v e d e c a y s of J/Ψ  a n d Ψ’ i nt o e + e- fr o m pr ot o n- a nti pr ot o n

a n ni hil ati o n ar e:

λ J / Ψ   =   0 . 6 3  "    . 1 8  ( st ati sti c al)   "   . 0 5  ( s y st e m ati c)   

λ Ψ   '   =   0 . 6 6  "   . 2 7  ( st ati sti c al)   "   . 0 3  ( s y st e m ati c) 
.
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A p p e n di x A:  Effi ci e n ci e s of C ut s, J/ Ψ .

1. 2 o n-ti m e cl u st er s.

2. I n v ari a nt m a s s gr e at er t h a n 2. 7 G e V .

3.
A c o pl a n arit y b et w e e n - 2 5 millir a di a n s
a n d + 2 5 millir a di a n s.

4.
A ki n e m ati c s b et w e e n - 2 5 millir a di a n s
a n d + 2 5 millir a di a n s.

5. 4. 7 1 G e V < E T O T < 5. 3 1 G e V.

C ut s A p pli e d 9 0 8- 9 0 9 3 0 7 8- 3 0 7 9

1 0. 7 8 2 3 5 0. 7 8 1 8 4

2 0. 7 2 0 6 6 0. 6 7 6 8 3

3 0. 8 0 5 9 6 0. 7 6 5 9 9

4 0. 7 9 7 4 9 0. 7 5 5 9 4

5 0. 7 9 5 6 3 0. 7 4 6 1 4

El e ctr o n s i n s a m pl e 8 1 9 9 2 4 1 9

T a bl e A. 1:  Effi ci e n c y of o n e c ut o n t h e J/ Ψ  n-t u pl e.
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C ut s A p pli e d 9 0 8- 9 0 9 3 0 7 8- 3 0 7 9

1, 2 0. 7 8 2 3 5 0. 7 8 1 8 4

1, 3 0. 8 5 4 8 6 0. 8 6 2 7 0

1, 4 0. 8 4 4 3 0 0. 8 5 1 7 6

1, 5 0. 8 5 1 7 6 0. 8 3 8 4 7

2, 3 0. 8 0 5 9 6 0. 7 6 5 9 9

2, 4 0. 7 9 7 4 9 0. 7 5 5 9 4

2, 5 0. 7 9 5 6 3 0. 7 4 6 1 4

3, 4 0. 8 7 5 5 9 0. 8 3 7 0 2

3, 5 0. 8 8 2 5 6 0. 8 3 6 7 3

4, 5 0. 8 7 1 4 0 0. 8 2 2 2 3

El e ctr o n s i n S a m pl e 8 1 9 9 2 4 1 9

T a bl e A. 2:  Effi ci e n c y of t w o c ut s o n t h e J/ Ψ  n-t u pl e.
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C ut s A p pli e d 9 0 8- 9 0 9 3 0 7 8- 3 0 7 9

1, 2, 3 0. 8 5 4 8 6 0. 8 6 2 7 0

1, 2, 4 0. 8 4 4 3 0 0. 8 5 1 7 6

1, 2, 5 0. 8 5 1 7 6 0. 8 3 8 4 7

1, 3, 4 0. 9 1 8 0 4 0. 9 3 3 6 2

1, 3, 5 0. 9 3 1 9 2 0. 9 2 5 4 0

1, 4, 5 0. 9 1 7 8 3 0. 9 1 3 1 7

2, 3, 4 0. 8 7 5 5 9 0. 8 3 7 0 2

2, 3, 5 0. 8 8 2 5 6 0. 8 3 6 7 3

2, 4, 5 0. 8 7 1 4 0 0. 8 2 2 2 3

3, 4, 5 0. 9 5 5 1 5 0. 9 0 8 0 3

El e ctr o n s i n s a m pl e 8 1 9 9 2 4 1 9

T a bl e A. 3:  Effi ci e n c y of t hr e e c ut s o n t h e J/ Ψ  n-t u pl e.

1 3 0



C ut s A p pli e d 9 0 8- 9 0 9 3 0 7 8- 3 0 7 9

1, 2, 3, 4 0. 9 1 8 0 4 0. 9 3 3 6 2

1, 2, 3, 5 0. 9 3 1 9 2 0. 9 2 5 4 0

1, 2, 4, 5 0. 9 1 7 8 3 0. 9 1 3 1 7

1, 3, 4, 5 1. 0 0 0 0 0 1. 0 0 0 0 0

2, 3, 4, 5 0. 9 5 5 1 5 0. 9 0 8 0 3

El e ctr o n s i n s a m pl e 8 1 9 9 2 4 1 9

T a bl e A. 4:  Effi ci e n c y of f o ur c ut s o n t h e J/ Ψ  n-t u pl e.

1 3 1

I I 
I I 
I I 
I I 
I I 
I I 
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A p p e n di x B:  Effi ci e n ci e s of C ut s, Ψ ’

1. 2 o n-ti m e cl u st er s.

2. I n v ari a nt m a s s gr e at er t h a n 3. 4 G e V.

3.
A c o pl a n arit y b et w e e n - 2 5 millir a di a n s
a n d + 2 5 millir a di a n s.

4.
A ki n e m ati c s b et w e e n - 2 5 millir a di a n s
a n d + 2 5 millir a di a n s.

5. 6. 7 2 G e V < E T O T < 7. 6 2 G e V.

C ut s
A p pli e d

8 7 7- 8 8 2 1 0 0 6-
1 0 1 8

1 2 7 6-
1 2 8 1

2 0 0 3-
2 0 1 8

2 2 1 8-
2 2 5 3

3 2 1 0-
3 2 3 3

1 0. 4 0 4 3 0 0. 4 9 7 5 1 0. 5 5 1 5 7 0. 6 2 2 3 3 0. 5 6 1 0 8 0. 5 4 0 8 3

2 0. 5 2 1 4 1 0. 4 3 7 6 4 0. 5 7 4 0 1 0. 6 8 3 1 8 0. 5 7 7 9 1 0. 5 8 5 1 5

3 0. 2 8 2 4 0 0. 2 6 8 8 2 0. 2 9 2 4 6 0. 3 4 6 5 6 0. 2 6 6 8 9 0. 2 3 3 8 8

4 0. 2 5 9 7 2 0. 2 6 1 1 0 0. 3 2 0 5 0 0. 3 8 2 2 0 0. 2 9 2 8 1 0. 2 7 1 5 4

5 0. 3 9 5 7 9 0. 3 4 8 4 3 0. 4 5 0 7 5 0. 5 6 7 7 1 0. 4 5 5 3 3 0. 4 2 9 5 1

El e ctr o n s
i n s a m pl e

2 0 7 2 0 0 5 0 8 5 2 4 7 9 0 4 5 7

T a bl e B. 1:  Effi ci e n c y of o n e c ut o n t h e Ψ ’ n-t u pl e.
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C ut s
A p pli e d

8 7 7- 8 8 2 1 0 0 6-
1 0 1 8

1 2 7 6-
1 2 8 1

2 0 0 3-
2 0 1 8

2 2 1 8-
2 2 5 3

3 2 1 0-
3 2 3 3

1, 2 0. 7 3 4 0 4 0. 7 2 4 6 4 0. 8 4 9 5 0 0. 8 8 9 6 4 0. 8 3 9 5 3 0. 8 5 2 6 1

1, 3 0. 7 0 4 0 8 0. 7 0 1 7 5 0. 7 8 7 6 0 0. 7 9 3 9 4 0. 7 7 2 2 4 0. 7 6 0 4 0

1, 4 0. 6 6 5 5 9 0. 6 8 2 5 9 0. 7 9 8 7 4 0. 8 7 3 3 3 0. 7 8 5 2 9 0. 7 9 7 5 6

1, 5 0. 7 6 6 6 7 0. 8 2 3 0 5 0. 8 4 9 5 0 0. 8 9 1 1 6 0. 8 4 7 6 4 0. 8 6 2 2 6

2, 3 0. 7 2 8 8 7 0. 6 3 0 9 1 0. 7 2 8 8 4 0. 8 0 0 0 0 0. 7 1 1 0 7 0. 7 1 1 8 4

2, 4 0. 6 7 6 4 7 0. 6 1 1 6 2 0. 7 1 2 4 8 0. 8 0 1 2 2 0. 7 0 6 6 2 0. 7 2 1 9 6

2, 5 0. 6 3 6 9 2 0. 5 6 1 8 0 0. 6 6 1 4 6 0. 7 3 4 9 2 0. 6 3 8 6 4 0. 6 5 8 5 0

3, 4 0. 5 7 6 6 0 0. 5 5 5 5 6 0. 6 2 3 3 1 0. 7 2 0 7 7 0. 5 9 9 3 9 0. 5 7 6 2 9

3, 5 0. 7 8 1 1 3 0. 6 8 0 2 7 0. 7 2 8 8 4 0. 7 9 7 5 6 0. 6 9 1 7 7 0. 6 8 2 0 9

4, 5 0. 7 6 3 8 4 0. 7 1 6 8 5 0. 7 5 5 9 5 0. 8 2 3 9 0 0. 7 2 4 7 7 0. 7 3 2 3 7

El e ctr o n s
i n s a m pl e

2 0 7 2 0 0 5 0 8 5 2 4 7 9 0 4 5 7

T a bl e B. 2:  Effi ci e n c y of t w o c ut s o n t h e Ψ ’ n-t u pl e.
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C ut s
A p pli e d

8 7 7- 8 8 2 1 0 0 6-
1 0 1 8

1 2 7 6-
1 2 8 1

2 0 0 3-
2 0 1 8

2 2 1 8-
2 2 5 3

3 2 1 0-
3 2 3 3

1, 2, 3 0. 8 4 4 9 0 0. 8 0 0 0 0 0. 9 0 5 5 3 0. 9 2 0 9 1 0. 9 0 2 8 6 0. 9 0 3 1 6

1, 2, 4 0. 7 7 5 2 8 0. 7 6 0 4 6 0. 8 8 6 5 6 0. 9 3 5 7 1 0. 9 0 1 8 3 0. 9 1 4 0 0

1, 2, 5 0. 8 3 8 0 6 0. 8 7 7 1 9 0. 9 0 5 3 3 0. 9 1 7 6 9 0. 8 7 5 8 3 0. 8 9 4 3 2

1, 3, 4 0. 8 1 8 1 8 0. 8 0 3 2 1 0. 9 0 2 3 1 0. 9 3 2 3 8 0. 8 8 3 6 7 0. 8 9 0 8 4

1, 3, 5 0. 9 4 5 2 1 0. 9 3 8 9 7 0. 9 5 1 3 1 0. 9 3 7 3 9 0. 9 2 8 3 2 0. 9 3 6 4 8

1, 4, 5 0. 8 6 2 5 0 0. 9 0 9 0 9 0. 9 3 5 5 4 0. 9 6 3 2 4 0. 9 2 8 3 2 0. 9 5 0 1 0

2, 3, 4 0. 7 9 6 1 5 0. 7 0 6 7 1 0. 7 8 7 6 0 0. 8 7 0 4 3 0. 7 8 6 0 7 0. 7 8 9 2 9

2, 3, 5 0. 8 4 8 3 6 0. 7 7 2 2 0 0. 7 9 6 2 4 0. 8 3 4 3 9 0. 7 5 5 9 8 0. 7 6 1 6 7

2, 4, 5 0. 7 8 7 0 7 0. 7 3 5 2 9 0. 7 7 4 3 9 0. 8 3 8 4 0 0. 7 4 2 4 8 0. 7 6 0 4 0

3, 4, 5 0. 9 2 4 1 1 0. 8 3 6 8 2 0. 8 4 1 0 6 0. 9 0 0 3 4 0. 8 1 0 2 6 0. 8 1 4 6 2

El e ctr o n s
i n s a m pl e

2 0 7 2 0 0 5 0 8 5 2 4 7 9 0 4 5 7

T a bl e B. 3:  Effi ci e n c y of t hr e e c ut s o n t h e Ψ ’ n-t u pl e.
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C ut s
A p pli e d

8 7 7- 8 8 2 1 0 0 6-
1 0 1 8

1 2 7 6-
1 2 8 1

2 0 0 3-
2 0 1 8

2 2 1 8-
2 2 5 3

3 2 1 0-
3 2 3 3

1, 2, 3, 4 0. 8 7 7 1 2 0. 8 3 6 8 2 0. 9 4 0 7 4 0. 9 6 6 7 9 0. 9 5 9 9 0 0. 9 6 2 1 1

1, 2, 3, 5 0. 9 5 8 3 3 0. 9 5 6 9 4 0. 9 6 3 9 5 0. 9 5 1 0 0 0. 9 4 0 4 8 0. 9 4 4 2 1

1, 2, 4, 5 0. 8 7 7 1 2 0. 9 1 7 4 3 0. 9 4 2 4 9 0. 9 6 6 7 9 0. 9 3 7 1 3 0. 9 5 0 1 0

1, 3, 4, 5 1. 0 0 0 0 0 0. 9 9 0 1 0 0. 9 9 2 1 9 0. 9 9 6 2 0 0. 9 8 8 9 7 1. 0 0 0 0 0

2, 3, 4, 5 0. 9 2 4 1 1 0. 8 5 1 0 6 0. 8 4 9 5 0 0. 9 0 3 4 5 0. 8 2 2 0 6 0. 8 2 4 9 1

El e ctr o n s
i n s a m pl e

2 0 7 2 0 0 5 0 8 5 2 4 7 9 0 4 5 7

T a bl e B. 4:  Effi ci e n c y of f o ur c ut s o n t h e Ψ ’ n-t u pl e.
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Vit a, R o b ert J. M c T a g g art II

M a y 1 9 9 9 P h. D. i n P h y si c s, P e n n s yl v a ni a St at e U ni v er sit y.
1 9 9 8- 1 9 9 9 L e ct ur er of P h y si c s, W e st Vir gi ni a U ni v er sit y.
S pri n g 1 9 9 8 Vi siti n g A s si st a nt Pr of e s s or, S hi p p e n s b ur g U ni v er sit y.
1 9 9 7 T e a c hi n g A s si st a nt, P e n n s yl v a ni a St at e U ni v er sit y.
1 9 9 4- 1 9 9 6 R e s e ar c h A s si st a nt, P e n n s yl v a ni a St at e U ni v er sit y.
1 9 9 1- 1 9 9 3 T e a c hi n g A s si st a nt, P e n n s yl v a ni a St at e U ni v er sit y.
M a y 1 9 9 1 B. S. i n P h y si c s wit h h o n or s, W e st Vir gi ni a U ni v er sit y.
M a y 1 9 9 1 B. A. i n M at h e m ati c s, W e st Vir gi ni a U ni v er sit y.
Gr a d u at e of W e st Vir gi ni a U ni v er sit y H o n or s Pr o gr a m.
1 9 8 9 B arr y G ol d w at er S c h ol ar.
W V U Pr e si d e nti al S c h ol ar.

O n e x p eri m e nt E 8 3 5 at F er mil a b I w a s r e s p o n si bl e f or t h e m ai nt e n a n c e
a n d o p er ati o n of t h e L e Cr o y 1 4 4 0 Hi g h V olt a g e S y st e m.  I m o difi e d t h e pr o gr a m
t h at o p er at e d t h e Hi g h V olt a g e S y st e m i n E 7 6 0 f or t h e n e e d s of E 8 3 5, a n d i n
a d diti o n wr ot e t h e pr o gr a m t h at m o nit or e d s ai d s y st e m d uri n g d at a t a ki n g.  I
al s o wr ot e t h e pr o gr a m t h at t o o k p e d e st al s f or E 8 3 5, a n d d e v el o p e d a G UI
i nt erf a c e t o c h a n g e v ari a bl e s i n t h e e x p eri m e nt' s d at a b a s e a c c e s s e d b y t h e
o n-li n e filt er pr o gr a m.  I a s si st e d i n t h e c a bli n g of t h e d at a a c q ui siti o n of t h e
e x p eri m e nt, a n d t h e i n st all ati o n, d e b u g gi n g, a n d c ali br ati o n wit h c o s mi c r a y s of
t h e f or w ar d c al ori m et er of E 8 3 5.

Pri or t o t h e r u n ni n g of E 8 3 5, I p arti ci p at e d i n t h e li g ht q u ar k a n al y si s of

E 7 6 0 d at a, s p e cifi c all y t h e π − η − η  c h a n n el. T hi s i n v ol v e d a li k eli h o o d m et h o d
a n al y si s of D alit z pl ot s.  I w a s al s o i n v ol v e d i n t h e d e v el o p m e nt of a pr eli mi n ar y
3- D e v e nt di s pl a y f or E x p eri m e nt 8 3 5.  W hil e at P e n n St at e i n 1 9 9 3 I a s si st e d i n
t h e wiri n g of str a w c h a m b er s u s e d i n E x p eri m e nt 8 6 4 at Br o o k h a v e n N ati o n al
L a b or at or y. At W e st Vir gi ni a U ni v er sit y I st u di e d t h e b e h a vi or of t h e bi p ol ar
m a g n et i n t h e c o nt e xt of str a n g e attr a ct or s a n d t h e bif ur c ati o n r o ut e
t o c h a o s.




