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0 04 came, fie enksias~ wouldn’t ~ and should n’k, 
malfer if all lfie irnf&nnt questions Rove already beer, 
qnswered,and ffie field &s been MINEDOUT (O~J cq.0. 

BUT, l+As IT? 
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MODELING QCD INTERACTIONS 

l Naive approximation to non-linear field theory: Potential models 
- Do not expect too much! 

/ SPIN - INDEPENDENT POTENTIAL) 

- Physically motivated Cornell potential to fit masses. 

Y(r) = - (43) ffSKHl~ r = +kr 

t 

one-gluon exch. - multigluon flux-tube 
- Many other potentials do just as well. _. 

log potential : V(r) = C In (r/rJ 
Power-law pot.: V(r) = C ( r )p ._. -. - 
Richardson pot.:V(q) = C { q2 In [ I+ (q2 /A’ ) ] }-’ 

- $0 unique determirhon. 

i SPIN - DEPENDENT POTENTIAL 

- The OGE vector potential gives spin - dependent splitting: 
~XI=a<~.S,>+b<;i>+c<2f.f,-3> 

- Scalar potential (confinement part ?) only effects <t.3> part 
and reduces it., 

- No unique determination for confinement potential, scalar. 
vector or evenother Lorentz invariants (PS. AV. T) 
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OPEN QUESTIONS 
\ 

How valid is the potential model? 
How singular is the ‘Coulombic’ potential? Is it really l/r ? 
What is the nature of the confinement potential? What Lorentz 
transformation properties does it have? 
Are scalar and vector exchanges the only ones involved? 
What are the relativistic and channel coupling effects on the qq 
spectrum? 
How valid is our borrowing the ‘positronium physics’ in view of the 
confinement problem? 
How meaningful and trustworthy are the one-loop radiative 
corrections? 
How does the strong coupling constant (x, run’? 

--. -. 

1 CHARMONIUM BY pa ANNIHILATION 1 
I 1 

Two great advantages: 
l In contrast to e+e‘ which can only populate vector (l--) states, pp can 

directly populate states of all Jpc via annihilations mediated by two 
or three gluons. 

P 

P 

C 

x E 

l Stochastically cooled p beam and a hydrogen gas-jet target 
can lead to unprecedented mass resolution. 
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1 FERMILAB E-760, E-835 1 

COLLABORATION 
FermiIab, Universities of Ferrara, Genoa, Torino, University 
of California (Irvine), Northwestern University, 
Pennsylvania State University. 

PRINCIPLE 
A variable energy circulating beam of - 4 x 10” antiprotons 
in the Fermilab accumulator traverses an internal hydrogen 
gas jet target of density - 0.5 x IO*’ atoms/cm2 to yield a 

-.. _ luminosity of 

pp annihilations resonantly produce cc charmonium states 
which are identified by their electromagnetic decays (e+e’, 
y’s, . ..) 

E760 Approved - 1985. DATA RUN: 1990. 199 1 
ES35 Approved - 1993, DATA RUNS: 1995 
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Ferm ilab Antiproton Source 

and E760 experiment 
Taract Station 
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E760 EQUIPMENT LAYOUT 

INTBUCTION POINT \ 
FOBWABD 
CALOBIMETEB 

E 760Debecbr o/hm ized for e%J 77, etc 
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ITHE INGREDIENTS OF PRECISION1 

AE,, = rnc’p’? [ (Af / t)’ + (AL,,, / L,,,)’ ] I” 
l Revolution frequency, f, is measured from Schottky noise spectrum 

to2x lo-‘. 

-6 Orbit length normalization at w’ ( M(v’) = + 100 keV ) gives 
L orbit = 471.0157 m + 0.7 mm 

determine deviations from reference orbit 

: BEAM MOMENTUM RESOLUTION .-- 

.-. -_ - dp/p=( l/11 ,df/f 
l The lattice parameter rl can be determined in many ways. The 

double scan method gives it at a resonance enitrely in terms of 
frequencies. 

11 = ( 1 / 'i ) (f2 - f3) / ( ii- f>) 

; EVENT SELECTION 1 

l The electromagnetic calorimeter allows us to pull out 
electromagnetic final states, for example e’e’, at the level of 

1 pb (=10‘12 b) out of Ok (pp) = 70 mb ( - lo” b) 
. 
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Fii. 4 An excitation function scan for the J/S (3097) resonance from E760. Notce that the c.m. 
-_, -. - energy resolution is FWHM - 0.4 MeV. Fhls. Rev. D41 (lgg 3)n? 

Cl-II- 1 AND CHI-2 SCANS -AU. DATA WITH EXCL. CUTS 

1 

0.B 

0.6 

r 
I - 

I- 

i 

0.4 

0.2 

Fig. 5 A composite of E760 scans of x,(3510), and x,(3556), and the background level in 
bemen. phyls. Reva Lefh ~8(rss2)1468,~td Phys 8373(19%)35. 
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l&at &S E760 done so &Y ? 

516 



..-* - 

HE NEW IQiESULI‘S FROM E760 

l J/v is the cornerstone of all ‘%m.ium physics. 

0. For J/v there are significant changes. 

I e’e’ (since 1975) I E760 

Mass (J/w) - MeV 3096.93 f 0.09 3096.87 A 0.04 
r(tot) - keV 69* 10 99k 14 

--- BR (e’e’) (1990) 6.9 f 0.9 % 
(1992) 5.91 f 0.23 % ._, -. _ 

- r(tot) from (e’e) depends on knowledge of efficiencies and 
acceptances for the separate detection of electrons, muons and 
hadrons. Also upto 40% correction for bremsstrahlung. 

- r(tot) for E760 is obtained from analysis of the shape of the 
excitation function and has none of the above problems. 

l The 45 % change in r(tot) and the 25 5% change in r(e’e-) has 
serious consequences. For example, in the QCD sum rule models 
the gluon condensate will need to be substantially enhanced. 

%is Iage a change in. such a bmc qpmfib m& be 
ckdud in an krdebncbk -emerr)-. taodly but a 
~CF &I Sk tr~~ch~od~ ode can $0 it. And + 
should take iit- p& a &UJ LOWS 
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f = K+K- = 0.4c31 
._, -. _ TwK+K- 0 ’ 23@) 

w” 0. 13C4) 

~#f)f 00 12 (6) 

I+ O-09(3) 
2(JT+lfjff .o * 09(3) 
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. THE NEW RESULTS FROM E760 * 
lTRIPLET STATES - “Prl 

l Accurate determination of widths. 

( e+e- 1 ( PP 1 ( P? ) 
F&)MeV l-5 1.98 (19) r&=0.4(1) keV 
IQ)MeV ~4 0.88 (14) 

l For the first time we can get as for P-states. 
- More on this later. 

l By doing multipole analysis of x2-+y+ J/v angular distribution, we 
.__ get the magnetic quadrupole coefficient, 

a2 (x2) = - 0.14 (6) 
._, -. - 

- But, 
a2 (x2) = (915) ‘I2 (Eu I 4m,) ( 1 + K,) 

- Here ICY is the anomolous part of the magnetic moment, which 
bears on the compositeness of quarks. 

- Present result is consistent with 0. 

tee = 0.46 f 0.62 f (0.4) 
-We intend for E835 to make better measurements of % for 

xzand x0. 
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THE NEW PHYSICS: Singlet states ‘S(q), ‘P(h), ‘D 

0 

0 

0 --- 

._. -. 

None known ilm bottomoni~m (bb) 

Only Q well established in charmonium (CC) 

fltc, ‘P,, ‘D, not known 
Diffkul-t to form or identify because of opposite pa&y and charge 
conjugation: P = (-l)L+‘, while C = (-l)L. 

l Cannot be formed by e+e- (1”) virtual photon . . 

Decays from 3S states either forbidden 3S,( 1’ -)+*P1( 1+-j, 

or greatly inhibited 3S,( 1’ -); ‘S, (O+) C 

Cr@al Ball has reported observation of both Q and q ;1 in Ml 
radiative decays of J/v and w 1 

hl(q& = 2979 (2) MeV, r = 10.3 (36) MeV (many) 
!Wq I, = 3592 (5) MeV. I- < 8 MeV (only CB.1 

-w .--.. 4 
a000 - 

C~ySkd &III. 



c THE SINGLET P - STATE1 

3522 3523 3524 3525 3526 3527 3528 3529 3530 

It is obvious that E835 has to do a much higher 
statistics experiment to determine accurate resonance 
parameters of ‘P,. Approximately 30% of the E835 
run-time is assigned to this work. . 
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1 THE ONE AND ONLY qc (IS,) 1 

1 MASS 1 

l After a chequered history of false identifications, Q was firmly 
identified in e+e’ experiments in many J/v decay channels: 

JW+rlcY : CB (86) M (Q = 2984 f 2.3 f: 4.0 MeV 
: DM2 (91) M (rl& = 2974.4 k 1.9 MeV 

Q- many : MRK3 (86) M (Q) = 2980.2 f 1.6 MeV 
PDB92 M (qs) = 2978.8 k 1.9 MeV 

l E760 has identified qlc by its direct formation and its yy decay. 
pp --) llL.-+ -,f{ : E760 hl (qi) = 2988 + 3 MsV 

The 9 MeV higher mass is quite significant, because 

7 M (J/w) - M (IQ is often used to ‘tune’ potential model 
-~- -, calculations. 

-M (J/v> - M (nc) is used to estimate the mass difference 
M (v) - M (q i), and hence M (q ,). 

/ 
L 

l From e+e’ experiments, there are hw estimates 

J/v ’ w’-, Ylc : CB (86) r (Q) = 11.5 f 4.5 MeV 
+33 

J/v+ YPP : MRK (3) I- (Q) = lo- 8 

l E760 width measure.ment is not very precise yet, but indications are 
that r (ljL’, > 15 MeV. 

Ir(n) 1 . . . . . . . . . 
I J 
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I THE ELUSIVE q;. 

l Crystal Ball ( 1982) claimed observation in +y (Ml) + X 
M (q ;) = 3686 - 94 = 3592 + 5 MeV 

r(q;)<6MeV 
l Never again observed. 
l PQCD predicts 

AM OF-rl;) a, (w ‘1 M (y I2 r ( \cI ke+e-) 

AM (y - qc) - a, (~1 M NO2 r ( y-+ e+e-) 
= 0.92 x 1.42 x 0.46 = 0.60 (14) 

0 

._, 

PDB M (q,) = 2979 MeV , gives M (q ;) = 3615( 16) ~fek’ 
E760 M (IJJ = 2988 MeV , gkes M (IJ i) = 3621( iSI !GzY 

E760 made a preliminary search. For l% lO(5) MeV 
-_ - 

11 (11 J = 3588 - 3595 
> 

with B, Bout c 3.5 x lo-* 
11 (11 L.) = 3608 - 3617 = l/ 10 of qc observed 

3585 3590 3595 3600 3605 3610 3615 3620 3625 
l L\ hertz is 11 c ? 4s (MeV) 
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Fig. 5. R versus energy. The R values have been 
tadiotively corrected in [aI, (b). and (d), but not 
in (c). c pair production is ir.c!uded in R 
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1 THE STRONG COUPLING CONSTANT as 1 

l F. W ilczek : 
- “A quantitative measure (of how good PQCD is ) is how 

tightly is o(~ constrained.” 

- “Large Q2 measurements are lim ited in their power to resolve 
possible values of cxs, qualitatively.” 

- “If you are interested in quantitative results for OC,, there is a . 
large prem ium  for working at small Q’.” 

- So, how well do we know 01, at small Q2 ? 

12K 6( 153~19nf) In (In k) 
q(p) = [l - 

(33 - 2nf) In k (33 - 2n$ In k 
I 

.-- 

where, k = I? / A2. 
._. -_ - 

- oc, rises rapidly at small ~-t. 

as(2”)=0. 1 18*0.006 
a,( m ,) = 0.2 19 t:gfij 
a,(mc)=0.358Z:E 
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1 as FROM CHARMONIUM DECAYS 1 

l Use ratios of decay widths to cancel dependence on the radial wave 
function, its derivitives, and quark masses in PQCD predictions. 

l Lose one loop radiative corrections, but beware of them. 
They are often too large to be reliable. 

e.g., r (xo-qy) = [6as2 / m,“] IR’, (0)12 (l-3.OaJ 

Observable IProportionality a, (LO) a, (NLO) Iar from 2’ 
I I 
I 

Tau Decay !at1.78GeV ! - , 0.32 (4, . / 0 33(6) 
.-- I I I I 

SU ( J/y-q,) 1 at 1.5 GeV 1 1 0.37t6, j 0.37(6) 
I I 1 

-I--(J/y-+ ggg) as3/a2 
r (J/v-+ e+e) at 1.5 GeV 

0.198 (6) : 0.192 t.6, / 0.36(7) 

I- w+ggg> as3/a2 
r (Y-+e+e-) at 4.5 GeV 

0.173(3) 1 0.172 (3) j 0.22(2) 

l \\‘h;lt is M.ron,o \t*ith the \*ery precise aj from J/v and Y widths’? 

l A relativistic “fix” (Mackenzie and Lapage) is to add a term: 
[ I-C(v2 / c2) ] to the ratios. Arbitrarily chosen 

C=3.5 moves a, (J/w)+ 0.36 . C=6.5 moves a,(Y) ---) 0.22 
l Finite size annihilation vertex corrections (Chiang et al, 1994) 

aj (J/w) = 0.29( 1) 
a,(Y) = 0.20( 1) 

- Gradually, better understanding is emerging. 
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1 LIGHT-QUARK STRUCTURES 1 

pS; annihilati0~ is rrch rn glue. 
- one 04 Pie best uays 4-0 make 

e.g., fie shy 04 A&520) - 

_ Chanrikl Resonance Decay Mass Width 
(MeV/c2) (MeVjc2) 

3n” .fz( 1520) nono @zii~ 103+15 

X(2000) n”7co 1964k35 225k50 

27c”q fz(l520) 7r”ITo @ziSJ 111+10 

7T02q %(1320) rc”q 1324k5 118flO 

k(l500) qq @ii3 148f17 

X(1740 rlrl 1748flO 264k25 

X(2100) VI 2104+3.0 203flO 

3J-l w21w VI 200850 131flO 
. 

Ret Phys. Lett., B 307 (1993) 394-398 and Phys. Lett., 307 (1993) 399-402. 

531 



_2- 
--‘Z 

* 

MASS PROJECTIONS 
Events 

x IO2 cos(e*) -> 0.4 - 0.6 
* ..a--. 

;yyk - I~(‘L/U) 

II 

27c”q 

I... I ..:I 
0.8 1.2 1.6 2 2.4 2.8 

M (x”,xo, ( GeVJc2) . . - 

I .  800 X(2100) 
1 

I 
2 1.6 2 2:4 2.8 

M (x’,~c’) (G&Jc2) 

0 W  U 275 
(GeVJc’) wlJl) (GeVJc’) 

IEC-HEY93 
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I- THE SINGLET P - STATE 

For a pure vector interaction, the hyperfine splitting due to spin-spin 
interactions is ’ 

32x 
AM,, = M  (S=l) - M  (S=O) = - a , IR(0)12 

9m2 

. AM,, = 0 only for 1=0. 
For charmonium M  (3S,) - M  (‘S,) = 117.3 MeV 

l For != 1, IR (0)I = 0, and AM,, should be 0. 
A non-zero value of 

AM = CM (3P,)> - M  (‘PI) 
_ -4gnals a long-range vector contribution. 

:. , It is very important to find the ‘P, state of charmonium. 
._, T  _ 
l Of the three e lectromagnetic-decay channels investigated, 

‘pylc + Y’ w + Y 

\ lP1-JJv + 2x’(e+e-) + 2x 
lP,+J/w + J&+ (e+e‘) + (‘r/j 

we found the ‘P, in the isospin-forbidden x0- decay channel, with  
the following results: 

h1 (‘P,) = 3526.2 + 0.15 f: 0 .20 MeV 
AM = -0.9 f 0 .2 & 0.2 MeV - or,(m ,)=0.3 l(3) 
r < 1.1 MeV (Halzen, 1993) 

BR (‘P,*pp) . BR (‘P,+J/v + lea) z 2.1 (8) x 1O-7 
l Isospin-allowed 27t decay is a factor 5  smaller than the isospin 

forbidden x0 decay. Th is is counterintuitive, but predicted by Voloshin. 
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Zau- Chahm 3uckwy 

-~hd it CQ~ do for ~ht~~m~ni~m physics - 

TAB= VII. Evtnt Rae per/yew for chamtium decays at the em 
- (~O’su) 

World Detected 
Particles ad Decays Events Branching Ratios SCF Pmduccd 

Even e/yew 

w 2.7 x 10’ Direct formation 1.Ox1010 
W-)Y% 3x104 1.27% 1.3x1@ 
w+wY 0 (7X10-q 7x104 J 

qc-,-fY 150 0-s *lo-4 4&t+ 6W’ 

tic* PF c50 1.2x10-3 1.6x105 d 
?~-+-oo 35 7.1x10-3 9x10s 
slC-,W 0 <3x10-3 14x105 

q, -+ lo? 9 8.5x10-3 1.1x106 

sic TV 113 2.6% 3x106 

3.1x106 
5x103 
? 
2.3x1@ 
19x105 
1.7x105 
0 
30 

Direct formation 
2.8x1@ 
0.5 % 
9.3% 
8.7% 
7.8% 
(2&)4d’ 
9.7x104 

2x109 
6x106 
(0’ J 
1.9x108 
1.7xlos 
1.6~108 

-++fp+ IO3 
1.9x106 

0 
35 
0 

Direct formation (-1W 
I *lo+ mf03 

1.6x1@ 2.5x104 
(1x10+ (1.6~104) d 

DcxwKKsoo3.93 
-- 534 


