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So, what is a quarkonium?

» A quarkonium is a bound state of one quark and one
anti-quark (g q )

- Quarkonia built from light quarks have been known for a long time -
these are the "mesons”

- The positronium system is an EM paradigm

* Heavy quarkonia - those built with ¢, b, or t quarks and
anti-quarks provide us with experimental and modeling
opportunities

- Their experimental signatures are very narrow and can be
distinguished from the background in experiments

- The heavy quarks move slowly in these systems
- Confinement effects are (sort of) calculable
- Relativistic effects are to some extent ignorable

=" - We can do perturbative field theory and make predictions
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Some facts about heavy quarkonia

+ The first heavy quarkonium discovered was the J/y
(cc ) discovered in 1974

- Additional mass and spin states soon followed

- Members of the system of bb quarkonia were first
measured in the early 1980's

- Systems of t1 have not been seen due to the huge
mass of the top quark

+ A variety of mixed heavy-heavy and heavy-light states
have been observed
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THE CHARMONIUM SYSTEM
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The current state of knowledge of the charmonium system and transilions, as interpreted by the charmaonium
model, Uncertain states and transitions are indicated by dashed lines. The notation v* refers to decay processes
invalving intermediate virtual photons, including decaye to ete™ and ptp=.

THE BOTTOMONIUM SYSTEM
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The level scheme of the bb states showing experimentally established states with solid lines. Singlet states are
called ny amd hy, triplet states T and . 1o parentheses it is sufficient to give the radial guantum oumber and
the orbital angular momeotum to specily the states with all their quantum numbers, .., i (2P] means 21
with =2, L =1, 8=0 J=1, PC = 4—. [f found, D-wave states would be called m(ni}) and F(nd],
with o = 1,23 and m = 1,2,3,4,--. For the y. states, the spins of only the xpa{10*) and x4 (1P} have been
experimentally cstablished, The epins of the other xp are given as the preferred values, based on the guarkonium
models, The fipure also shows Lhe observed hadronic and radiative transitious.
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Understanding heavy quarkonia

* First principles - lattice gauge theories.
This approach continues to make progress,
but hasn't yet attacked the spin splittings.

» 'Heavy quark effective theories’ - useful
for heavy-light systems where one can
expand in the quark mass ratio.

» Potential models - able to treat both
relativistic and quantum corrections with a
track record of success in cc and bb systems.
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So, what's the point?

+ We can use experiments and these models to
investigate the consequences of QCD as a

theory of nature
* Model fits and predictions can be validated and
tested
mass values can be estimated

* Begin to get a phenomenological (at least) handle on
how confinement works

* Valuable since these are significant aspects of
the Standard Model

+ Several new(!) charmonium(?) and upsilon(?)
_ States
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Modeling heavy quarkonia

Several theoretical (motivated principally by QCD
considerations) and phenomenological (motivated
principally by data fit considerations) models were used
to fit the J/y and U data

The best "early” model was reported in 1982
(Gup’ra Radford, Repko, Phys Rev. D26, 3305)

Linear (phenomenological) confining potential with relativistic
corrections

- QCD interaction potential terms to fourth order in the QCD coupling
constant

- Excellent fit to then-known J/y and U spectra

- Outrageously successful predi ctions for later-measured U states
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Modeling heavy quarkonia

The discovery of the J/y led to the introduction of
simple potential models for the cc bound states. To
keep the quarks confined, a potential of the form!

V(r)=—i+ Ar+C
r

was suggested. This model ignores the rather
considerable effects of spin, but can account for
the average features of the cc spectrum with

a=0597 A=0.179GeV’ C=2.896GeV m, =1.92GeV.

1. E.Eichten, et al., Phys. Rev. Lett., 34, 369 (1975).
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Charmonium Spin Splittings
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Modeling heavy quarkonia
A complete description of the levels
requires the inclusion of spin effects.

» Relativistic corrections: Pumplin,
Repko and Sato; Schnitzer (1975).

* Quantum corrections: Gupta, Radford
and Repko (1982).
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Spin effects can be included in the long-range part to
order v2/c? in a straightforward way (Pumplin, WWR &
Sato, Schnitzer, 1975) to obtain a Hamiltonian of the

for'm p’Z
H= 2—+V(r) Ve +Vig +Vigy +Vy
1

where V¢ consists of spin-independent terms including
the kinetic energy correction. For scalar + vector
confinement, the confining potential is

Vi =(1-1,)Vsc + Y,
where f, is the fraction of vector confinement and

Ve = Ar— L-
-~ 2m’r

4A - = A -z A =z .z . =z & A
W = Ar+ m2r81'82+2m2rL'S+3m2r(381 Irsz'r_sl'sz)‘ITZrnzr
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Modeling heavy quarkonia
The QCD Lagrangian is

Lgcep = ——Fﬁﬁ} a4 Za " (Dp)ij ¥4

— Z Mg -{,-:'-" 'i,-f'-‘q?'_ :

Fi) =0, Ag Dy AL — gs fape AL AL

AY
(D;L)ij = {gij ‘f),u, + 195 Z %Aﬁ, ;

a

where g, is the QCD coupling constant, f . are the
SU(3) structure constants, v/ (x) are ’rhe quark field
spinors, and the A4 (x) represenT the gluon fields.
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Modeling heavy quarkonia

Notice that even the simplest relativistic
corrections produce short distance terms in the
potential of the form &(r). Because of asymptotic
freedom, it is possible make a reliable perturbative
calculation of the correction to the short distance
part of the potential using QCD.

This calculation was performed by S. N. Gupta and
S. F. Radford at the one loop level in 1981. It
involves computing a set of one-loop scattering
diagrams and then extracting the potential.
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Inclusion of the one loop QCD corrections to the short
distance potential (Gupta & SFR, 1981; Gupta, SFR &
WWR, 1982)

v, :%L‘Z‘Ss}s} @—1“—8(26+9|n 2)}5(r)

9m 27T
+327r0253 §1-§2 B a32(33—2nf)V2 In(ur) + e +21a2 V2 In(mr) + 7
9m 24r r 167 r |
2a. L-S 1llae. « 20 |
V.=—2 0 S+ 2 (83-2n. YInur+y. -D)—=(Inmr+y_. -1)
LS e 187 672'( f)( HY T Ve ) - ( VE ))
dar, (35,78, -7, -§,)
VT:3 2 3
m r

X{O+ 495+ %5 3330 Y(In ur + 7. —2) = 3% (Inmr + 5, —f)}
3r br 3 T 3

3m* 247 r 67 r°
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Modeling heavy quarkonia

The complete treatment of both the cc and bb systems in the non-
relativistic case,

=2

H=P oy ar—2% A(ry+v, 1V,
2 1 3r
30
A(r)=1- +(33-2n; )[In(er) + y¢ ]

T

was published in 1982 (SNG, SFR and WWR). The results were
embarrassingly good for the experimental situation of the time. This
version of the potential approach has held up well over the
intervening 20 years, but the experimental situation has recently

become quite active leading us to reexamine what potential models
can do with the new data.
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TABLE I1. bk spectrum with my =4.78 GeV, n=13.75
GeV, a,(p)=0288, and 4 =0.177 GeV>,

State Mass (GeV) State Mass (GeV)
138,(Y) 9.462 13Dy 10,167
ICUNEEENET- N

1°D, 10.155

235,(Y" 10.013 1'D, 10.163
218,(n;) 9,994

2D, 10.459

338, (v") 10,355 23D, 10.454

318,000 10.339 23D, 10.447

2'D, 10.455
13p, 9.910

CUSB 1983/4 13p, 9.893 13F, 10.365

1*P, 9.868 11F, 10.364

1TP, 0.900 13F, 10.361

117, 10.364
23p, 10.266
CLEO 1991, CUSB1992 | 43p 10,252
23P, 10.232
21P, 10.258

M(Y(3D2)) =10161.1+0.6t1.6 MeV (CLEO 2003)
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Modeling heavy quarkonia

In reexamining the earlier potential model treatment,
we use a modified Hamiltonian, which gives a nod to the
fact that v2/c? is not all that small for charmonium.
Specifically, the starting point is

H = 2p% +m + Ar = 2% A(r) 4V, 4V,

3r

V| contains the scalar and vector order v2/c?
corrections to Ar and V; includes all v2/c? and
one-loop QCD corrections to the short distance
potential. Two versions of the model are
examined
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Modeling heavy quarkonia

* V| +V, treated as a perturbation

- All terms treated nonperturbatively

Because of the complexity of the one loop corrections,

we use a variational technique to determine the various

levels and, importantly, the wave functions. The method
itself simply seeks to minimize the functional

wiH[v)
(wly)

E =
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Starting with a trial function of the form
N
w(F)=> C,(r/R)" e MY (),
n=1

or its counterpart in momentum space to
evaluate the kinetic term, minimization with
respect to the C,'s leads to an eigenvalue
equation of the form

ZN: H C. = zi N _.C..
n'=1 n'=1

For a fixed A, the resulting radial wave
functions are orthogonal and the N
eigenvalues A, are upper bounds on the true
energies E,,.
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Modeling heavy quarkonia: status

PHYSICAL REVIEW D 75, 074031 (2007)

Potential model calculations and predictions for heavy guarkonium

Stanley F. Radford"" and Wayne W. Repko™’
'Deparement of Physics, State University of New York at Brockport, Brockport, New York 14420, USA
2Dfpan‘m€nr af Physicy and Astronomy, Michigan Siate University, East Lansing, Michigan 48824, USA
(Received 4 February 2007; published 30 April 2007)

We investigate the spectroscopy and decays of the charmonium and upsilon systems in a potential
model consisting of a relativistic kinetic energy term, a linear confining term including its scalar and
vector relativistic corrections and the complete perturbative one-loop guantum chromodynamic short
distance potential. The masses and wave functions of the varicus states are obtained using a variational
technique, which allows us to compare the results for both perturbative and nonperturbative treatments of
the potential. As well as comparing the mass spectra, radiative widths and leptonic widths with the
available data, we include a discussion of the errors on the parameters contained in the potential, the effect
of mixing on the leptonic widths, the Lorentz nature of the confining potential, and the possible of
interpretation of recently discovered charmoniumlike states.
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Modeling heavy quarkonia: status

TABLE 1. Fitted parameters for the ¢¢ and bb systems.
cé pert  ¢¢ nonpert  bb pert  bb nonpert
2 +0.002 +0.003 +0.006 +0.004
A (GeV=) 01667555 01867500 017755500 019355400
g 0.33420000 033220000 0.29620004 0.295X0002
+0.07 +0.03 +0.87 +0.35
m, (GeV) L5155 L8003 5.36 0% 6.61751R
o (GeV)  2.60 1.32 4.74 3.73
fv 0.00 0.24 0.00 0.21
TABLE IV. The leptonic widths of the J = 17" states are
shown, TABLE VIL. The leptonic widths of the Y(n$) states are
shown,
I.; (keV) Pert MNonpert Expt
Wi15) 428 1.89 5.55+0.14 Loz (keV) Pert Nonpert Expt
(25 2.25 1.04 248 006 Y(15) 1.33 1.33 1.340 = 0.018
#(35) 166 0.77 0.86 +0.07 Yi2s8) 0.61 0.62 0.612 = 0.011
i) 1.33 0.65 058 =007 Yi38) 046 0.45 0443 = 0.008
(1) 0.09 0.23 0.242 = 0,030 Yi4s) 035 0.30 0.272 = 0.029
W2D) 0.16 0.45 0.83 =007
esllY
IS
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TABLE I

Perturbative and nonperturbative results for the ¢¢

spectrum are shown. The perturbative fit uses the indicated states
and the leptonic widths of the (15) and ¢(25). In the non-
perturbative fit the %.(2S) and ¢(1D) are included and no
leptonic widths are used.

TABLE III. The radiative decays of the charmoninm system
are shown. The ¢ (10 — y;(1F) widths marked with a # are
from [48]; see also [43].

Iy (keV) Pert Monpert E=xpt
Wi(18) — 5 (15) 27 1.8 1.21 = 037
@280 — 1250 1.2 0.4 < (.7
W(28) — n 0(15) 0.0 .45 OEE =014
$i28) — y.a(1P) 450 252 31.0= 1.8
P28 — yallP) 409 291 MIit 1R
Wi28) — y2(1P) 26.5 25.2 273+ 1.7
70250 — h (15 8.3 17.4
W(35) — y.q(2P) B7.3 301
@i38) — y1(2P) 65.7 45.0
Wi38) — yo2(2P) il 36,0
W38 — yallP) 1.2 2.1
W38 — y(1P) 25 0.3 <RA0
Wi38) — ye2(1P) 33 24 <1360
FallP)— (15] 1422 139.3 135 = 15
Ko (1P — w(15) 287.0 203.7 317 = 25
¥ez (1P) — (15) 390.6 3841 417 x 32
b (1P — 5. (15) al0.0 5464
Y l2P) — (28] 536 9.7
Yoy (2F) — @(25) 208.3 2358
Fea(2P) — (28] 358.6 3194
¥eal2P) — (15) 20.8 24.0
Yo (2P — (18] 284 51
¥ea(2P) — (15) 332 367
Yea(2P) — (1) 1.2 7.4
Yoy (2F) — @i(1D) 11.1 12.3
¥oa (2P) — @i12) 1.2 0.8
Ko (2P — 130, 209 23.5
Kea (2P)— 17D 12.7 Q.1
G(10) — y (1P 4154 243.9 172 = 30°
(1) — y . (1) 146.7 104.9 70 % 17°
Gl 1 — y2(1P) 58 1.9 <21*
D, — y.,01P) 3173 256.7
1P, — y.201P) 65.7 6l1.8
1305 — y.2(15) 62.7 39.5
G(20) — yol1P) 2.0 233
W(20) — y. (1) 4.7 0.02 =721
G200 — y .. (1P) 0.2a 0.23 <1340

m .z (MeV) Pert Nonpert Expt
n.(18)* 2980.3 2081.7 29804 = 1.2
w18y 3007.36 3096.92 3096.916 = 0.011
XaollP)* 3415.7 3415.2 3414.76 = 0.35
X (1PY* 3508.2 3510.6 3510.66 = 0.07
X (1P)Y* 35577 3556.2 3556.20 = 0.09
h(1P) 3526.9 35237 3525.93 = 0.27
7.(25) 3597.1 3619.2 3638.0 = 4.0
w(28)* 3685.5 3686.1 3686.093 = 0.034
w(1D) 3803.8 37804 37711 =24
13D, 38238 3822.1
13D, 3831.1 38448
1'D, 3823.6 38222
Xal2P) 38437 38643
Xc2P) 39397 3950.0
X2 (2P) 39937 39923 3929. £5.4
he(2P) 3960.5 3963.2
1°F, 4068.5 4049.9
17 Fy 4069.6 4069.0
13F, 4061.8 4084.3
11F, 4066.2 4066.9
17.(35) 4014.0 4052.5
W(35) 4004.9 4102.0 4039. = 1
w(2D)* 4164.2 4159.2 4153. =3
2D, 4189.1 4195.8
23D, 4202.3 4218.9
2'D, 4190.7 4196.9
W(4S) 44333 4446.8 4421. £ 4
W(3D) 44773 4478.9
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TABLE V. Perturbative and nonperturbative results for the b
spectrum are shown. The perturbative fit uses the indicated

TABLE V1. The radiative decays of the upsilon system are

states.

Higy (MeV) Pert Monpert Expt

s8] 041370 0421.02

Y(18) Q460,69 0460.28 946030 = 0.26

Yool 1P 0861.12 Q86043 QRS9.44 * (152

Xe 1P 0891.33 O802.83 QROZTE = 0,40

¥ezl1P)° 9911.79 9910.13 901221 = 0.40

Ry (1) 090,00 080004

n128) Q998,69 100036

Y28 100225 100235 10 023.26 = 0.31

Yi(10) 101495 101488

13D, 101571 10157.0 W06L1x1.7

13D, 101629 10164.1

1'D, 10158.4 101583

Yol 2P)" 102305 102314 102325 0.6

¥\ 2P 10255.0 10257.6 1025546 = .55

X2l 2P) 10271.5 10271l 10 268.65 = (.55

fig (2P) 10262.0 102631

13F, 103530 10351.0

13F, 103558 103556

1°F, 10357.5 10359.7

1'F; 103559 103559

n5135) 103448 103504

Y(38) 10363.6 103656 103552205

Yi2D) 10443.1 104437

2D, 10450.3 10451.2

2, 104559 104575

21, 10451.6 104524

2F, 10610.0 10609.0

BF, 10613.0 106134

BF, 10615.0 10617.3

2AF, 10613.2 106137

Mal45) 106228 106315

Y(48) 10643.0 106434 105794*1.2
S. Radford

shown.
I, ikeV) Pert MNonpert Expt
Y(15) — nsi15) 0,004 0.001
Y28 — 7a(28) 0.0005 0.0002
Yi28) — n,(15) 0.0 0,005 <02
W28 — ypgll#) 1.15 0.74 1.22 2016
Y28 — yp (18 1.87 1.40 221 x022
Y (251 — yra(1P) 1.88 1.67 229 =22
e (28] — kg (1F) 417 20.4
Y(385) — yeal2P) 1.67 1.07 120 =016
Y(38) — yu(2P) 2.74 2.05 256 =034
Y(38) — yual2P) 2.80 251 266 = 041
Y(38) — yegllP) 0.03 0.03 0.061 = 0023
Y(38) — yei (150 0.09 0.003
Y38 — ype(1P) 013 o1l
Yeal1FP) — Yi15) 22.1 19.6
Fep (1P — Y(15) 27.3 239
Feal 1P — Y(15) 3l.2 26.3
he(1P)— ng(15) a7.e 4.61
el 2P — Y(28) 9.9 991
e (2P — Y(28) 13.7 12.4
el 2P — Yi25) 16.8 13.5
el 2P — Y(15) .69 1.83
Yerl2P) — Y(15) 7.31 481
el 2P — Yi15) 7.74 6.86
¥eol2P)— Y(1D) 1.13 1.05
Fep (2P — YD) 0.62 0.52
Yoz l2P1— Yi1D) 0.04 0.03
¥e1l2P) — 17D, 1.48 1.31
Yeal2P)— 17D, 047 0.35
YD) — ypallf) 18.1 12.5
Yi(1D) — ymil1P) 0.82 7.50
Y(10) — ysa(1P) 0.51 0.44
130, — iy, (1P) 19.3 14.9
Py, — ypal1F) 507 4.35
1303 — ypailFP) 21.7 18.8
/T Pert Nonpert Expt
L v VT2 pg) 148 542 511 *414
Ty Cver /T2y s1) 1.87 2.58 247 = (60
Ty Cvea )/ Ta(x sa) 217 1.97 228 =047
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Heavy quarkonia: conclusions and outlook

* The semi-relativistic model consisting of the
relativistic kinetic energy, a linear long-range confining
potential with its v2/c? corrections and the one-loop QCD
potential provides a quantitatively good description of the
cc and bb heavy quarkonium systems.

* The Lorentz structure of the confining potential is
interesting. In both cases (cc and bb) the perturbative
treatment of the spin-dependent interactions always
favors a pure scalar confining potential, while treating
the spin terms non-perturbatively favors a scalar-vector
mixture ~20% vector for both cc and bb.
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Heavy quarkonia: conclusions and outlook

*The calculated E; decays compare favorably with
experiment. Transitions between J/y,x and y' appear to
be dominated by spin rather than open channel effects.

* Based on the model considered here, the X(3872) cannot
be explained solely in ferms of a charmonium state
described by a potential, which suggests that its
identification as a more complex bound state or
“tetraquark’ state.

* The X(3943) state is not compatible with a 23P;
charmonium level. It has been suggested that it may be
withe 315, (n,") state.
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Heavy quarkonia: conclusions and outlook

* The potential for unequal mass systems has also been
calculated and can be used to investigate the D¢ , B , and
B. mesons (Gupta, SR & WWR, 1981, 1985). We are
continuing with that investigation.

*After a long period of inactivity, today there is a
renewed interest in charmonium due to developments in
the study of b quark states.

*At this time, there are several active experimental
groups investigating heavy quarkonium states: CLEO IT,
Belle, BaBar, CDF.
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