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1 THEORY INTRODUCTION1

Most theorists agree that QCD alone should describe the spectroscopy of heavy quarkonium. Never-
theless, there are important difficulties to do so in practise. One can roughly distinguish between two
approaches: the phenomenological and the theoretical one.

The phenomenological approach attempts to model what are believed to be the features of QCD
relevant to heavy quarkonium with the aim to produce concrete results which can be directly confirmed or
falsified by experiment and may guide experimental searches. The theoretical approach tries to describe
heavy quarkonium with QCD based calculations and/or approximations.

The basic tools of the phenomenological approach are potential models, both non-relativistic and
relativistic. The use of non-relativistic potential models is justified by the fact that the bottom and, to a
lesser extent, the charm masses are large in comparison to q �Z�F�

, the typical hadronic scale. Hence a
quantum mechanical description of the system based on two heavy quarks interacting through a suitable
potential appears reasonable. The potential is usually chosen in a way that at short distances coincides
with the weak coupling QCD one-gluon exchange Coulomb potential and in the long range it incorpo-
rates confinement, for instance, by including a linearly rising potential. Since relativistic effects appear
to be sizable for some states, mostly in charmonium, models incorporating some relativistic kinematics
are also being used. Different models of quark confinement may result in different classes of relativistic
corrections. For states close to and beyond the two heavy-light meson threshold, the potential models
have to be complemented with these extra degrees of freedom in order to account for possible mixing
effects. Hybrid states which are expected from QCD should also be incorporated by hand. The phe-
nomenological approaches will be described in Section 3.

The theoretical approach aims at obtaining the spectrum of heavy quarkonium from QCD. This
is in principle more complicated than obtaining masses of light mesonic states since an additional large
scale

¬
, the mass of the heavy quark, enters the calculation. If we assume that

¬
is much larger than

any other scale in the system, in particular q �Z�?�
, the heavy quark and antiquark are expected to move

slowly about each other at a relative velocity
ã À � . The system becomes non-relativistic and hence

splittings between states with the same quantum numbers are expected to be of size ½ ¬Æã �
whereas

hyperfine splittings are of order ½ ¬Æã �
, if one proceeds by analogy to QED bound states (where

ã ½ / ).
If

ã � ½ �4ÈØ� , as expected in ground state bottomonium, a direct (lattice) QCD calculation requires a
precision significantly better than 10 % to detect spin-averaged masses and of more than �^� to resolve
fine structure splittings. Moreover, all these scales have to be resolved on one and the same lattice,
necessitating many lattice points. This is to be compared with light quarkonium where the splittings
are a leading order effect. Consequently, calculating the heavy quarkonium spectrum from lattice QCD

1Author: J. Soto

69



CHAPTER 3

requires a tremendous computational effort, which in some cases can be somewhat ameliorated with the
introduction of anisotropic lattices, as discussed in Section 2.1.

Alternatively, it may be advisable to exploit the fact that
¬

is large and
ã

small before attempting
the computation. This is most efficiently done using non relativistic effective field theories. The effective
theory which takes into account that

¬
is much larger than the remaining scales in the system is NRQCD

[1–3]. Since
¬ Ã q Á �G� , NRQCD can be made equivalent to QCD at any desired order in �D� ¬ and/ 0 � ¬ � À � by enforcing suitable matrix elements to be equal at that order in both theories. One may then

attempt a lattice calculation from NRQCD. What one gains now is that the spin independent splittings
are a leading order effect rather than a

ã �
one and the hyperfine splittings a

ã �
correction (rather than

ã �
).

See Section 2.2.1 for a detailed discussion of these calculations.
NRQCD, however, does not fully exploit the fact that

ã
is small. In particular, gluons of energy½ ¬Æã

, the typical relative three-momentum of the heavy quarks, are still explicit degrees of freedom
in NRQCD whereas they can never be produced at energies ½ ¬Æã �

. For lower lying states the scale¬Æã
corresponds both to the typical momentum transfer

~
(inverse size of the system) and to the typical

relative three-momentum h . It is then convenient to introduce a further effective theory where degrees
of freedom of energy ½ ~

are integrated out. This EFT is called pNRQCD [4, 5], see Section 2.3. The
degrees of freedom of pNRQCD depend on the interplay of the scales

~
, ä ½ ¬Æã �

and q �Z�?�
. The

weak and strong coupling regimes are discussed respectively in Section 2.3.1 and 2.3.2. A related EFT
for the weak coupling regime, called vNRQCD [6], will be discussed in Chapter 6 (Standard Model).
Sum rules are also discussed in the same chapter in relation to the calculation of the lowest energy levels
in the spectrum.

The distribution of the theory contributions is as follows. We begin with the theoretical approach
and use the EFT philosophy as an organizing principle. We shall arrange the contributions according
to the number of hypothesis that are done in order to obtain them from QCD. Hence, we shall start by
contributions which rely on QCD only. Next we will discuss contributions which may be embraced by
NRQCD, and finally contributions which may be embraced by pNRQCD. We would like to emphasize
that, if the relevant hypothesis are fulfilled, (i) NRQCD and pNRQCD are equivalent to QCD, and (ii)
each of these EFTs allows to factorize a relevant scale, which further simplifies calculations. All the
states can in principle be studied from QCD, the main tool being lattice techniques. In practise, how-
ever, a number of limitations exists, which are described in Section 2.1. Except for very high excitations
(particularly in charmonium) for which relativistic effects become important, these states can also be
studied from NRQCD, the main tool being again lattice techniques, see Section 2.2. States below and
not too close to open flavour threshold can also be studied using pNRQCD. A few of these, including
the �����D�^� and i7k×���D�X� , can be studied by means of analytical weak coupling techniques (Section 2.3.1).
The remaining ones can be studied using pNRQCD in the strong coupling regime (Section 2.3.2), which
needs as an input nonperturbative potentials to be calculated on the lattice. We continue next with the
phenomenological approach, which mainly consist of a description of potential models (Section 3.1)
and of approaches to open flavour thresholds (Section 3.3). The former provide good phenomenologi-
cal descriptions for the states below open flavour threshold whereas the latter are important for a good
description of excitations close or above the open flavour threshold, in particular of the recently discov-
ered &'�)(+*-,�.-� charmonium state. An effort has been made to link potential models to the theoretical
approach. Double (and triple) heavy baryons are also discussed both in the theoretical (Sections 2.2.3,
2.3.4) and phenomenological approach (Section 3.4.2).
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2 THEORETICAL APPROACH

2.1 Direct lattice QCD calculation2

2.1.1 Methods
(For an introduction to general QCD lattice methods cf. Chapter 1.) When simulating quarks with a mass¬

on a lattice with lattice spacing f , one will inevitably encounter
¬ f [or � ¬ f?� � ] corrections, which are

of order one, unless
¬ À fb� � . The Fermilab group [7] have argued in favour of a re-interpretation of

the clover action, suggesting that physical results can be obtained even for masses as large as
¬ f 8 � ,

see also Section 2.2.1 below. However, still one would either want to extrapolate such results to the
continuum limit or at least put them into the context of an effective field theory with two large scales,
in this case

¬
and fb� � . If interpreted as an EFT, higher order terms have to be added and the matching

coefficients to QCD have to be determined to sufficiently high order in perturbation theory, to reduce and
estimate remaining systematic uncertainties.

In the quenched approximation, the condition
¬ f À � can be realized for charm quarks; however,

at present bottom quarks are still somewhat at the borderline of what is possible. One approach to tackle
this problem is to introduce an anisotropy, with a temporal lattice spacing f + smaller than the spatial
lattice spacing f � � (+f + , with parameter (þ� � . The spatial lattice extent ) � f � has to be large enough
to accommodate the quarkonium state (whose size is of order 3 ¦ � ¬Æã �×� � ). With a sufficiently largef�� this is possible, keeping the number of points )Í� limited, while the temporal lattice spacing can be
chosen to be smaller than the quarkonium mass in question, f + � ] � � , at relative ease. This means
that anisotropic simulations are naively cheaper by a factor ( � , compared to the isotropic analogue with
a lattice spacing f � f + .

While at tree level the lattice spacing errors are indeed of ñ ! � ¬ f + � ì " , one loop corrections mean
that there will still be ñ ! /"0�� ¬ f � � ì " terms present: only to the extent to which /t0#( ì is small, the leading
order lattice effects can be regarded as ñ ! � ¬ f + � ì " . Furthermore, the anisotropy parameter ( has to be
determined consistently for the quark and gluon contributions to the QCD action. Within the quenched
approximation this problem factorizes: one can first “measure” the gauge anisotropy by determining the
decay of purely gluonic spatial and temporal correlation functions. Subsequently, one can adjust the
Fermionic anisotropy accordingly. This fine-tuning does not come for free, in particular if the number of
adjustable parameters is larger than two. Consequently, no consistent nonperturbative ñâ��f?� improvement
programme has been carried through so far, for non-trivial anisotropies. While there might be a net gain
from using anisotropy techniques in the quenched approximation, the parameter tuning becomes much
more delicate and costly once light sea quarks are included. In this case the numerical matching of the
anisotropy for light Fermions cannot be disentangled from the gluonic one anymore.

2.1.2 Results with relativistic heavy quarks
We will first review results on the quenched bottomonium spectrum, before discussing charmonia in the
quenched approximation, on anisotropic as well as on isotropic lattices and with sea quarks.

Only one bottomonium study with relativistic action has been performed so far [8], employing
lattices with anisotropies ( � �

and ( � É , in the quenched approximation. In this case, the inverse
lattice spacing, fw� �+ was varied from 4.5 GeV up to about 10.5 GeV. The lattice extents were typically
of size ),��fE� 8 � fm, however, they were not kept constant when varying fk+ such that finite size effects
are hard to disentangle. The spatial lattice sizes are also dangerously close to the inverse confinement–
deconfinement phase transition temperature (cf. Chapter 7). After using the � � $ � � � � � � splitting
(identifying the � � $ � mass with the spin averaged experimental � � $ states) to set the lattice spacing and
the � � � � to adjust the ~ quark mass, qualitative agreement with the spin-averaged experimental spectrum
is observed.

2Author: G. Bali
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Table 3.1: Charmonium results in the quenched approximation [9–12], where the scale is such that g Õ ©® ���¯�� MeV. The purely statistical errors do not reflect the uncertainty in g ® , or due to quenching. All values are
in units of MeV. Glueball masses [13–15] are included for comparison. The last three lines refer to spin-exotic
(non-quark model) quantum numbers.

y 6 � state CP–PACS Columbia QCD-TARO experiment glueballs�5� � i j 3013 (1) 3014 (4) 3010 (4) 2980(1) 2500(40)i zj 3739(46) 3707(20) 3654(10) 3500(60)�U�Z� yb��� 3085 (1) 3084 (4) 3087 (4) 3097�%�).-�X� 3777(40) 3780(43) 3686 3700(50)� � � l j 3474(10) 3474(20) 3528(25)
¬ ��� � $Ç� =3525 2830(30)l?zj 4053(95) 3886(92) —� �Z� | j 7 3408 3413(10) 3474(15) 3415(1) 1720(30)|¿zj 7 4008(122) 4080(75) — 2540(120)� �Z� |Üj x 3472 (9) 3462(15) 3524(16) 3511|¿zj x 4067(105) 4010(70) —. �Z� | j ! 3503(24) 3488(11) 3556 2300(25)| z j ! 4030(180) —.�� � � � v � 3763(22) — 2975(30)

— 3740(40). �Z� � � v � 3704(33) &'�)(+*-,�.-� ??? 3780(40)(��Z� � � v � 3822(25) — 3960(90)( � � � � � � 4224(74) — 3410(40)( �Z� � � � � 4222(140) — 3540(40)� � � � � 4714(260) — 4560(70)�U� � � � 4366(64) —. � � � � 4845(220) — 3980(50)

For the � � � � � � � � � splitting, where one might hope finite size effects to largely cancel, the authors
obtain the continuum extrapolated value of É�¡ Ý .�� MeV. To leading order in pQCD, this splitting is
expected to be proportional to the wave function density at the origin, multiplied by /10�� B � . Adjusting
the lattice spacing from spin-averaged splittings amounts to matching the quenched lattice coupling to
the phenomenological one at a low energy scale

À B . In the quenched approximation / 0 � B � approaches
zero faster as B is increased and hence /t0�� B � will be underestimated: the quoted fine structure splitting
represents a lower limit on the phenomenological one. Indeed, the analogous result for the charmonium
case underestimates the known experimental number by a factor 1.25–1.5, when setting the scale in a
similar way [9, 10].

Both, the Columbia group [11, 12] as well as the CP–PACS Collaboration [9] have studied the
charmonium spectrum on anisotropic lattices. The same anisotropic clover quark action was used as for
the bottomonium study discussed above, where the leading order lattice artefacts are expected to be ofñâ�)/ 0]f + � and ñâ��f �+ � . The CP–PACS Collaboration studied the anisotropy, ( � ( , on a set of four inverse
lattice spacings fw� �� , ranging from about 1 up to 2.8 GeV, on spatial volumes ����È / fm � � . The Columbia
group simulated four lattice spacings ranging from about 0.8 up to 2 GeV at anisotropy ( � . . They
were able to vary their volume from 1.5 up to 3.3 fm and found finite volume effects to be below their
statistical resolution.

We display the respective continuum-limit extrapolated results in Table 3.1. We also include
results from the QCD–TARO collaboration [10], with ( � � . The quark mass is set such that the spin
averaged � � state corresponds to 3067.6 MeV. (Note that the present phenomenological value is slightly
higher than this.) For comparison we convert the Columbia results into units of 3 � �� � (�¡ � MeV. This
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Fig. 3.1: The quenched charmonium spectrum (CP–PACS [9], Columbia [11, 12]), glueballs [13–15] and spin-
exotic ²��² -glue hybrids [12], overlayed with the experimental spectrum.

scale is implicitly defined through the static potential [16], ³m4 �.37�� ³ 3kØ 6 ý 6 7 � ��È / É . It cannot directly be
obtained in experiment. However, 3 � �Uf is easily and very precisely calculable in lattice simulations. In
the quenched approximation we have to assume a scale error on spin averaged splittings of at least 10 %,
on top of the errors displayed in the Table. We also include glueball masses [13–15] into the table. The
last three lines incorporate spin-exotic y 6 � assignments ( �+!� ¹ hybrid mesons).

The anisotropic results are also displayed in Fig. 3.1, borrowed from Ref. [17], where we plot the
new &'�)(+*-,�.-� state at y 6 � � .��Z� , however, this assignment is somewhat arbitrary. As can be seen,
where overlap exists, the results from the three collaborations employing three different anisotropies
are consistent with each other. All S- and P-wave fine structure splittings are underestimated, which is
expected in the quenched approximation. The Columbia group [12] reported that the state created by
the y � � D-wave operator rapidly converged towards the mass of the vector S-wave ground state. The
same was observed in the case of the . �Z� F-wave with respect to the | j ! ground state: this indicates that
the charm quark mass is too light for ) to be a good quantum number.

That the charm mass is not particularly heavy, in comparison to typical scales of gluonic excita-
tions, can also be seen from the overlap between the glueball and charmonium spectra. Once sea quarks
are switched on, these glueballs will become unstable. However, the presence of a background of such
excitations might very well affect spectrum and decays in some channels. For instance the dominant
decay of a vector charmonium is into gluons, and it is quite conceivable that such a channel should also
couple to would-be glueballs.

When performing the Wick contractions of propagators of flavour singlet states like charmonia,
two contributions arise: a connected one, with quark and antiquark propagating alongside each other, and
a disconnected (OZI suppressed) one, with annihilation and creation diagrams of ��!� . In all charmonium
simulations that have been performed so far, with two notable exceptions [18, 19], the disconnected
diagram has been neglected. It is well known that OZI processes play a role within the light pseudoscalar
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and scalar sectors. This has also been extensively studied on the lattice [20,21]. In the case of charmonia,
in particular for S and D waves, substantial corrections due to mixing with intermediate gluonic states are
a possibility, even within the quenched approximation. For states that are close to threshold, in addition
mixing with two-meson states will occur, once sea quarks are included.

Charmonia have also been studied on isotropic lattices, within the quenched approximation [10,
18, 19, 22, 23], and with sea quarks [24]. The QCD–TARO collaboration [10] worked at tiny lattice
spacings, ranging from about 2 GeV down to 5 GeV. The results are consistent with those obtained by
the Columbia group [12] and by CP–PACS [9], but the use of an ñâ��f4� improved action allowed for a
very well controlled continuum limit extrapolation. The quenched value, within the OZI approximation
and using 3 � �� � (�¡ � MeV to set the scale, is 77(2)(6) MeV, with all remaining systematic errors quoted.
This value would increase by 15 % if the scale was set from the � � $ � � � , still short of the experimental
117 MeV.

In an exploratory study, in which for the first time the diagram that contains disconnected quark
loops has been included, McNeile and Michael [18] find evidence that while the position of the ground
state vector state appears to be largely unaffected, the pseudoscalar mass is reduced by an amount of the
order of 20 MeV with respect to the non-flavour singlet reference value. One explanation might be the
background of glueballs, c.f. Fig. 3.1. A more recent study by QCD–TARO [19] confirms that the vector
state remains largely unaffected. They rule out an increase of the pseudoscalar mass, however, a decrease
by an amount of up to 20 MeV would not contradict their data.

First studies [24] utilizing the AsqTad staggered light quark action and approximating . � �
flavours of sea quarks by taking roots of the Fermionic determinant have been performed. The light
quark mass was varied down to about

¬�Ô � / . The ñâ�)/¿0�f4� clover action, in the Fermilab heavy quark
interpretation [7] was used. Extrapolating to physical sea quark mass, a hyperfine structure splitting of
97(2) MeV is obtained, see also Section 2.2.1 below. This is an increase of almost 40 %, over their
quenched reference value. At least the latter would have been somewhat smaller if normalized with re-
spect to 3 � rather than to the � z � � splitting. However, OZI diagrams have been neglected and neither
is the lattice spacing dependence resolved as yet. Clearly, a precision study of the charmonium spectrum
requires not only sea quarks but also flavour singlet diagrams to be included.

2.2 NRQCD
NRQCD takes advantage that the masses of the charm and bottom quarks are much larger than q �Z�?�
in order to build an EFT which is equivalent to QCD at any desired order in �D� ¬ and /^0�� ¬ � . Starting
from NRQCD two approaches may be followed for spectrum computations: direct lattice calculations
(Section 2.2.1) or further integration of the soft scale (the scale of the momentum transfer) to arrive
at an EFT in which only the ultrasoft degrees of freedom remain dynamical, pNRQCD (Section 2.3).
An introduction to NRQCD is given in Chapter 1, see also Refs. [25–27] for some introduction to the
nonrelativistic EFT formulation. An introduction to lattice methods (quenched and unquenched) has
been given in Chapter 1.

2.2.1 Lattice NRQCD calculations with light sea quarks 3

The use of non-relativistic effective field theories permits the computer to handle only scales appropriate
to the physics of the non-relativistic bound states without having to spend a lot of computer power on the
large scale associated with the heavy quark mass which is irrelevant to the bound state dynamics. This
makes the calculations more tractable so that many more hadron correlators can be calculated for better
statistical precision. We will focus our discussion on the most recent calculations obtained within this
approach, which include light sea quarks.

3Authors: C. Davies, A. Kronfeld, P. Mackenzie, J. Simone
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On the lattice, heavy quark effects and discretisation effects are intertwined. One can treat them
together by introducing an effective Lagrangian [28, 45]

�¸� � � � � � ¬ � v � �±° �
. ¬ � ��²´³ ¥�* ¬ ��µ ° ��¶ � � �¢²´³ ¥� f �/U¬ ¥ ü v �ü � � ²´³ ¥�* ¬ � � ° � ¹<· � ¹<· � ° �

� ��²´³ ¥�* ¬ � ª ��� � ° � ¹<· �å¹<· � ° � � ��²´³ ¥�. ¬ ��� ¹ � � � � ��� ® (3.1)

similar to the standard (continuum) NRQCD Lagrangian, but note that the derivative operators are ‘im-
proved’ on the lattice to remove leading errors arising from the lattice spacing. See also the Section 3.2.3
“Heavy Quark Actions” in Chapter 1. We have omitted the term � � ¬ � .

Compared to the NRQCD description of continuum QCD, an unimportant difference is the Eu-
clidean metric ( v � instead of

� ª v � ). Also, unlike in dimensional regularization, in lattice regularization
the mass shift � ¬ will in general be non-zero. However, this cancels from mass differences and decay
amplitudes. Moreover, it can be determined nonperturbatively from the � dispersion relation. Obvi-
ously, terms accompanied by � ü

are lattice specific. The essential difference is that the matching scale is
provided by the lattice spacing: the short-distance coefficients � ²´³ ¥ü , � ²´³ ¥ü and � ¬ depend on f ¬ and on
the details of the chosen discretisation. The matching of �K²´³ ¥ü and ��²´³ ¥ü is carried out to some accuracy in/¿0 . From Eq. (3.1) one sees that the most important matching condition is to identify the kinetic mass

¬
with the heavy quark mass in the lattice scheme, and then tune the higher-dimension interactions.

One area of lattice QCD which has remained problematic is the handling of light quarks on the
lattice. This is now being addressed successfully and is critical to obtaining precision results of use
to experiment. In particular the problem is how to include the dynamical (sea)

± � ³ � ´ quark pairs that
appear as a result of energy fluctuations in the vacuum. We can often safely ignore ����~�� µ quarks in
the vacuum because they are so heavy, but we know that light quark pairs have significant effects, for
example in screening the running of the gauge coupling and in generating Zweig-allowed decay modes
for unstable mesons.

Many calculations in the past have used the “quenched approximation,” attempting to compensate
sea quark effects by ad hoc shifts in the bare coupling and (valence) quark masses. The results then suffer
from errors as large as 10–30%. The error of the quenched approximation is not really quantifiable and
this is reflected by a lack of internal consistency when different kinds of hadrons are used to fix the bare
parameters. This ambiguity plagues the lattice QCD literature.

The MILC Collaboration recently have produced ensembles of gluon field configurations which
include 2 degenerate light sea quarks (

± ®�³ ) and a heavier one ( ´ ) [30]. They rely on fast supercomputers
and a new discretisation of the quark action: the improved staggered formalism [31]. At quark masses
small enough for reliable chiral extrapolations, staggered Fermions appear much faster than any other
formulation of lattice Fermions. However, each flavour of staggered quarks is included in the sea by
taking the fourth root of the staggered determinant and there are still theoretical issues to be resolved
about this. Taking the

±
and ³ masses the same makes the lattice calculation much faster and leads

to negligible errors in isospin-averaged quantities. The sea ´ quark mass is chosen to be approximately
correct based on earlier studies (in fact the subsequent analysis shows that it was slightly high and further
ensembles are now being made with a lower value). The sea

±
and ³ quarks take a range of masses down

as low as a sixth of the (real)
¬ßÔ

. Ensembles are available at two different values of the lattice spacing,
0.12 fm and 0.09 fm, and the spatial lattice volume is �).5ÈÊÉ �*¢ � � , reasonably large. Analysis of hadronic
quantities on these ensembles has been done by the MILC and HPQCD collaborations [29].

There are 5 bare parameters of QCD relevant to this analysis: /X0 , ¬ Å [ Ñ , ¬ÓÔ
,
¬ j and

¬ k . Chang-
ing the bare / 0 changes the lattice spacing. It is important to fix these parameters with the masses of
“gold-plated” hadrons, i.e., hadrons which are well below their strong decay thresholds. Such hadrons
are well-defined experimentally and theoretically and should be accurately calculable in lattice QCD.
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the finite volume of our lattice (2.5 fm across). Unstable
, are constantly fluctuating

into on-shell or nearly on-shell decay products that can
easily propagate to the boundaries of the lattice; simi-
lar problems afflict multihadron states. Consequently we
focus here on hadrons that are at least 100MeV below

, Υ. . . );
and we restrict our attention to hadronic masses, and to
hadronic matrix elements that have at most one hadron
in the initial and final states. These are the “gold-plated”
calculations of LQCD— calculations that must work if

Unambiguous tests of LQCD are particularly impor-
tant with staggered quarks. These discretizations have

) cre-
ates four equivalent species or “tastes” of quark. “Taste”
is used to distinguish this property, a lattice artifact,

fπ

fK

3MΞ −MN

2MBs
−MΥ

ψ(1P − 1S)

Υ(1D − 1S)

Υ(2P − 1S)

Υ(3S − 1S)

Υ(1P − 1S)

LQCD/Exp’t (nf = 0)

1.110.9

LQCD/Exp’t (nf = 3)

1.110.9

Fig. 3.2: Lattice QCD results divided by experiment for a range of “gold-plated” quantities which cover the full
range of hadronic physics [29]. The unquenched calculations on the right show agreement with experiment across
the board, whereas the quenched approximation on the left yields systematic errors of ¸ (10%).

Using them to fix parameters will then not introduce unnecessary additional systematic errors into lattice
results for other quantities. This has not always been done in past lattice calculations, particularly in the
quenched approximation. It becomes an important issue when lattice QCD is to be used as a precision
calculational tool. We use the radial excitation energy in the � system (i.e., the mass splitting between
the � z and the � ) to fix the lattice spacing. This is a good quantity to use because it is very insensitive
to all quark masses, including the ~ quark mass (experimental values for this splitting are very similar
for charmonium and bottomonium) and so it can be determined without a complicated iterative tuning
process.

¬ 1 ,
¬ Ì

,
¬ � z and

¬t¹
are used to fix the quark masses. Thus, quarkonium turns out to be a

central part in this study.
Once the Lagrangian parameters are set, we can focus on the calculation of other gold-plated

masses and decay constants. If QCD is correct and lattice QCD is to work it must reproduce the experi-
mental results for these quantities precisely. Figure 3.2 shows that this indeed works for the unquenched
calculations with

± ®�³ and ´ quarks in the vacuum. A range of gold-plated hadrons are chosen which
range from decay constants for light hadrons through heavy-light masses to heavy quarkonium. This
tests QCD in different regimes in which the sources of systematic error are very different and stresses
the point that QCD predicts a huge range of physics with a small set of parameters.

Refs. [24, 32–34] give more details on the quantities shown in Fig. 3.2. Here we concentrate on
the spectrum of bottomonium and charmonium states, using, respectively, lattice NRQCD [35] and the
Fermilab method for heavy quarks [7]. We include a brief discussion of the n j mass, including the status
of an ongoing unquenched calculation using the MILC ensembles.

� results with NRQCD

Figure 3.3(a) shows the radial and orbital splittings [33] in the ~ !~ ( � ) system for the quenched approx-
imation ( ïÜð = 0) and with the dynamical MILC configurations with 3 flavours of sea quarks. We use
the standard lattice NRQCD effective theory for the valence ~ quarks [35], which takes advantage of the
non-relativistic nature of the bound states. The lattice NRQCD action used here is accurate through

ã �
where

ã
is the velocity of the ~ quark in its bound state. It also includes corrections to remove discreti-

sation errors at ñâ� h � f � ã � � ½ ñâ� ã � � , but does not include ñâ�)/"0 ã � � corrections to the coefficients � ü and
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Fig. 3.3: Radial and orbital splittings in the þ system from lattice QCD, using the þ oiÿ þ splitting and the þ mass
to fix the lattice spacing and the � -quark mass [33]. (a) Comparison of the quenched approximation (open circles)
and QCD with ��� Ó and k sea quarks (filled) circles. Note that the 1S and 2S levels are used to fix the � quark mass
and lattice spacing respectively so are not predictions. (b) Dependence of the splittings as a function of the of the
bare sea �X±Ó quark mass.

� ü
in Eq. (3.1), which are subleading. This means that spin-independent splittings, such as radial and

orbital excitations, are simulated through next-to-leading-order in the velocity expansion and should be
accurate to around 1%. Thus, these splittings provide a very accurate test not only of lattice QCD, but
also of the effective-field theory framework. At present, the fine structure in the spectrum is only correct
through leading-order [which is ñâ� ã � � in this case] and more work must be done to bring this to the same
level and allow tests against, for example, the splittings between the different |\k states [33]. This is in
progress. Systematic uncertainties due to such truncations have for instance been estimated in Ref. [36],
based on lattice potentials.

The � system is a good one for looking at the effects of sea quarks because we expect it to be
relatively insensitive to sea quark masses. The momentum transfer inside an � is larger than any of
the

± ®�³ or ´ masses and so we expect the radial and orbital splittings to simply count the number of sea
quarks once they are reasonably light. Figure 3.3(b) shows this to be true — the splittings are independent
of the sea

± � ³ quark mass in the region we are working in. Chiral extrapolation in the
± � ³ quark mass is

immaterial in this case. Therefore, the left-most lattice points in Fig. 3.3(b) are the ones used in Figs. 3.2
and 3.3(a).

� results with the Fermilab method

Figure 3.4 shows the spectrum of charmonium states below the v v threshold [24]. In this plot the lattice
spacing was fixed from the � z � � splitting (as above), and the � quark mass was tuned to get the v Ô

mass
correct. Therefore, these results are obtained directly from QCD without adjusting any free parameters.
For Fig. 3.4(a), the zero of energy has been moved to the spin-averaged mass !¬�÷Ï� �� ¬���� � �� ¬ } [ ÷ .

These results are obtained using the Fermilab method [7] for the charmed quark. In this method
one starts with Wilson Fermions, but the discretisation effects are controlled and understood using non-
relativistic field theories, as in Eq. (3.1). The non-relativistic interpretation also has implications for how
the action is improved. In the notation of Eq. (3.1) the chromomagnetic interaction is adjusted so that��²´³ ¥� is correct at tree level. However, at higher order, there are � ! � ¬ j f?� � " ½ ��� % and ñâ�)/¿0�� errors and

77



CHAPTER 3

(a) (b)

Fig. 3.4: Radial and orbital splittings in the charmonium system from lattice QCD with 3 light sea quarks, fixing
the lattice spacing from the þ o ÿ þ splitting (as above), and the ² quark mass from the �
	 mass [24]. (a) Spectrum;
(b) dependence on the sea quark mass.

some sign of these is seen in the mismatch with experiment of the hyperfine splitting in Fig. 3.4(a). In
the past such discrepancies were masked by quenching errors, whereas now they can be resolved. Note
that OZI violating contributions [18, 19] are also neglected currently. They are expected to be small but
a decrease of up to 20 MeV in

¬ � �
is not ruled out.

The Fermilab action can be systematically improved, and the theoretical work needed is in progress.
The most important new features are a one-loop calculation of the chromomagnetic coupling [37], and a
systematic enumeration of all operators needed for improvement through

ã �
[38].

n j ground state

In 1998 the lowest-lying bound state of !~�� quarkonium was observed in semi-leptonic decays [39], yield-
ing a mass of

¬�õ��Õ�S/ È � Ý��4È � GeV. A more precise measurement with hadronic decays is expected to
come soon from Run II of the Tevatron, cf. Section 9. For lattice QCD, the n�j is a ‘gold-plated’ hadron
and we have the opportunity to predict its mass ahead of experiment. Here we report on a preliminary
lattice calculation, building on the progress detailed above. In previous quenched calculations accurate
result could not be provided, due to the inconsistency of this approach described above.

The method used in the present study was developed in a quenched calculation [40], and follows
almost immediately from Eq. (3.1). As long as one may use the effective Lagrangian to describe the
charmed and bottom quarks on the lattice, the meson mass satisfies [28],] � õ � �á¬ e k¿� ¬ j � n õ�� ® (3.2)

where n õ��
is the binding energy of the n j meson. The accuracy of the binding energy depends on how

well the coefficients � ²´³ ¥ü have been adjusted. The scheme- and scale-dependent quark masses cancel
from the relation [40], ] � õ � � ��� ] � ÷ � ] � ¹�� � n õ �1� �� ! n ÷ � n ¹ "7È (3.3)

Note that within potential models flavour independence implies that this combination is small and posi-
tive [41,42]. One can now predict the n j mass by adding back the experimental

�� ! ] ÷ � ] ¹ " . A variant
of this technique is to use the v Ô

and n Ô
masses instead of (half the) quarkonium masses.

An unquenched lattice calculation has recently been carried out [43, 44], using the MILC ensem-
bles discussed above. Analyses at two light sea quark masses and two values of the lattice spacing show
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a consistent picture, as expected. Using the quarkonium baseline, Allison et al. find [43]] õ � �µ/ (�� � Ý � ÝÖ�+� � � �� � ÎÏ��Ð ® (3.4)

where the uncertainties are, respectively, from statistics (after chiral extrapolation), tuning of the heavy-
quark masses, and heavy-quark discretization effects. The last is estimated from the mismatch of opera-
tors of order

ã �
in the effective Lagrangian and are dominated by the relativistic correction � ° � � � . The

estimate is guided by potential models (and is the only change from earlier conference reports [44]). The
overall errors are so small because the lattice calculation has been set up to focus on the binding-energy
difference, and raw uncertainties of several percent have been leveraged to the sub-percent level for the
mass itself.

This result can be checked with the heavy-light baseline, ] õ��\� ]ô� z � ] õ z � ! n õ��^� ��n � z �n õ z �#" , with somewhat larger uncertainties. Allison et al. find [43]] õ �\�µ/ . � (%Ý¸(��ÕÝÖ�+� � � �� � ÎÓ��Ð�È (3.5)

The systematic uncertainties are larger with the heavy-light baseline because there is less cancellation
between the n j quarkonium and the heavy-light v Ô

and n Ô
.

The dominant uncertainties can be reduced by choosing more highly-improved actions in lattice
gauge theory, or by reducing the lattice spacing, as discussed in Ref. [43].

2.2.2 Heavy hybrids on the lattice 4

QCD suggests the existence of mesonic states in which the valence quark-antiquark pair is bound by an
excited gluon field. A natural starting point in the quest to understand such states is the heavy quark
sector. The vastly different characteristics of the slow massive heavy quarks and the fast massless glu-
ons suggest that such systems may be amenable to a Born–Oppenheimer treatment, similar to diatomic
molecules. The slowly moving heavy quarks correspond to the nuclei in diatomic molecules, whereas
the fast gluon and light-quark fields correspond to the electrons. At leading order, the gluons and light
quarks provide adiabatic potentials 4 Á eÁ �.37� , where 3 is the quark–antiquark separation, and the behav-
ior of the heavy quarks is described by solving the Schrödinger equation separately for each 4 Á eÁ �.37� .
The Born–Oppenheimer approximation provides a clear and unambiguous picture of conventional and
hybrid mesons: conventional mesons arise from the lowest-lying adiabatic potential, whereas hybrid
mesons arise from the excited-state potentials.

The first step in a Born–Oppenheimer treatment of heavy quark mesons is determining the gluonic
terms 4 Á eÁ �.37� . Since familiar Feynman diagram techniques fail and the Schwinger–Dyson equations
are intractable, the path integrals needed to determine 4 Á eÁ �.37� are estimated using Markov-chain Monte
Carlo methods (Lattice QCD simulations). The spectrum of gluonic excitations in the presence of a static
quark–antiquark pair has been accurately determined in lattice simulations [46, 47] which make use of
anisotropic lattices, improved actions, and large sets of operators with correlation matrix techniques.
These gluonic 4 Á eÁ �.37� levels may be classified by the magnitude q of the projection of the total angular
momentum � õ of the gluon field onto the molecular axis, and by i � Ý�� , the symmetry under charge
conjugation combined with spatial inversion about the midpoint between the quark and the antiquark.
States with q � � ® � ® . ® È�È�È are denoted by � ® I ® � ® È�È�È , respectively. States which are even (odd) under
the above-mentioned % $ operation are denoted by the subscripts ¹ (

±
). An additional Ý superscript for

the � states refers to even or odd symmetry under a reflection in a plane containing the molecular axis.
In the leading Born–Oppenheimer approximation, one replaces the covariant Laplacian ° �

by an
ordinary Laplacian � �

. The error that one makes is equivalent to �D��] Á
and �D��] �Á corrections [48]

to 4 Á eÁ that go beyond the LBO and are suppressed by a factor
ã �

, using perturbative NRQCD power
4Author: C. Morningstar
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Fig. 3.5: (Left) The spectrum of conventional and hybrid heavy-quark mesons in the leading Born–Oppenheimer
approximation and neglecting light quarks (from Ref. [46]). Conventional J and � states are shown, as well as
hybrids based on the ��� and � Õ� adiabatic surfaces. Solid lines indicate spin-averaged experimental measurements.
(Right) Simulation results from Ref. [46] for two conventional and four hybrid bottomonium level splittings (in
terms of g Õ ©® � ����� MeV and with respect to the «�J state) against the lattice spacing e 	 . Predictions from the
leading Born–Oppenheimer calculation, shown as horizontal lines, reproduce all of the simulation results to within
10 %, strongly supporting the validity of a Born–Oppenheimer picture for such systems at leading order. Results
from Ref. [49] using an NRQCD action with higher-order relativistic corrections are shown as hollow boxes and
hollow upright triangles.

counting rules. The spin interactions of the heavy quarks are also neglected, and one solves the radial
Schrödinger equation:

� �. B ³ � ± �.37�³ 3 � � � W�� � Á eÁ Y. B 3 � � 4 Á eÁ �.37� � ± �.37� � ä ± �.3-� ® (3.6)

where
± �.37� is the radial wavefunction of the quark–antiquark pair and B denotes the reduced mass. The

expectation value in the centrifugal term is given in the adiabatic approximation byW�� � Á eÁ Y � )Õ�*) � �D� � . q � � W�� �õ Y ® (3.7)

where W�� �õ Y � � for the � �õ level and W�� �õ Y � . for the I Å
and � �Å levels.

The leading-order Born–Oppenheimer spectrum of conventional ! ~�~ and hybrid ! ~ ¹ ~ states (in the
absence of light quarks) obtained from the above procedure is shown in Fig. 3.5. Below the n�n thresh-
old, the Born–Oppenheimer results agree well with the spin-averaged experimental measurements of
bottomonium states (any small discrepancies essentially disappear once light quark loops are included).
Above the threshold, agreement with experiment is lost, suggesting significant corrections either from
mixing and other higher-order effects or (more likely) from light sea quark effects.

The validity of the Born–Oppenheimer picture relies on the smallness of mixing between states
based on different 4 Á eÁ �.37� . In addition, relativistic (including spin) corrections and radiation of colour
neutral objects such as glueballs and mesons are neglected. In Ref. [46] the LBO level splittings have
been compared with those determined from meson simulations using a non-relativistic (NRQCD) heavy-
quark action. The NRQCD action included only a covariant temporal derivative and the leading covariant
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kinetic energy operator; quark spin and ° �
terms were neglected. Differences between the two results

originate from both different ñâ���D��] Á � terms [48] and from the automatic inclusion of mixing effects
between different adiabatic surfaces within the NRQCD simulations. Naively one might expect the
former effect to be of ñâ� ã � � 8 ��� %. The level splittings (in terms of the hadronic scale 3 � and with
respect to the �D� state) of the conventional .-� and �$ states and four hybrid states were compared
(see Fig. 3.5) and indeed found to agree within ���J� , strongly supporting the validity of the leading
Born–Oppenheimer picture, at least in the absence of light sea quarks and spin-effects.

A very recent study [50] has demonstrated that the � ground state carries little admixture from
hybrids, supporting the LBO, at least in the sector that is governed by the ground state potential. Using
lowest-order lattice NRQCD to create heavy-quark propagators, a basis of unperturbed S-wave and Ø � � Y
hybrid states was formed. The ��� ��� ����.�] Á

spin interaction was then applied at an intermediate time
slice to compute the mixings between such states due to this interaction in the quenched approximation.
Diagonalizing the resulting two-state Hamiltonian then yielded the admixtures of hybrid configuration
in the � and i7k . For a reasonable range of ��� values, the following results were obtained: W � � Ø �ÞY 8�4ÈÍ�7, /?� �4ÈØ�+� and W � � Ø i7kUY 8 �4ÈØ�×( � �4ÈØ��¡5È Hence, hybrid mixings due to quark spin effects in bottomonium
are very small. Even in charmonium, the mixings were found not to be large: W � � ØÊyb���ÞY 8 �4ÈØ�×* � �4ÈÊ.+É
and W � � Ø i-jaY 8 �4ÈÊ.�¡ � �4È � È Investigations of the mixing of hybrid states with radially excited standard
quarkonium states which are energetically closer and spatially more extended are certainly an exciting
avenue of future research.

In the absence of light quark loops, one obtains a very dense spectrum of mesonic states since the4 Á eÁ �.37� potentials increase indefinitely with 3 . However, the inclusion of light quark loops changes the4 Á eÁ �.37� potentials. First, there are slight corrections at small 3 , and these corrections remove the small
discrepancies of the leading Born–Oppenheimer predictions with experiment below the n n threshold
seen in Fig. 3.5. For large 3 , the inclusion of light quark loops drastically changes the behavior of the4 Á eÁ �.37� potentials: instead of increasing indefinitely, these potentials eventually level off at a separa-
tion above 1 fm when the static quark–antiquark pair, joined by gluonic flux, can undergo fission into� Ä !© � � !Ä © � , where © is a light quark and

Ä
is a heavy quark. Clearly, such potentials cannot support

the populous set of states shown in Fig. 3.5; the formation of bound states and resonances substantially
extending over 1 fm in diameter seems unlikely. A complete open-channel calculation taking the effects
of including the light quarks correctly into account has not yet been done, but unquenched lattice simu-
lations [51] show that the � �õ and I Å

potentials change very little for separations below 1 fm when sea
quarks are included. This makes it conceivable that a handful of low-lying states whose wavefunctions
do not extend appreciably beyond 1 fm in diameter may exist as well-defined resonances in nature.

In addition to such direct threshold effects there is the possibility of transitions between different
adiabatic surfaces, mediated by radiation of pions and other light mesons or pairs of light mesons. A first
lattice study of such effects has been performed by McNeile and Collaborators [52].

A recent quenched calculation [8] of bottomonium hybrids using a relativistic heavy-quark action
on anisotropic lattices confirms the predictions of the Born–Oppenheimer approximation, but admit-
tedly, the uncertainties in the simulation results are large. These calculations used a Symanzik-improved
anisotropic gauge action and an improved Fermion clover action. Quenched results on Charmonium
hybrids obtained by employing a relativistic quark actions [12] can be found in Fig. 3.1 and Table 3.1
in Section 2.1. The dominant decay channel for the lightest ( � � � ) hybrid would be into a v and a v ���
should it be heavier than the respective threshold, and radiation of a light pseudoscalar or scalar state if
lighter.

A determination of the spectrum properly taking into account effects from light quarks is still
needed. Taking the Born–Oppenheimer approximation beyond leading order is also a project for future
work. Monte Carlo computations of relevant matrix elements involving the gauge field can not only
facilitate the evaluation of higher-order terms in the Born–Oppenheimer expansion, but also provide
valuable information on the production and decays of these novel states.
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2.2.3
Ä¾Ä © baryons on the lattice 5

While recent lattice results from several groups on three quark static potentials exist [53–57], no such
potentials have been calculated for the situation containing two static sources at distance 3 , accompanied
by a light quark, as yet. However, two groups have directly studied the situation for

Ä²� � , within the
quenched approximation, one employing the so-called D234 improved Wilson type action [58] as well
as NRQCD [59] on anisotropic lattices and the UKQCD Collaboration employing the relativistic clover
charm quark action [60].

In the NRQCD study [59] two lattice spacings, f 8 �4ÈØ�×É fm ® �4ÈÊ.+. fm and four light quark masses
have been realized and ~ ~ © , � � © as well as ~ ©�© and � ©�© baryons studied. No finite volume checks were per-
formed and radiative corrections to the NRQCD matching coefficients ignored. In the UKQCD study [60]
only one lattice spacing f 8 �4ÈÍ�-* fm and one volume, )^f 8 . fm were realized. The light quark masses
scattered around the strange quark mass and both, singly and doubly charmed baryons were studied. All
studies yield consistent results. The values quoted by UKQCD are [60],

o jaj � (+É � ¡?���×(-� ����¡-� �h¡+.-� MeV ® é jaj � ( /�/ (?���×.-� ���D,+� �h¡+É-� MeVo �jaj � ( / � �-���×*-� ���-*-� �h¡+É-� MeV ® é �j�j � (-,�( � ��� � � ���-*-� �h¡-,+� MeV È (3.8)

The first errors are statistical, the second encapsulate uncertainties in the chiral extrapolations and fit
ranges. The third error represents the uncontrolled systematics: finite f effects, finite volume effects and
quenching, estimated by comparing the lattice q j mass to the experimental result.

2.3 pNRQCD6

From the various dynamical scales that play a role in the heavy quarkonium systems, namely
¬

,
¬Æã

,¬Æã �
and q �Z�F�

, only the hard scale
¬

has been factorized in NRQCD and becomes explicit in its
Lagrangian. Only the fact that

¬ Ã ¬Æã ® ¬Æã � ® q �Z�?�
is exploited but no use is made of the scale

separation,
¬ÆãáÃ ¬Æã �

. A higher degree of simplification is achieved by building another effective
theory, where degrees of freedom of order ½ ¬Æã

are integrated out as well, i.e., an EFT where only the
ultrasoft degrees of freedom (with energies ½ ¬Æã �

) remain dynamical. In this way a big simplification is
obtained and analytic calculations of the spectrum become feasible, at least in some dynamical regimes,
at variance with NRQCD where the spectrum can only be obtained in a model independent way by
Lattice calculation. pNRQCD [4, 5] takes advantadge of the fact that for many non-relativistic systems
the scale associated to the size of the system

~ ½ ¬Æã
is much larger than the binding energy ä ½ ¬Æã �

.
Therefore it is possible to integrate out the scale of the momentum transfer

~
in a way such that pNRQCD

is equivalent to NRQCD at any desired order in ä � ~ ,
~ � ¬ and / 0 � B � . Two dynamical situations may

occur here: (1)
~

is much larger than q �Z�?�
, (2)

~
is of the order of q �Z�F�

. In the first case the matching
from NRQCD to pNRQCD may be performed in perturbation theory, expanding in terms of /10 . In the
second situation, the matching has to be nonperturbative, i.e., no expansion in /10 is allowed. We will
refer to these two limits as the weak and strong coupling regimes. Recalling that

~ ½ 3T� � ½ ¬Æã
, these

two situations correspond to systems with inverse typical radius smaller or bigger than q �Z�?�
, or systems

respectively dominated by the short range or long range (with respect to the confinement radius) physics.
We will consider these two situations in the following two subsections.

2.3.1 Weak coupling regime 7

When
~ Ã ä � ½ q �Z�?�

, we are in the perturbative matching regime (
ã ½ /Ò0�� ¬ /¿0�� ). The scale3 ½ �D�4� ¬Æã � is integrated out and the pNRQCD Lagrangian consists of a singlet and an octet wave func-

tion field interacting with respective potentials and coupled to ultrasoft gluons. The effective degrees
5Author: G. Bali
6Authors: N. Brambilla, J. Soto
7Authors: N. Brambilla, J. Soto
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of freedom are:
Ä !Ä states (decomposed into a singlet and an octet wave function under colour trans-

formations) with energy of order of the next relevant scale, q �Z�F� ® ¬Æã �
and momentum � of order

¬Æã
,

plus ultrasoft gluons · £ �! ®µ � with energy and momentum of order q �Z�F� ® ¬Æã �
. All the gluon fields are

multipole expanded (i.e., expanded in 3 ). The Lagrangian is then an expansion in the small quantitiesh � ¬ , �D�4�.3 ¬ � and ñâ� q �Z�F� ® ¬Æã � �¯�ì3 .
The pNRQCD Lagrangian is given at the next to leading order (NLO) in the multipole expansion

by [5] (in the centre-of-mass system):

�#" óbô �Z�?�ß� � ¶ � Þ �%$& ª ¶ � � � �¬ � 4 Ô �.37� � ¥ì(' � 4 d ì lÔ¬ ì*)+ Þ �-, �.$& ª v � � � �¬ � 4 � �.37� � ¥ì(' � 4 d ì l�¬ ì/)+ , �
�Õ¹ 4�0 �.3-� � ¶21 , �43 ��� Þ � Þ �43 ��� ,65��å¹ 4 õ �.37�.

� ¶71 , ��3 ��� ,��8, � , 3 ��� 5 � �� �¢¡£U¤ � £�¤ ¡ È (3.9)

The 4 d ì lÔ � � ®U4�0^®U4 õ
are potentials, which play the role of matching coefficients and contain the non-

analytical dependence in 3 , to be calculated in the matching between NRQCD and pNRQCD. Poincaré
invariance imposes relations among these matching coefficients [61]. To leading order in the multipole
expansion, the singlet sector of the Lagrangian gives rise to equations of motion of the Schrödinger
type. The other terms in Eq. (3.9) contain (apart from the Yang–Mills Lagrangian) retardation (or non-
potential) effects that start at the NLO in the multipole expansion. At this order the non-potential effects
come from the singlet-octet and octet-octet interactions mediated by an ultrasoft chromoelectric field.

Recalling that 3 ½ �D�4� ¬Æã � and that the operators count like the next relevant scale, ñâ� ¬Æã � ®
q �Z�?� � , to the power of the dimension, it follows that each term in the pNRQCD Lagrangian has a
definite power counting. As a consequence of this power counting the interaction of quarks with ultrasoft
gluons is suppressed in the Lagrangian by a factor

ã
( by ¹ ã if

¬Æã � Ã q �Z�?�
) with respect to the LO.

The various potentials in Eq. (3.9) have been calculated at different orders in the perturbative
matching. 4 Ô is known to two loops [ ñâ�)/ �0 � ] [62, 63] as well as the leading log of the three loop contri-
bution [64]. 4 �

is known to two loops (see York Schröder, private communications in Ref. [65]). 4 d � lÔ
is known to two loops [67] and 4 d � lÔ

to one loop [68]. 490 and 4 õ
are known at tree level [5] (and are

independent of 3 ) and have no logs at one loop [70].
Note that the static limit of pNRQCD (

¬ pRQ ) results in a nontrivial theory (unlike in pNRQED),
since both singlet and octet fields remain dynamical and interact through ultrasoft gluons. The static
energy of two infinitely heavy sources 4 Á �G� �.37� , which will be discussed below, can be obtained for
small 3 . In fact, the coefficient of the infrared logarithmic contribution to 4 Á �G� �.37� first pointed out in
Ref. [71] was calculated using the static pNRQCD Lagrangian [64].

Given the Lagrangian in Eq. (3.9) it is possible to calculate the quarkonium energy levels. Contri-
butions to the spectrum originate both in quantum mechanical perturbation theory and in the dynamics
of ultrasoft gluons. The latter contributions contain nonperturbative effects and this will be discussed in
the corresponding section below.

The static QCD potential8

For decades, the static QCD potential 4 �Z�?� �.37� , formally defined from an expectation value of the Wilson
loop, has been widely studied for the purpose of elucidating the nature of the interaction between heavy
quark and antiquark. The potential at short distances can be computed by perturbative QCD, whereas
its long distance shape can be computed by lattice simulations. (See Sections 2.3.2 and 2.3.3 for lattice
computations.)

8Author: Yu. Sumino
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Computations of 4 �Z�?� �.37� in perturbative QCD have a long history. The 1-loop and 2-loop cor-
rections were computed in Refs. [72–74] and [62, 63, 75–78], respectively. The logarithmic correc-
tion at 3-loops originating from the ultrasoft scale was first pointed out in Ref. [71] and computed in
Refs. [64, 79]. A renormalization-group (RG) improvement of 4 �Z�F� �.37� at next-to-next-to-leading log
(NNLL) was performed in Ref. [70].9

Since the discovery [83–85] of the cancellation of ñâ� q �Z�?� � renormalons between 4 �Z�?� �.3-� and
twice the quark pole mass10, the convergence of the perturbative series improved drastically and much
more accurate perturbative predictions of the potential shape became available. This feature indicates the
validity of the renormalon dominance picture for the QCD potential and pole mass. According to this
picture, a perturbative uncertainty of 4 �Z�?� �.3-� , after cancelling the ñâ� q �Z�?� � renormalon, is estimated
to be ñâ� q � �Z�?� 3 � � at 3 À q � ��Z�?� [87].

An OPE of 4 �Z�F� �.37� was developed within the pNRQCD framework [5]. In this framework,
residual renormalons, starting from ñâ� q � �Z�?� 3 � � , are absorbed into the matrix element of a non-local
operator (non-local gluon condensate). Then, in the multipole expansion at 3 À q � ��Z�?� , the leading
nonperturbative contribution to the potential becomes ñâ� q � �Z�?� 3 � � [5].

Several studies [78,88–91] showed that perturbative predictions for 4 �Z�?� �.37� agree well with phe-
nomenological potentials (determined from heavy quarkonium spectroscopy) and lattice calculations of4 �Z�F� �.37� , once the ñâ� q �Z�?� � renormalon is accounted for. Ref. [92] showed that also a Borel resumma-
tion of the perturbative series yields a potential shape in agreement with lattice results if the ñâ� q �Z�?� �
renormalon is properly treated. In fact the agreement holds within the expected ñâ� q � �Z�?� 3 � � uncer-
tainty.11 These observations further support the validity of renormalon dominance and of the OPE for4 �Z�F� �.37� .

Qualitatively, the perturbative QCD potential becomes steeper than the Coulomb potential as 3
increases (once the ñâ� q �Z�F� � renormalon is cancelled). This feature can be understood, within pertur-
bative QCD, as an effect of the running of the strong coupling constant [88, 89, 93].

Using a scale-fixing prescription based on the renormalon dominance picture, it was shown ana-
lytically [94] that the perturbative QCD potential approaches a “Coulomb+linear” form at large orders,
up to an ñâ� q � �Z�F� 3 � � uncertainty. The “Coulomb+linear” potential can be computed systematically as
more terms of perturbative series are included via RG; up to NNLL, it shows a convergence towards
lattice results.

Heavy quarkonium spectra 12

In recent years, perturbative computations of the heavy quarkonium spectrum (an expansion in /Q0 andíØîG/¿0 ) have enjoyed a significant development. A full computation of the spectrum up to ñâ�)/ �0 ¬ � was
performed in Refs. [98, 99]. The spectra up to the same order for the system with unequal heavy quark
masses and with non-zero quark mass in internal loops were computed, respectively, in Refs. [95, 97]
and [77, 95]. Perturbative computations at higher orders were made possible by the advent of effective
field theories such as pNRQCD [4, 5] or vNRQCD [6] and by the threshold expansion technique [100].
The ñâ�)/ 
0 ¬ íØîG/ 0 � term originating from the ultrasoft scale was computed in Refs. [64, 69, 79]. Ref.
[101, 102] resummed the / �0 ¬ �)/ 05íØîG/¿0�� ì terms. The full Hamiltonian at the next-to-next-to-next-to-
leading order was computed in Ref. [68]. Except for the 3-loop non-logarithmic term of the perturbative
QCD potential,13 the energy levels of the �D� states were computed up to ñâ�)/ 
0 ¬ � from this Hamiltonian
[103]. The fine splittings have been calculated at NLO order ñâ�)/ 
0 ¬ � in [104].

9There are estimates of higher-order corrections to the perturbative QCD potential in various methods [80–82].
10For similar work inside HQET see [86].
11This is true only in the range of : where the respective perturbative predictions are stable. All perturbative predictions

become uncontrolled beyond certain distances, typically around :7;�< v�x=(>@? .
12Author: Yu. Sumino
13Estimates of the 3-loop correction to the QCD potential have been given in various methods [80–82].
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In the meantime, the discovery of the renormalon cancellation in the quarkonium spectrum [83–85]
led to a drastic improvement of the convergence of the perturbative expansion of the energy levels.
(See Chapter 6 for precise determinations of the heavy quark masses, as important applications.) In
Refs. [93, 95] the whole structure of the bottomonium spectrum up to ñâ�)/ �0 ¬ � was predicted taking
into account the cancellation of the ñâ� q �Z�?� � renormalons, and a good agreement with the experimental
data was found for the gross structure of the spectrum. (Only the states below the threshold for strong
decays were considered.) The consistency of the perturbative predictions with the experimental data
seems to indicate that, for bottomonium, the momentum scale of the system is larger than q �Z�?�

, i.e.,¬ÆãÙÃ q �Z�?�
, up to some of the ï � ( states. This is, however, in apparent conflict with the fact

that the leading nonperturbative effects scale as a power
< �

of the principal quantum number (see
Nonperturbative effects below) and, hence, are expected to be very important for any excited state.

Subsequently, in Refs. [96, 106] a specific formalism based on perturbative QCD was developed:
using the static QCD potential computed in Ref. [78] and taking into account the cancellation of theñâ� q �Z�?� � renormalons, the Schrödinger equation was solved numerically to determine the zeroth-order
quarkonium wave function; all the corrections up to ñâ�)/ 
0 ¬ � for the fine and hyperfine splittings have
been included. Good agreements were found between the computed and the observed fine and hyper-
fine splittings of the bottomonium and charmonium spectra, in addition to the gross structure of the
bottomonium spectrum14 .

In Table 3.2 particularly impressing is the result for the perturbative calculation of the n�j mass,
that, with finite charm mass effects included, is equal to

/ (��7,%Ý��D,+Ú%��Ð and is in complete agreement,
inside errors and with small errors, with lattice NRQCD unquenched result given in Eq. (4).

These analyses have shown that the perturbative predictions of the spectra agree with the corre-
sponding experimental data within the estimated perturbative uncertainties, and that the size of nonper-
turbative contributions is compatible with the size of perturbative uncertainties.

Although uncertainties of the perturbative predictions for the individual energy levels grow rapidly
for higher excited states, level spacings among them have smaller uncertainties, since the errors of the
individual levels are correlated. In particular, uncertainties of the fine and hyperfine splittings are sup-
pressed due to further cancellation of renormalons. These features enabled sensible comparisons of the
level structures including the excited states.

In predicting the spectrum, pNRQCD is a useful tool not only for fully perturbative computa-
tions but also for factorizing short-distance contributions into matching coefficients (perturbatively com-
putable) and nonperturbative contributions into matrix elements of operators [5, 48]. This will be dis-
cussed in Nonperturbative effects below.

The Renormalization group in heavy quarkonium spectroscopy 15

In recent years, there has been a growing interest to perform renormalization group analysis in heavy
quarkonium [6, 70, 101, 102, 107, 108, 110–117]. In many cases this interest has been driven by the
lack of convergence and strong scale dependence one finds in the fixed (NNLO) analysis performed for
sum rules and µ – !µ production near threshold (see Chapter 6). This problem has turned out to be highly
non-trivial. We will focus here on computations related with spectroscopy.

The heavy quarkonium spectrum is known with NNLL accuracy [101, 102]. These expressions
have not yet been used for phenomenological analysis of single heavy quarkonium states either in bot-
tomonium and charmonium systems. It would be very interesting to see their effects on the spectra.

The hyperfine splitting of the heavy quarkonium spectrum is known with LL [113, 114] and NLL
accuracy for the bottomonium and charmonium spectrum [107] and also for the n j spectrum [108]. For

14For technical reasons a linear extrapolation of the potential at :BADC@E F7GIH4J v�x was introduced in Ref. [96]. This artefact
was eliminated in Ref. [106], in which it was also shown that effects caused by the linear extrapolation of the potential were
minor.

15Author: A. Pineda
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Table 3.2: Predicted masses of � � � , ²��² and ���² states in perturbative QCD-based, renormalon-subtracted compu-
tations. BSV01 (and BV00) is the full perturbative computation up to ¸ FLKNMOQP�L without non-zero charm-mass
corrections; BSV02 is the full perturbative computation up to ¸ FLKRMOQPáL including non-zero charm-mass correc-
tions; RS03 is based on a specific scheme and specific reorganization of perturbative series, incorporates full
corrections up to ¸ FLK�MO P�L in the individual levels and full corrections up to ¸ FLKNSO P�L in the fine splittings, in-
cludes non-zero charm-mass corrections. Errors shown in brackets represent T U ªV@W�X U ªY[Z \]Z (BSV01,BV00) andT U ªV^W�X U ªY^Z \_Z X U ª`ba (BSV02), respectively, where U V W originates from the error of K O FdcDeÑL , U Y^Z \_Z is the error due
to higher-order corrections, and U `ba is the error in the finite charm mass corrections. The errors do not include non-
perturbative contributions estimates. Numbers without errors are those without explicit or reliable error estimates
in the corresponding works.

State expt BSV01 [93] BSV02 [95] RS03 [96] BV00 [97]
~ !~ states� � � � 9460 9460 9460 9460

� � $ � 9913 9916(59) 10012(89) 9956� � $ � 9893 9904(67) 10004(86) 9938� � $ � 9860 9905(56) 9995(83) 9915. � � � 10023 9966(68) 10084(102) 10032
. � $ � 10269 10578(258) 10270. � $ � 10255 10564(247) 10260. � $ � 10232 10268 10548(239) 10246
( � � � 10355 10327(208) 10645(298) 10315�+!� states� � � � 3097 3097� � � � .�¡+*��F�).-� 3056 ~�!� states� � � � / � �+�F� � �+�7� 6324(22) 6307(17) 6326 (29)

86



SPECTROSCOPY

Table 3.3: Predicted fine and hyperfine splittings (in MeV) of � �� and ²��² states in perturbative QCD-based,
renormalon-subtracted computations. � ��f \hg denotes the centre of gravity of the triplet P-wave states. PT88
extracts the matrix elements of ¸ F�«±QP ª L operators from the experimental values for the fine splittings, instead
of computing them from perturbative QCD. BSV01 is the full perturbative computation up to ¸ FLKiMO PáL without
non-zero charm-mass corrections. BSV02 is the full perturbative computation up to ¸ FjKNMO PáL including non-zero
charm-mass corrections; RS03 and RS04 are based on specific schemes and specific reorganization of perturbative
series, incorporate full corrections up to ¸ FjKRSO PáL in the splittings, and include non-zero charm-mass corrections.
KPPSS03 and PPSS04 are the full NNLL computation [up to order KNSO]Plk FjK Onmpo K O LrqdL ] without non-zero charm-
mass corrections. Errors are shown in brackets when explicit and reliable estimates are given in the respective
works. The errors do not include nonperturbative contributions estimates except in KPPSS03 and PPSS04 where
they were roughly estimated using the multipole expansion.

Level splitting expt PT88 [105] BSV01 [93] BSV02 [95] RS03 [96] RS04 [106] KPPSS03 [107] PPSS04 [108]

~ ! ~ states� � $ � – � � $ � 20 12 8 18(10)� � $ � – � � $ � 33
� � 9 23(10). � $ � – . � $ � 13 16 11(10). � $ � – . � $ � 23 14 14(10)

� � � � – � � � � 44(11) (�¡?���+�D� � 	� �. � � � – . � � � 21(8)( � � � – ( � � � 12(9)
� � $¿$ts�u – � � $ � � �4ÈÊÉ � �4È � ���4ÈÊ.-�. � $¿$ts�u – . � $ � � �4È � � �4ÈÊ.?���4ÈØ�D���!� states
� � $ � – � � $ � 46 43(24)� � $ � – � � $ � 95 56(34)� � � � – � � � � 118(1) 88(26) ��� �. � � � – . � � � 32(10) 38(36)
� � $¿$ts�u – � � $ � � �4ÈÀ¡ � ��È � � �4ÈÊ*?���4ÈÊ*-�~U!� states
� � � � – � � � � / É?�). � � � ��	� ���
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those observables a phenomenological analysis has been performed. The predictions can be found in
Table 3.3. The general trend is that the introduction of these effects improves the agreement with exper-
iment (when experimental data are available). In particular, the resummation of logarithms brings the
perturbative prediction of the hyperfine splitting of charmonium significantly closer to the experimental
figure if compared with a NLO computation. It is then possible to give predictions for the hyperfine
splitting of the ground state of bottomonium, and in particular for the iVk×���D�X� mass, as well as for the
hyperfine splitting of the n j ground state. In these computations a threshold mass was used (equivalent
to the pole mass at this order). In any case, it should also be mentioned that the use of the ÎßÞ mass may
give a NLO value for the charmonium hyperfine splitting in agreement with experiment [109].

As a final remark, for the bottomonium, charmonium and n j spectrum, one should be careful,
since the ultrasoft scale may run up to very low scales. On the other hand the general dependence on the
renormalization scale appears to be the same no matter whether we talk of toponium, bottomonium or
charmonium. This may point to the fact that the same physics holds for all of them.

Nonperturbative effects16

Given the Lagrangian in Eq. (3.9) it is possible to calculate the full quarkonium energy levels at order¬ / 
0 [68, 69, 79]. At this order the energy ä ì of the level ï receives contributions both from standard
quantum mechanics perturbation theory and from the singlet-octet interaction (retardation effect) through
ultrasoft gluons. The latter reads� ä ì Ø Å�Ô1��� ª ¹ �( è j N � ³7µ W ï,Ø 3 d ü Û d � v 7 {V � �wv l 3 Ø ï{Y W � � µ � � ���7��Y � B � È (3.10)

being ä d � lì and l �
the binding energy and the octet Hamiltonian respectively, at leading order. When we

assume that the chromoelectric fields have a typical scale ½ q �Z�?�
, the expression (3.10) allows to dis-

cuss the nature of the leading nonperturbative contributions. Thus the integral in (3.10) is a convolution
of two objects: the exponential with a typical scale

¬Æã �
and the chromoelectric correlator with a typical

scale q �Z�?�
. Depending on the relative size of the two scales three different situations occur:

– if
¬Æã � Ã q �Z�?�

, the correlator reduces to the local gluon condensate and one recovers the result
of Refs. [119, 120], which is proportional to the sixth power of the principal quantum number.
The NLO nonperturbative contribution has been evaluated in Ref. [122]. Note, however, that
in this case the dominant contribution to the nonlocal chromoelectric correlator corresponds to
fluctuations of order

¬Æã �
, which can be calculated perturbatively [69, 79].

– if
¬Æã � À q �Z�F�

, the exponential can be expanded and one obtains a quadratic short range nonper-
turbative potential [5, 123]. This potential absorbs the residual renormalons contained in the fully
perturbative computations [5]. For a Coulombic system, its expectation value grows as the fourth
power of the principal quantum number.

– if
¬Æã � ½ q �Z�?�

, no expansion can be performed and the nonlocal condensate has to be kept. Its
expectation value grows as the fourth power of the principal quantum number [69].

Hence, both nonperturbative potentials and (non-potential) local condensates are obtained from pNRQCD
in the weak coupling regime for different kinematical limits, see also [124].

2.3.2 Strong coupling regime 17

When
~ � ½ q �Z�?�'Ã ä , the pNRQCD Lagrangian consist of a singlet wave function field interacting

with a potential and with pseudo-Goldstone bosons [5]. The dynamics of the singlet field Þ is described
by the following Lagrangian (here, we do not specialize to the centre-of-mass system) [48, 125]

� " ówô �Z�?� � � ¶ � Þ � ú ª ¶ � � � � �. ¬ � � � ��. ¬ � � 4 �dx � ® x � ® � � ® � � ��ü�Þ � (3.11)

16Authors: N. Brambilla, J. Soto
17Authors: N. Brambilla, J. Soto
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The dynamics of the pseudo-Goldstone boson is given by the Chiral Lagrangian [126]. The coupling of
pseudo-Goldston bosons with the singlet field has not been worked out yet. If we ignore this coupling,
we recover in Eq. (3.11) the structure of non-relativistic potential models [48, 125]. If we assume that 4
is analytical in �D� ¬ , the structure of the potential up to order �D� ¬ �

is4 �dx � ® x � ® � � ® � � � � 4 d � l �.37� � 4 d � � � l �.37�¬ � � 4 d ��� � l �.37�¬ � � 4 d ��� � l¬ � � � 4 d ��� � l¬ �� � 4 d � � � l¬ � ¬ � ® (3.12)

4 d ��� � l � �. 19� � � ®U4 d ��� � ly ! �.37� 5�� 4 d ��� � lz ! �.37�3 � { � � � 4 d ��� � l6 �.37� � 4 d ��� � lÄ � �.3-� { � ��| � ® (3.13)4·d ��� � l � �. 19� �� ®U4 d ��� � ly ! �.37� 5�� 4 d ��� � lz ! �.37�3 � { �� � 4·d ��� � l6 �.37� � 4 d ��� � lÄ � �.3-� { � ��| � ® (3.14)4 d � � � l ��� �. 19� � � � � ®U4 d � � � ly ! �.37� 5 � 4 d � � � lz ! �.37�.ø3 � � { � � { � � { � � { � � � 4 d � � � l6 �.37�
� 4 d � � � lÄ x � ! �.37� { � ��| � � 4 d � � � lÄ ! � x �.3-� { � ��| � � 4 d � � � l� ! �.37� | � �n| � � 4 d � � � l� x ! �.37� | � � � A3 � ® (3.15)

where 3 � Ø 3 Ø , 3 � x � � x � , { ÿ � 3 �}� ÿ and | � � � A3 �����×. A3 ��| � A3 ��| � � � | � �t| � . The requisite of Poincaré
invariance imposes well defined relations among the spin-dependent and velocity dependent potentials
above [127–129]. If one further assumes that the matching to NRQCD can be done in the �D� ¬ expansion,
the explicit form of the potentials can be obtained in terms of Wilson loop operators [48, 128–133]. We
display here some of them for illustration (for the form of all the potentials see [48]). For the static
potential we have 4 d � l �.3-� � í Ê ¢� p  ª� íØî W 
 Y ® (3.16)

for the potential at order �D� ¬4¿d � � � lÔ �.37� � í Ê ¢� p  � ¹ �� � N � [ �
� � [ � ³-µ N � [ �

� � [ � ³-µ z Ø µ � µ z Ø W W � � µ � ��� � µ z ��Y Y j È (3.17)

At the order �D� ¬ �
we display a potential contributing to the spin-dependent (precisely the spin–

orbit) relativistic corrections4 d ��� � lÄ � �.37� � � d � l�.ø3 � ª 3 � í Ê ¢��~  �� N � [ �
� � [ � ³-µ N � [ �

� � [ � ³-µ z z � µ � µ z z � W W ¹ 
 �dx � ®µ z z �c� ¹ � �dx � ®µ ��Y Y
� � d � l�.ø3 � 3 � ��� 6 4 d � l � ® (3.18)

and a potential contributing to the spin-independent velocity dependent relativistic corrections4 d ��� � ly ! �.37� � ª�?A3 ü A3 ÿ í Ê ¢��~  �� N � [ �
� � [ � ³-µ N � [ �

� � [ � ³7µ z z � µ � µ z z � � W W ¹ � ü �dx � ®µ z z � ¹ � ÿ �dx � ®µ ��Y Y j È (3.19)

The angular brackets W È�È�ÈaY stand for the average value over the Yang–Mills action, 
 for the rectangular
static Wilson loop of extension 3 ��� (the time runs from

� �Ì��. to �Ì��. , the space coordinate from x � tox � ): 
 ������'4� � � ª ¹B� 6^� �
³ x £ ·Ì£ ��x5� � ® ³ x £ ·Õ£ � ³ x � · � � ³�� � � ® (3.20)

and W W È�È�ÈaY Y � W È�È�È�
 Y� W 
 Y ; P is the path-ordering operator. Moreover, we define the connected Wilson
loop with � � � µ � � , � � � µ � � and � � � µ � � operator insertions by:W W � � � µ � � � � � µ � ��Y Y j � W W � � � µ � � � � � µ � ��Y Y � W W � � � µ � ��Y Y W W � � � µ � ��Y Y È (3.21)
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The operators � ü � � � ü and 
 ü �µ� ü ÿ ë�� ÿ ë ��. ( � £U¤ �Ù¶ £�·%¤ ��¶ ¤�·Õ£ � ª ¹ ! ·Ì£ ® ·%¤ " ) are the chromoelectric
and chromomagnetic field respectively.

Notice that the final result for the potentials (static and relativistic corrections) appears factorized
in a part containing the high energy dynamics (and calculable in perturbation theory) which is inherited
from the NRQCD matching coefficients (the � ÿ ®�³ ÿ , cf. Section 2.1 on NRQCD in Chapter 1), and a part
containing the low energy dynamics given in terms of Wilson loops and chromo-electric and chromo-
magnetic insertions in the Wilson loop [48]. The inclusion of NRQCD matching coefficients solved the
inconsistency between perturbative one-loop calculations and the Wilson loop approach which arose in
the past [132,134]. The low energy contributions can be calculated on the lattice [135,136] or estimated
in QCD vacuum models [134, 137].

Almost all the potentials given in Eq. (3.15) were evaluated on the lattice in Refs. [135, 136], but
this is not so for the potentials of order �D� ¬ , 4 d � � � l ®U4 d ��� � l . It would be very interesting to have such an
evaluation (the perturbative one exist at two loops [67]) since, phenomenologically, they have not been
considered up to now. In general, it would be very interesting to have updated and more precise lattice
calculations of all the potentials. We recall that these lattice calculations have also a definite impact on
the study of the properties of the QCD vacuum in presence of heavy sources. So far the lattice data
for the spin-dependent and spin-independent potentials are consistent with a flux-tube picture, while it
is only for the spin-dependent terms that the so called scalar confinement is consistent with the lattice
data [48, 134, 138].

It has recently been shown [139] that the assumption that 4 is analytic in �D� ¬ is not correct. New
non-analytic terms arise due to the three-momentum scale � ¬ q �Z�?�

. These terms can be incorporated
into local potentials ( � � � 3 � and derivatives of it) and scale as half-integer powers of �D� ¬ . Moreover, it
is possible to factorize these effects in a model independent way and compute them within a systematic
expansion in some small parameters. In any case, the corrections to the spectrum coming from these
non-analytical terms are subleading with respect to the terms given in Eq. (3.12).

We emphasize that, in this regime, non-relativistic potential models, as the ones discussed in
Section 3 are demonstrated to be EFTs of QCD, provided that the potentials used there are compatible
with the ones extracted from QCD (and the interaction with pseudo-Goldstone bosons neglected). It
is a matter of debate, however, which states in bottomonium and charmonium should be considered as
belonging to this regime. On one hand the mass should be sufficiently lower than the heavy-light meson
pair threshold to justify the omission of higher Fock state effects. On the other hand if the states are too
low in mass then the perturbative matching regime of Section 2.3.1 will apply and the problem can be
further simplified.

Since the potentials are defined in an effective field theory framework they are not plagued by the
inconsistency typically emerging in higher order calculations in potential models. It is well known that at
second order in quantum mechanical perturbation theory the spin dependent terms result in a contribution
which is as large as the leading order one. This is due to the fact that the resulting expression becomes ill-
defined. Regulating it requires to introduce a cut-off (or dimensional regularization). A large cut-off gives
rise to a linear and to a logarithmic divergence. These divergences can be renormalized by redefining the
coupling constant of a delta potential [140]. This is a mere reflection of the fact that when one matches
QCD to NRQCD, one expands the energy and three momentum. This induces infrared divergences in
the matching coefficients. For quarkonium this happens in the calculation of a matching coefficient of
a four Fermion operator at two loops. If one uses a consistent regularization scheme both for the QCD-
NRQCD matching calculation and the quantum mechanical calculation in pNRQCD, the divergences
exactly cancel and, at the end of the day, a totally consistent scale independent result is obtained (for a
QED example see Refs. [141, 142]). Notice that an EFT framework is crucial to understand this second
order calculation and to render the result meaningful.
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Fig. 3.6: The singlet static energy (quenched and unquenched data) from Ref. [51], see also [143]

2.3.3 The QCD static spectrum and mechanism of confinement 18

The spectrum of gluons in the presence of a static quark–antiquark pair has been extensively studied with
high precision using lattice simulations. Such studies involve the calculation of large sets of Wilson loops
with a variety of different spatial paths. Projections onto states of definite symmetries are done, and the
resulting energies are related to the static quark–antiquark potential and the static hybrids potentials. With
accurate results, such calculations provide an ideal testing ground for models of the QCD confinement
mechanism.

The singlet static energy
The singlet static energy is the singlet static potential 4 d � lÔ

.
In the plot3.6, we report simulation results both with and without light quark–antiquark pair cre-

ation. Such pair creation only slightly modifies the energies for separations below 1 fm, but dramatically
affects the results around 1.2 fm, at a distance which is too large with respect to the typical heavy quarko-
nium radius to be relevant for heavy quarkonium spectroscopy. At finite temperature, the so-called string
breaking occurs at a smaller distance (cf. corresponding Section in Chapter 7, Media).

One can study possible nonperturbative effects in the static potential at short distances. As it has
already been mentioned in the ”static QCD potential” subsection, the proper treatment of the renormalon
effects has made possible the agreement of perturbation theory with lattice simulations (and potential
models) [78,88–92]. Here we would like to quantify this agreement assigning errors to this comparison.
In particular, we would like to discern whether a linear potential with the usual slope could be added to
perturbation theory. In order to do so we follow here the analysis of Ref. [90, 144], where the potential
is computed within perturbation theory in the Renormalon Subtracted scheme defined in Ref. [81]. The
comparison with lattice simulations [145] in Fig. 3.7 shows that nonperturbative effects should be small
and compatible with zero, since perturbation theory is able to explain lattice data within errors. The
systematic and statistical errors of the lattice points are very small (smaller than the size of the points).
Therefore, the main sources of uncertainty of our (perturbative) evaluation come from the uncertainty in
the value of q MB� ( Ý �4È � *�3 � �� ) obtained from the lattice [146] and from the uncertainty in higher orders
in perturbation theory. We show our results in Fig. 3.7. The inner band reflects the uncertainty in q MB�
whereas the outer band is meant to estimate the uncertainty due to higher orders in perturbation theory.
We estimate the error due to perturbation theory by the difference between the NNLO and NNNLO
evaluation. The usual confining potential, � 4 � � 3 , goes with a slope

�'� �4ÈÊ.4�DÚ%��Ð �
. In lattice units

18Authors: N. Brambilla, C. Morningstar, A. Pineda
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Fig. 3.7: Plot of g ® Fj�����fFag�L ÿ �����fFÚgioðL X��7�p� �Í� Z FagioaL�L versus g at three loops (estimate) plus the leading single
ultrasoft log (dashed line) compared with the lattice simulations [145] � �p� �Í� Z Fag�L . For the scale of K O Fj�dL , we set�t� «�±��d� «����K¯�¯[g Õ ©® . �[�Q	 � Hd� �Cg Õ ©® and gio9� �f� «�����¯K¯[g ® . The inner and outer band are meant to estimate the
errors in � � � and perturbative. For further details see the main text.

we take:
��� ��ÈÊ(+É�3 � �� . The introduction of a linear potential at short distances with such slope is not

consistent with lattice simulations. This is even so after the errors considered in Fig. 3.7 have been
included.

At larger distances, 3 Ã q �Z�?�
, 4 d � lÔ

grows linearly, with the string tension
�Â� �4ÈÊ.4�DÚ%��Ð �

. Such
a linear growth of the energy is often taken as evidence that the gluon field forms a flux tube whose
dynamics can be described by an effective string theory. However, it should be pointed out that a linearly
growing potential does not necessarily imply string formation; for example, the spherical bag model also
predicts a linearly rising potential for moderate 3 . It has been shown [147] that the formation of a string-
like flux tube implies a characteristic and universal

� 1� � 6 correction to the ground-state energy, deriving
from the zero-point energy of the transverse string vibration. Recent high precision simulations [148]
(cf. also [149]) show that the coefficient of the �D�u3 correction differs from

� u �5�×. by �×.2� . The authors
of Ref. [148] introduce an ad hoc end-effect term with a fit parameter ~ to the effective string action to
explain this significant difference. However, in a more recent paper [150], these authors show that an
open-closed string duality relation requires ~ � � . Furthermore, a simple resonance model was used in
Refs. [151,152] to show that the Casimir energy expected from a string description could be reproduced
in a model in which string formation was not a good description, concluding that no firm theoretical
foundation for discovering string formation from high precision ground state properties below the 1 fm
scale currently exists.

Excitations of the static energy
The spectrum of gluons in the presence of a static quark–antiquark pair provides valuable clues

about the nonperturbative dynamics of QCD. Adopting the viewpoint that the nature of the confining
gluon field is best revealed in its excitation spectrum, in Ref. [47], recent advances in lattice simulation
technology, including anisotropic lattices, improved gauge actions, and large sets of creation opera-
tors,were employed to investigate the static energies of gluonic excitations between static quarks (hybrid
static energies).

In NRQCD (as in QCD) the gluonic excitations between static quarks have the same symmetries
of a diatomic molecule plus charge conjugation. In the centre-of-mass system these correspond to the
symmetry group v  � (substituting the parity generator by CP). The mass eigenstates are classified in
terms of the angular momentum along the quark–antiquark axes ( Ø ) � Ø � � ® � ® . ® È�È�È which traditionally
are labelled as � ® I ® � ® È�È�È ), CP (even, ¹ , or odd,

±
), and the reflection properties with respect to a plane

passing through the quark–antiquark axes (even, � , or odd,
�

). Only the � states are not degenerate
with respect to the reflection symmetry, see also Section 2.2.2. In Fig. 3.8 we display lattice results of
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Fig. 3.8: The spectrum of gluonic excitations in the presence of a static quark–antiquark pair separated by a
distance � in 4-dimensional J�� FI�KL gauge theory (from Ref. [47]). Results are from one simulation for lattice
spacing e 	I� �d�üH fm using an improved action on a F#«�� ª k ���KLik
��� anisotropic lattice with coupling � ��Hu�ü� and
bare aspect ratio � ��� . At large distances, all levels without exception are consistent with the expectations from
an effective string theory description. A dramatic level rearrangement is observed in the crossover region between�f� � ÿ Hu� � fm. The dashed line marks a lower bound for the onset of mixing effects with glueball states.

the hybrid static energies 4 ù obtained from Wilson loops with operators of the appropriate symmetry
inserted at the end points.v  � is a subgroup of the rotational symmetry group � �)(-� times charge conjugation. In the short-
range limit, 3 À q �Z�F�

, the hybrid energies approach so-called gluelump levels that can be classified
according to the usual � �)(-�Çy 6 � . The corresponding operators can be explicitly constructed using
pNRQCD in the static limit [5]. In the case of pure gluodynamics, the spectrum then consists of static
energies which depend on r. The energy units are provided by the only other scale in the problem, q �Z�?�

.
The gluelumps operators are of the type

� ¶�¯ ,Z� ° , where , � � ¡ � ¡ corresponds to a quark–antiquark
state in the adjoint representation (the octet) and � � � ¡ � ¡ is a gluonic operator. By matching the QCD
static hybrid operators into pNRQCD, we get the static energies (also called hybrids static potentials) 4 ùof the gluelumps. At leading order in the multipole expansion, they read [5]4 ù �.37� � 4 � �.3-� � �� ùõ ® (3.22)

being � ùõ the correlation time of the corresponding gluelump correlator W � ¡ � µ � � � µ�® �7� ³4�4�¡ k � k ���7��Y�� s ��� "�ët� ¥ (¦ l d � ü Û [ ���  . The lattice data confirm that (in the region in which decay into glueball channels is not
yet possible) all the 4 ù behave like 4 d � l� � ù�¡� 6 for 3 p � cf. Fig. 3.8 and Ref. [65]. The constant � ùõ
depends on the gluelump operator � , its inverse corresponds to the mass of the gluelump � . Note that
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� ùõ are scheme and scale dependent. pNRQCD, in which 3 is integrated out, predicts the short-range
degeneracies, � � zõ ½ I õ � � �õ ½ I zõ ½ � õ � � �Å ½ I Å � � �Å ½ I zÅ ½ � Å È (3.23)

This is confirmed by the lattice data, cf. Fig. 3.8. Similar observations have also been previously made
in the lattice theory in Ref. [153]. It is interesting to notice that the hierarchy of the states, as displayed
in Fig. 3.8, is reflected in the dimensionality of the operators of pNRQCD [5, 65].

By using only � and 
 fields and keeping only the lowest-dimensional representation we may
identify the operator � for the short-range hybrids called � � :õ (and I õ

) with
3 �E� (and

3 � � ) and
the operator � for the short-range hybrids called �¾�Å (and I Å

) with
3 �m
 (and

3 � 
 ). Hence, the
corresponding static energies for small 3 are4�¢ t :  � £   �.37� � 4 � �.37� � �� �õ ® 4 ¢ v¤ � £ ¤ �.37� � 4 � �.37� � �� õõ È
The lattice results of Ref. [47] show that, in the short range, 4�¢ t :  � £   �.37�F� 4 ¢ v¤ � £ ¤ �.37� . This supports the
sum-rule prediction [154] that the pseudovector hybrid lies lower than the vector one, i.e., � �õ � � õõ
and the lattice evaluations of Refs. [65, 153]. In this way, in the short-distance limit, we can relate
the behavior of the energies for the gluonic excitations between static quarks with the large time be-
havior of gluonic correlators. We can extract results for gauge invariant two-point gluon field strength
correlators (which are also the relevant nonperturbative objects in the stochastic vacuum model [137])W �kØ � ¡£U¤ � µ � � � µ�® �7� ³4�4�¡ k � k£�¤ ���7�Ø �JY , �

being the adjoint string. One can parameterize these correlators in terms
of two scalar functions: W �kØ � ¡ � µ � � � µ ® �7� ³4�4�¡ k � k ���7�Ø �JY and W �kØ 
 ¡ � µ � � � µ�® �7� ³4�h�¡ k 
 k ���7�Ø �JY with correlations
lengths: � � � �D� q �

and � õ � �D� q õ
, respectively. Note that while differences between gluelump

masses q ù are universal the absolute normalization is scheme- and scale-dependent [65].
The matching of pNRQCD to ( ï"ð � � ) QCD has been performed in the static limit to ñâ�)/ �0 �

in the lattice scheme and the (scheme- and scale-dependent) gluelump masses q ù � �D�D� ùõ have been
determined both, in the continuum limit from short distance energy levels and at finite lattice spacing
from the gluelump spectrum [65]. Perfect agreement between these two determinations was found. It
would be highly desirable to have lattice determinations at even shorter distances to further increase the
precision of such determinations, however, such calculations are rather challenging due to the need to
properly treat lower-lying glueball scattering states.

The behaviour of the hybrid static energies for large 3 provides further valuable information on
the mechanism of confinement. The linearly rising ground-state energy is not conclusive evidence of
string formation [138]. Computations of the gluon action density surrounding a static quark–antiquark
pair in �1���).-� gauge theory also hint at flux tube formation [155]. Complementary information come
from the study of the static energies of the gluonic excitations between static quarks. A treatment of the
gluon field in terms of the collective degrees of freedom associated with the position of the long flux
might then be sufficient for reproducing the long-wavelength physics. If true, one then hopes that the
oscillating flux can be well described in terms of an effective string theory [66]. In such a case, the lowest-
lying excitations are expected to be the Goldstone modes associated with the spontaneously broken
transverse translational symmetry. These modes are a universal feature of any low-energy description of
the effective QCD string and have energy separations above the ground state given by multiples of u �Um .
A well-defined pattern of degeneracies and level orderings among the different symmetry channels form
a very distinctive signature of the onset of the Goldstone modes for the effective QCD string.

The spectrum of more than a dozen levels shown in Fig. 3.8 provides strong evidence that the gluon
field can be well approximated by an effective string theory for large separations m . For separations above
2 fm, the levels agree without exception with the ordering and degeneracies expected from an effective
string theory. The gaps agree well with è u �Um , but a fine structure remains, offering the possibility
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to obtain details of the effective QCD string action in future higher precision simulations. For smallm �º. fm, the level orderings and degeneracies are not consistent with the expectations from an effective
string description, and the gaps differ appreciably from è u �Um with è � � ® . ® ( ® È�È�È . Such deviations,
as large as É��J� or more, cannot be considered mere corrections, making the applicability of an effective
string description problematical. Between 0.5 to 2 fm, a dramatic level rearrangement occurs.

Non-universal details of the underlying string description for large separations, such as higher or-
der interactions and their couplings, are encoded in the fine structure of the spectrum at large separations.
It is hoped that near future simulations will have sufficient precision to be able to differentiate between
such corrections. In the meantime, the excitation spectrum in other space–time dimensions and other
gauge theories, such as �1���).-� and Å �).-� , are being explored [149, 156].

2.3.4 pNRQCD for QQQ and QQq baryons 19

In the case of a bound state formed by three heavy quarks, still a hierarchy of physical scales similar to
the quarkonium case exists. Consequently, starting from a NRQCD description for each heavy quark, it is
possible to integrate out the scale of the momentum transfer ¦ ¬Æã

and write the pNRQCD Lagrangian
for heavy baryons [157, 158]. Similarly to before two different dynamical situations may occur: the
momentum transfer is much larger than q �Z�F�

, or it is of order q �Z�?�
. In the first case the matching is

perturbative and the Lagrangian is similar to Eq. (3.9) with more degrees of freedom for the quark part:
two octets, one singlet and one decuplet (as it comes from the colour decomposition of (C�Ì(C�Ì( ) [157]. In
the second case the matching is nonperturbative and the Lagrangian is similar to Eq.(3.11) with only the
three quark singlet as degree of freedom. The (matching) potentials are nonperturbative objects and their
precise expression in terms of static Wilson loop and (chromo)electric and (chromo)magnetic insertions
in static Wilson loops can be calculated [157]. Experimental data for baryons composed by three quarks
are not existing at the moment, however lattice calculation of the three quark potential exist [53–55].

Baryons made by two heavy quarks and a light quark
Ä¾Ä © combine the slow motion of the heavy

quark with the fast motion of the light quark. Thus a treatment combining in two steps an effective
field theory for the

Ä¾Ä
interaction and an effective field theory for the

Ä¾Ä
degrees of freedom with

the light quark is the most appropriate one. The interest of these states is also related to the fact that
the SELEX experiment recently announced the discovery of four doubly charmed baryon states. This
will be discussed in more detail in Section 3.4.2. The non relativistic motion of the two heavy quarks
is similar to quarkonium while the light quark is moving relativistically around the slowly moving

Ä¾Ä
.

Since the
Ä¾Ä

is in a colour antitriplet state, in the heavy quark limit the system is similar to a !Ä © system.
However, the situation is much more interesting because if one constructs first the EFT for the two heavy
quarks more degrees of freedom enter and depending on the dynamical situation of the physical system,
these degrees of freedom may or may not have a role. In particular if we work under the condition that
the momentum transfer between the two heavy quarks is smaller than q �Z�?�

, then we can construct a
pNRQCD Lagrangian of the type Eq. (3.9) with a triplet and a sextet as

Ä¾Ä
degrees of freedom [157].

Such degrees of freedom, would also be relevant for the study of double charmonia production [159].

2.4 Thresholds effects (EFT)20

For states for which
~ ½ ä ½ q �Z�F�

, namely close or beyond threshold, one has to stay at the NRQCD
level. It is still an open question whether one can build a suitable EFT to study mixing and threshold
effects.

For a confining potential (e.g., harmonic oscillator), however, the typical momentum transfer
~

de-
creases with the principal quantum number whereas both the typical relative three-momentum h and the
binding energies increase. For some principal quantum number ï , the binding energy will become com-

19Author: N. Brambilla
20Authors: N. Brambilla, J. Soto
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parable to the momentum transfer and hence
~ < ä will not hold anymore. For these states pNRQCD is

not a good effective theory anymore (it may still remain a successful model). This is expected to happen
for states close to or higher than the heavy-light meson pair threshold. There is no EFT beyond NRQCD
available for this regime at the moment. Notice also that for some ï the typical three momentum will
become comparable to

¬
and hence relativistic effects will not be small and NRQCD will not be a good

EFT anymore. This is expected to happen for states much higher than the heavy-light meson pair thresh-
old. Relativistic quark models like the ones discussed in Section 3 are probably unavoidable for this
situation although it is not known at the moment how to link them to QCD.

3 PHENOMENOLOGICAL APPROACH21

From the discovery of charmonium states [160–162], QCD motivated potential models have played
an important role in understanding quarkonium spectroscopy [163–166]. The initial models describ-
ing charmonium spectroscopy, using a QCD motivated Coulomb plus linear confining potential with
colour magnetic spin dependent interactions, have held up quite well. This approach also provides a
useful framework for refining our understanding of QCD and guidance towards progress in quarkonium
physics. The discovery of the � family of meson [167] was quickly recognized as a ~ ! ~ bound state whose
spectroscopy was well described by the potential model picture used to describe the charmonium system.

In this section we give an overview of potential models of quarkonium spectroscopy [168]. Most
models [169–180] have common ingredients. Almost all such models are based on some variant of the
Coulomb plus linear potential confining potential expected from QCD. Quark potential models typically
include one-gluon exchange and most models also include the running constant of QCD, /10�� Ä � � . Finally,
relativistic effects are often included at some level [169–183]. At the minimum, all models we consider
include the spin-dependent effects that one would expect from one-gluon-exchange, analogous to the
Breit–Fermi interaction in QED, plus a relativistic spin–orbit Thomas precession term expected of an
object with spin (the quark or antiquark) moving in a central potential. Potential models have been
reasonably successful in describing most known mesons. Although cracks have recently appeared [187,
188] these point to the need for including physics effects that have hitherto been neglected such as
coupled channel effects [188].

In the next section we will give a brief introduction to quark potential models and attempt to
describe the differences between models. The subject is roughly thirty years old and a large literature on
the subject exists. It is impossible to cover all variants and we will almost totally neglect the considerable
work that brought us to where we are today. We apologise to all those whose work we do not properly
cite and hope they understand. In the next sections we compare the predictions of some models with
experiment for the ��!� , ~ !~ and � ! ~ mesons and point out variations in predictions and how they arise from
the underlying model.

3.1 Potential models22

Quarkonium potential models typically take the form of a Schrödinger like equation:! � � 4 "d� � ä¥� (3.24)

where � represents the kinetic energy term and 4 the potential energy term. We lump into these
approaches the Bethe–Salpeter equation (e.g., Ref. [182, 184]) and quasi-potential approaches (e.g.,
Ref. [173]).

21Author: S. Godfrey
22Author: S. Godfrey
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Different approaches have been used for the kinetic energy term ranging from the non-relativistic
Schrödinger equation to relativistic kinetic energy [171, 179, 189]

� � � h � � ¬ � Á � � h � � ¬ � eÁ (3.25)

in the spinless Salpeter equation.

3.1.1 The potential
The quark–antiquark potential is typically motivated by the properties expected from QCD [48,128–134]
and while there are differences, most recent potentials show strong similarities. It is worth pointing out
that in the early days of quarkonium spectroscopy this was not obvious and much effort was expended
in fitting different functional forms of the potential to the observed quarkonium masses. In the end, the
shape of the potentials converged to a form that one might expect from the asymptotic limits of QCD
and which has been qualitatively verified by Lattice QCD calculations [135] of the expression of the
potentials obtained in the Wilson loop [128–134] and in the EFT [48] approach. This is a great success
of quarkonium phenomenology.

To derive the quarkonium potential we start with QCD where the gluons couple to quarks and
to each other. The quark–gluon interaction is similar to the electron–photon interaction in quantum
electrodynamics with the Born term for the ©�© or © !© interaction at short distance being the familiar �D�u3
form. In contrast with QED the gluon self-coupling results in a slow decrease of the effective coupling
strength at short distance. In terms of the Fourier conjugate momentum the lowest order QCD corrections
to / 0 � ¹ �Ô � � u can be parametrized as

/¿0�� Ä � � � �×. u�)(+( � .Uï¿ð-�5íØî � Ä � � q � � (3.26)

where ï¿ð is the number of Fermion flavours with mass below
Ä

, and q ½ q �Z�?�
is the characteristic

scale of QCD measured to be ½ .��+� MeV. At short distances one-gluon-exchange leads to the Coulomb
like potential 4 �.37� ��� �

( /¿0��.37�3 (3.27)

for a © !© pair bound in a colour singlet where the factor of
� ��( arises from the SU(3) colour factors. At

short distances one-gluon-exchange becomes weaker than a simple Coulomb interaction.
At momentum scales smaller than q �Z�F�

which corresponds to a distance of roughly 1 fm, / 0
blows up and one-gluon-exchange is no longer a good representation of the © !© potential. The qualitative
picture is that the chromoelectric lines of force bunch together into a flux tube which leads to a distance-
independent force or a potential 4 �.37� �o� 3UÈ (3.28)

This has been validated by Lattice QCD calculations. Phenomenologically, every recent model which
we will consider has found

� ½ �4ÈØ�×* GeV
�
.

Numerous variations of the resulting Coulomb plus linear potential exist in the literature. Some of
the better known ones are the Cornell potential [170], Richardson’s potential [190], and the Buchmüller
Tye potential [191]. Overall, the spin-independent features of quarkonium spectroscopy are well de-
scribed by the potentials just described.

Let us also mention that heavy quark mass corrections to the (static) central (spin and velocity
independent) potential exist, although they have not yet been taken into account in potential models
applications so far. They correspond to 4 d � � � l6 , 4 d ��� � l6 and 4 d � � � l6 in Section 2.3.2. Their expressions in
perturbation theory are known [48, 68]. Part of 4 d ��� � l6 and 4 d � � � l6 was included in the phenomenological
application to the spectrum in Refs. [128, 129, 135, 185].
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3.1.2 Spin-dependent potentials
Spin dependent multiplet splittings are an important test of the details of quarkonium models. In partic-
ular, the nature of spin dependent potentials are decided by the Lorentz nature of the confining poten-
tials [129, 131, 138, 186]. While there is general consensus that the short distance one-gluon-exchange
piece is Lorentz vector and the linear confining piece is Lorentz scalar this is by no means universal
and other possibilities are vigorously advocated. Gromes described how to obtain the spin-dependent
potentials given the Lorentz structure of the interaction [129] and one can also use the prescription given
in Berestetskij, Lifschitz and Pitaevskij [192]. Simply put, one can obtain the form of the spin dependent
interaction by Fourier transforming the on-shell © !© scattering amplitude:] � !�!± � h z ð ��\ ± � h zü �#" 4 � Ä � �â!«!± � h ð7��\ ± � h ü �#" (3.29)

where the \ matrices give the Lorentz structure of the interaction and 4 � Ä � � is the Fourier transform of
the spin-independent potential. For example, for a Lorentz-vector interaction \ � � £

and for a Lorentz-
scalar interaction \ �§¦

. In principle other forms are possible with each giving rise to characteristic
spin-dependent interactions. These can be found by expanding the scattering amplitude to order � ã �U��� �
which corresponds to an expansion in inverse powers of quark masses. In the early years of quarko-
nium phenomenology they were all tried and it was found that the Lorentz-vector one-gluon-exchange
plus Lorentz scalar linear confining potential gave the best agreement with experiment 23. Note that the
form of the full QCD potential at order �D� ¬ �

[48, 128, 130–133] has now been obtained in the EFT
(cf. Section 2.3.2), and while the spin-dependent nonperturbative potential may correspond to a scalar
interaction in the language used above, the velocity-dependent potentials do not fit such a picture. The
effective kernel is thus not a simple scalar, precisely the dependence both on the momentum and on the
Lorentz structure is more involved than a pure convolution (i.e., only depending on the momentum trans-
fer) scalar structure [48, 134, 138, 186]. However, the spin dependency is well approximated by a scalar
interaction for phenomenological applications. The QCD spin-dependent potentials are explicitly given
in Section 2.3.2. A complete calculation of the spin structure of the spectrum using the full expression
given in Section 2.3.2 does not yet exist.

To lowest order in � ã �U�×� � the Lorentz-vector one-gluon-exchange gives rise to terms familiar from
one-photon exchange in atomic physics. The colour contact interaction, which in the language of Sec-
tion 2.3.2 corresponds to taking 4 d � � � l� ! �.37� at leading order in perturbation theory,

� j � ì Û§ e§ � (+. u¡ /¿0��.37�¬ § ¬ e§ | § ��| e§ � � � 3 � (3.30)

gives rise to, for example the yb��� � i j splitting. The colour tensor interaction, which in the language of
Section 2.3.2 corresponds to taking 4 d � � � l¨ x ! �.37� at leading order in perturbation theory,

� Û�� ì§ e§ � �
( / 0��.37�¬ § ¬ e§ �3 � � ( | § � 3 | e§ � 33 � � | § ��| e§ � (3.31)

contributes to splitting of )0�� � spin triplet multiplets like the | j�} and |"k } multiplets. The final spin
dependent term is the spin orbit interaction which has two contributions. The first piece arises from the
colour-magnetic one-gluon-exchange while the second piece is the Thomas precession term which is a
relativistic effect for an object with spin moving in a central potential� Ô ( � (§ e§ � � Ô ( � ( d j ; l§ e§ ��� Ô ( � ( d Û ê l§ e§ È (3.32)

The colour magnetic piece arising from one-gluon exchange is given by:� Ô ( � ( d j ; l§ e§ � �
( /¿0��.37�3 � ú | §¬ § ¬ e§ � | e§¬ § ¬ e§ �©| §¬ �§ �ª| e§¬ � e§ ü � { (3.33)

23Although other forms are still advocated. See Ebert et al. [173, 193].

98



SPECTROSCOPY

and the Thomas precession term is given by

� Ô ( � ( d Û ê l§ e§ � � �.ø3 ¶ � j � ì ð§ e§¶ 3 ú | §¬ �§ �ª| e§¬ � e§ ü � { (3.34)

which includes a contribution from both the short distance �D�u3 piece and the linear Lorentz-scalar con-
fining potential. In the language of Section 2.3.2, both terms in (3.32) are obtained by taking 4 d � � � lÄ � at
leading order in perturbation theory and using the Gromes relation for 4 d ��� � lÄ � . In these formulae /Ü0 �.37� is
the running coupling constant of QCD.

For mesons consisting of quarks with different flavours such as the n j meson, charge conjugation
is no longer a good quantum number so states with different total spins but with the same total angular
momentum, like the

� $ � � � $ � and
� v � � � v � pairs (i. e. y � ) for ) < � ) can mix via the spin–orbit

interaction or some other mechanism. Equations (3.33) and (3.34) can be rewritten to explicitly give the
antisymmetric spin–orbit mixing term:

� �Ô ( � ( � � �� ú �
( /¿03 � � ~ 3 ü�� �¬ � Á � �¬ � eÁ � | � � { (3.35)

where | � � | Á � | eÁ . Consequently, the physical the physical y � ) ( y < � ) states are linear
combinations of

� ) } and
� ) } states which we describe by the following mixing:) z � � ) } ��Ù £ ³ ì Ä � � ) } £ËÊ îc³ ì Ä) ��� � ) } £¹Ê îâ³ ì Ä � � ) } ��Ù £ ³ ì Ä (3.36)

where ) designates the relative angular momentum of the
Ä !Ä pair and the subscript is the total angular

momentum of the
Ä !Ä which is equal to ) . Our notation implicitly implies ) � � coupling between

the quark spins and the relative angular momentum. In the limit in which only one quark mass is heavy,¬ÓÁ p	Q , and the other one is light the states can be described by the total angular momentum of the
light quark which is subsequently coupled to the spin of the heavy quark. This limit gives rise to two
doublets, one with « � �D��. and the other « � (-��. and corresponds to two physically independent mixing
angles ³ � � pË¸+îZ� � � } .7� ¦ � É � È ,q´ and ³ � pË¸+îT� � ���D� } .-� ¦ (+É5ÈÊ(�´ [194, 195]. Some authors prefer
to use the « � « basis [196] but we will follow the ) � � eigenstates convention implied in the spin–
orbit terms given above and include the )Q� mixing as a perturbation. It is straightforward to transform
between the ) � � basis and the « � « basis. We note that radiative transitions are particularly sensitive
to the

� ) Ä � � ) Ä mixing angle with the predictions from the different models giving radically different
results. We also note that the definition of the mixing angles are fraught with ambiguities. For example,
charge conjugating � !~ into ~U!� flips the sign of the angle and the phase convention depends on the order
of coupling { , | Á and | eÁ [195].

3.1.3 Relativistic corrections
The Hamiltonian with the spin-dependent terms as written above is actually inconsistent as it stands as
the terms more singular than 3 � � are illegal operators in the Schrödinger equation. This is resolved
by returning to the full scattering amplitude which has the effect of smearing the coordinate

3
out over

distances of the order of the inverse quark mass and the strengths of the various potentials become de-
pendent on the momentum of the interacting quarks. The smearing of the potentials has the consequence
of taming the singularities. Alternatively, if one regards this Hamiltonian in the spirit of effective field
theories, these singular operators are subleading in any reasonable power counting, and hence they must
be treated as a perturbation. They may need regularization (smearing) at higher orders of perturbation
theory, which introduces a scale dependence. This scale dependence cancels against the one of higher
order NRQCD matching coefficients, see Section 2.3.2,
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From this starting point different authors [169–180] diverge in how they incorporate further rel-
ativistic corrections. For example, Godfrey and Isgur (GI) [171] use the full relativistic scattering am-
plitude as the starting point but do not take it literally and instead parameterize the various relativistic
effects. The relativistic smearing is described by a quark form factor and momentum dependent cor-
rections are parametrized in a form that is in keeping with the generalities, if not the details, of the © !©
scattering amplitude. The reasoning is that the scattering amplitudes are for free Dirac Fermions while
quarks inside a hadron are strongly interacting and will have off-mass-shell behavior. In addition, in
field theory the Schrödinger equation arises in the © !© sector of Fock space by integrating over more
complex components of Fock space such as Ø © !© ¹ Y . This integration will introduce additional momentum
dependence in the © !© potential not reflected in eq. (3.29). There are other deficiencies that arise from
taking eq. (3.29) literally. Thus, GI use the full scattering amplitude as a framework on which to build a
semiquantitative model of relativistic effects. While they acknowledge that this procedure is not entirely
satisfactory they argue that it enables them to successfully describe all mesons, from the lightest to the
heaviest, in a unified framework.

In contrast, the more recent work by Ebert, Faustov and Galkin performs an expansion in powers of
velocity, including all relativistic corrections of order

ã � �U� � , including retardation effects and one-loop
radiative corrections [173, 193]. Ebert et al use a quasipotential approach in which the quasipotential
operator of the quark–antiquark interaction is constructed with the help of the off-mass-shell scattering
amplitude. The expression they derived to describe the spin-independent and spin-dependent corrections
are rather lengthy and we refer the reader to their papers [173, 193, 197]. They found that relativistic
effects are important, particularly in radiative transitions (which are outside the scope of this section).

While the GI calculation [171] assumed a short distance Lorentz-vector interaction and a Lorentz-
scalar confining potential Ebert et al [173, 193] employ a mixture of long-range vector and scalar linear
confining potentials. The effective long-range vector vertex includes an anomalous chromomagnetic
moment of the quark, ¬ . The fitted value for ¬ results in the vanishing of the long-range magnetic
contribution to the potential so that the long range confining potential is effectively Lorentz scalar.

In both cases taking the non-relativistic limit recovers eqns. (3.30–3.34). Despite differences in
the details of the various approaches most recent calculations are in fairly good agreement.

3.1.4 Charm mass corrections to the bottomonium mass spectrum 24

For the calculation of the bottomonium mass spectrum it is necessary to take into account additional
corrections due to the non-zero mass of the charm quark [75, 95, 198, 199]. The one-loop correction to
the one-gluon exchange part of the static

Ä !Ä potential in QCD due to the finite � quark mass is given
by [75, 200]

� 4 ; � �.37� ��� � ¡ / �0 � B �u 3 ! íØîZ� } f � ¬ j¾37� �å� � � ä � � } f � ¬ j¾37�#" ® ä � �.@T� �PN > d � Û ³-µµ (3.37)

where � � ½� �4ÈÊÉ-,+,�. is the Euler constant and f � ½� É5ÈÊ. . Averaging of � 4 ; � �.37� over solutions of the
relativistic wave equation with the Cornell and Coulomb potentials yields the bottomonium mass shifts
presented in Table 3.4.

The Table 3.4 shows that for a fixed value of /t0 the averaging with and without confining potential
substantially differ especially for the excited states. For growing ï � ï 6 � ) � � the values of W � 4 ; � Y
slowly decrease for Cornell potential whereas for the Coulomb potential with a fixed value of /Q0 they
fall rapidly. The bottomonium mass spectrum with the account of the finite charm mass corrections was
obtained in Refs. [95, 173]

24Author: R. Faustov
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Table 3.4: Charm mass corrections to the bottomonium masses (in MeV).

State �D� �$ .-� � v .q$ (-�W � 4 ; � Y ù�¡ ý � ( ��� s � � ë ²ü² [200]
� �×. � ¡5ÈÊ( � *5È , � ,�È / � ,�ÈÊÉ � ,�ÈÊ.W � 4 ; � Y ù ¡ ý � ( ��� s� ² � ¡5ÈÊÉ � � ÈÊ. � (5ÈÊ* � .5ÈÊ( � .5ÈÊ. � .5ÈØ�W � 4 ; � Y ù�¡ ý � ( �� s� ² � .��4È , � ¡5È , � *5ÈÊ* � É5ÈÊÉ � É5ÈÊ. � � ÈÀ¡W � 4 ; � Y � s� ² [95]
� � � ÈÊ( � .+.5ÈØ� � .4��ÈÀ¡ � � ¡ � � �4ÈÊÉ/ 0 � B � 0.277 0.437 0.452 0.733 0.698

3.1.5 Coupled-channel effects
An important ingredient that has not received the attention it deserves but which has been brought to the
forefront by some spectacular recent failures of quark models are coupled channel effects. As the mass of
a quarkonium state approaches the threshold for decay to pairs of flavoured mesons, contributions from
virtual loops of the flavoured meson channels are expected to make important contributions to masses
and other meson properties [169, 170, 201]. These coupled channel effects are expected to shift masses
from naive quark model predictions and to alter decay and production properties due to higher order
Fock-space components present in the wavefunctions. These may account for the discrepancies between
quark model predictions and those of the recently discovered and & �)(+*-,�.-� properties [187, 188]. There
has been very little work on this important subject since the original Cornell model [169, 170] and it is
an important topic that needs to be addressed [188]. For the charmonium example the present situation
is discussed in Section 3.3.

3.2 Comparison of models with experiment25

3.2.1 Bottomonium
We start with the ~ ! ~ system as it has the most states observed of any of the heavy quarkonium systems
(see Table 3.5). This is due to the fact that threshold for the Zweig allowed decay to n n lies above the(-� state. The y 6 � � �U�Z�Ïï � � � states are copiously produced in d � d � annihilation and can decay viaä � transitions to the � � $ } and . � $ } multiplets. The masses of the |Òk states provide valuable tests of the
spin-dependence of the various models. In particular, the splittings of the

� $ } masses are determined by
the spin–orbit and tensor terms which are sensitive to the presence of vector and scalar interactions. The
Lorentz vector one-gluon-exchange plus Lorentz scalar linear confinement gives a good description of
the data (as long as no velocity dependent corrections are included [185, 202].

A test of potential models is their ability to predict as yet unseen properties correctly. Most poten-
tial models predict that the lowest D-wave centre of gravity is around 10.16 GeV. Although details of the
multiplet splittings differ most models predict that the splittings are smaller than in the P-wave states.
Thus, the observation of these states represents an important test of potential models.

Recently the CLEO collaboration has observed the first D-wave ~ ! ~ state in the cascade ���)(-�X� p| z k � p � v } �V� p |Ük �V�b�Zp �����D�X� �V�b�V� [203]. Due to expected transition probabilities (essentially reli-
able Clebsch factors) it is believed that the observed state is the y � . , � � v � state. This is an important
observation as it is able to distinguish among the various models [204]. Unfortunately this programme
at CLEO is completed and it is not clear when there will be another opportunity to search for more of the
missing states.

So far no spin singlet ~ !~ state has been observed. The mass splittings between the singlet and
triplet states is a key test of the applicability of perturbative quantum chromodynamics to the ~ ! ~ system
and is a useful check of lattice QCD results. The i4k ( ï � � � ) states can be produced via M1 radiative

25Authors:S. Godfrey
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Table 3.5: Predicted and observed masses of � �� states.

State expt GI85 FU91 EQ94 GJ96 EFG03 ZVR95
[171] [175] [196] [179] [173] [180]� � Þ � 9460 9465 9459 9464 9460 9460 9460� � Þ � 9402 9413 9377 9408 9400 9410� � � � 9913 9897 9911 9886 9914 9913 9890� � � � 9893 9876 9893 9864 9893 9892 9870� � � � 9860 9847 9865 9834 9862 9863 9850� � � � 9882 9900 9873 9901 9901 9880. � Þ � 10023 10003 10015 10007 10016 10023 10020. � Þ � 9976 9992 9963 9991 9993 10000� �w® � 10155 10172 10130 10162 10150� �w® � 10162 10147 10166 10126 10158 10150� � ® � 10138 10158 10120 10153 10140� � ® � 10148 10167 10127 10158 10150. � � � 10269 10261 10269 10242 10270 10268 10280. � � � 10255 10246 10256 10224 10254 10255 10260. � � � 10232 10226 10234 10199 10229 10234 10240. � � � 10250 10261 10231 10259 10261 10270( � Þ � 10355 10354 10356 10339 10358 10355 10390( � Þ � 10336 10338 10298 10338 10328 10370

transitions from the � ( ï � � � ) states, either unhindered or hindered, and via E1 radiative transitions from
the ï � $ � states [205]. In the latter case, the decay chain would be ���)(-�X� p l k�� � $ � � uZu followed bylFk p i-k � . The decay chain ���)(-�^� p lbk � u � p i-k � u � �º� is also possible [206]. We note that there
does not appear to be a consensus in the literature on the relative importance of the two � p l"k hadronic
transitions. The decay chains proceeding via an intermediate l¿k would also be a means of observing thelFk state. A recent run by CLEO did not lead to reports of the observation of the iFk state although the
limits straddles the range of predictions. There is also the possibility that the ibk can be observed by the
Tevatron and LHC experiments.

3.2.2 Charmonium
The discovery of the yV��� and � z states revolutionized our understanding of hadron spectrocopy by
demonstrating that they could be well described by potential models with the qualitative features ex-
pected from QCD (see Table 3.6).

The spin triplet
� � � states are produced copiously in d � d � annihilation and the

� $ } states are
produced via ä � radiative transitions. The | � � � $ � � , | � � � $ � � and | � � � $ � �Ü��!� states were first discov-
ered in radiative decays from the . � � � level (the � �)( / *+É-� ). The | states themselves undergo radiative
transitions to the yb��� with measured partial widths in reasonable agreement with theoretical predictions
once relativistic effects are taken into account.

The singlet states have been far more elusive. The � � � � state has been known for some time,
seen in magnetic dipole ( ] � ) transitions from both the yb��� and � z . In contrast, a strong claim for
observation of the . � � � state has only occurred recently, first with its observation in the decay n p's iwzj ,i�zj p s Ô s � u � by the Belle Collaboration [207] and its subsequent observation by Belle in the mass
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spectrum recoiling against yb��� in d � d � annihilation [208] and by CLEO [209] and Babar [210] in �b�
collisions. While the mass measurement by Belle was higher than expected by most quark potential
models, the current world average [245] is in reasonable agreement with theory.

One place the models disagree is in the mass of the � � $ � state relative to the � � $ } cog [206].
However, the

� $ � state has yet to be confirmed. The � � $Üj � õX� � � $ � splitting is dependent on the Lorentz
structure of the interquark potentials and relativistic corrections so that the l j mass measurement is an
important test of perturbative QCD and more phenomenological quark potential models which have a
large variation of predictions. The decay chain � z p l j � u � p i j � u � � � has been discussed as a
possible mode of discovery of the l j [206]. Optimistically, one might hope that the current CLEO run
will see evidence for the l j in this cascade.

The charmonium D-wave states are predicted to lie above v v threshold. The � �)(-,+,U�7� is associ-
ated with the � � v � state. It’s leptonic width is larger than expected for a pure v state which is probably
due to mixing with the . � � � state induced by tensor mixing or coupled channel effects. The � � v � , � � v � ,
and � � v � are predicted to lie close in mass to the � �)(-,+,U�7� . A y 6 � .�� state cannot decay to two �?�
particles so the � � v � and

� v � cannot decay to v v and are expected to lie below the v � v threshold.
They are therefore expected to be narrow with prominent transitions to lower ��!� states. While there is
no such conservation law for the � � v � state, recent calculations indicate that it should also be relatively
narrow, ñ (MeV), due to the angular momentum barrier [187, 188]. It is therefore possible that all ��!� D-
wave states will be observed. A ��!� state has recently been observed in n decay, the & �)(+*-,�.-� [211]. It’s
mass is higher than expected by quark models which has led to considerable speculation about whether
it is a conventional ��!� state or a v !vß� molecule [212]. A number of tests have been proposed to sort this
out [187, 188] and experimental analysis is in progress. Observation of the i j � and � d ��� � l states would
constrain spin-dependent interactions and provide insights into the importance of coupled channel effects
in the charm threshold region.

Table 3.6: Predicted and observed masses of ²��² states (in MeV).

State Expt GI85 EQ94 FU91 GJ96 EFG03 ZVR95
[171] [196] [175] [179] [173] [180]� � Þ � (��2¡ / ÈÊ*-,ÕÝ¸�4ÈÍ� � 3098 3097 3104 3097 3096 3100� � Þ � .�¡-,q¡5ÈÊ*ÕÝÙ��ÈÊ* 2975 2980 2987 2979 2979 3000� � � � (+É+É / ÈØ�×*%Ý¸�4ÈØ�×( 3550 3507 3557 3557 3556 3540� � � � (+É4���4ÈÊÉ4�\Ý¸�4ÈØ�×. 3510 3486 3513 3511 3510 3500� � � � ( � �×É5ÈÍ�%Ý¸�4ÈÊ* 3445 3436 3404 3415 3424 3440� � � � 3517 3493 3529 3526 3526 3510. � Þ � ( / *+É5ÈÀ¡ / Ý¸�4ÈÍ�2¡ 3676 3686 3670 3686 3686 3730. � Þ � ( / É � ÝÖ��� 3623 3608 3584 3618 3588 3670� �¯® � 3849 3884 3815 3830� �¯® � 3838 3871 3813 3820� � ® � (-, / ¡5ÈÀ¡ÕÝ�.5ÈÊÉ 3819 3840 3798 3800� � ® � 3837 3872 3811 3820. � � � 3979 3972 4020. � � � 3953 3929 3990. � � � 3916 3854 3940. � � � 3956 3945 3990( � Þ � 4100 4088 4180( � Þ � 4064 3991 4130
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Fig. 3.9: °²± spectrum.

3.2.3 n j mesons
The n j mesons provide a unique window into heavy quark dynamics. Although they are intermediate to
the charmonium and bottomonium systems the properties of n j mesons are a special case in quarkonium
spectroscopy as they are the only quarkonia consisting of heavy quarks with different flavours. Because
they carry flavour they cannot annihilate into gluons so are more stable and excited n j states lying belown v (and n v � or n �Bv ) threshold can only undergo radiative or hadronic transitions to the ground
state pseudoscalar which then decays weakly. This results in a rich spectroscopy of narrow radial and
orbital excitations (Fig. 3.9 and Table 3.7) [171, 173, 174, 176, 179, 180, 182, 196, 213–216]. which are
more stable than their charmonium and bottomonium analogues. The hadronic transitions emitting two
charged pions should offer a good opportunity to reconstruct the excited n j state.

The discovery of the n j meson by the Collider Detector at Fermilab (CDF) Collaboration [217]
in h !h collisions at } ´ � ��ÈÊ* TeV has demonstrated the possibility of the experimental study of this
system and has stimulated considerable interest in n j spectroscopy. Calculations of n j cross-sections
at hadron colliders predict that large samples of n j states should be produced at the Tevatron and at the
LHC opening up this new spectroscopy. It should therefore be possible to start exploring � ! ~ spectroscopy
at the Tevatron, producing �$ and .-� states and possibly even the D-wave states in sufficient numbers
to be observed. At the LHC, with its higher luminosity, the D-wave � ! ~ states should be produced in a
sizable number so that the LHC should allow the study of the spectroscopy and decay of n j mesons.

3.3 Coupling to open-charm channels26

3.3.1 Theoretical models
Near the threshold for open heavy flavour pair production, there are significant nonperturbative contri-
butions from light quark pairs to the masses, wavefunctions and decay properties of physical

Ä !Ä states.
QCD sum rules [218, 219] have been used to obtain some results [220–222] and lattice QCD calcula-
tions extended into the flavour-threshold region [223] should eventually give a firm basis for predictions.

26Authors: E. Eichten
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Table 3.7: Predicted ° ± masses and spin–orbit mixing angles (in MeV).

State GI85 EFG03 FU99 GKLT94 EQ94 GJ96 ZVR95 Lattice
[171] [173] [176] [174] [196] [179] [180]� � � � 6338 6332 6341 6317 6337 6308 6340

/ (+.4�\Ý¸(��� � � � 6271 6270 6286 6253 6264 6247 6260
/ .+*��%Ý (�� ÝÖ��¡��� � $ � 6768 6762 6772 6743 6747 6773 6760

/ ,�*+(%Ý¸(���$¢z� 6750 6749 6760 6729 6730 6757 6740
/ , / É%Ý¸(���$ � 6741 6734 6737 6717 6736 6738 6730
/ , � (%Ý¸(��� � $ � 6706 6699 6701 6683 6700 6689 6680
/ ,�.-,ÕÝ¸(��³ � 6 22.4 ´ 20.4 ´ 28.5 ´ 17.1 ´ ½ .�´ 25.6 ´ (+(5È � ÝÙ��ÈÊÉ�´. � � � 6887 6881 6914 6902 6899 6886 6900
/ ¡�¡�� Ý¸*��. � � � 6855 6835 6882 6867 6856 6853 6850
/ ¡ / � Ý¸*��. � $ � 7164 7156 7134 7153 7160.q$ z� 7150 7145 7124 7135 7150.q$ � 7145 7126 7113 7142 7140. � $ � 7122 7091 7088 7108 7100³ � 6 18.9 ´ 23.0 ´ 21.8 ´ �D, ´( � � � 7272 7235 7280 7280( � � � 7250 7193 7244 7240� � v � 7045 7081 7032 7007 7005 7040� v z� 7036 7079 7028 7016 7012 7030� v � 7041 7077 7028 7001 7009 7020� � v � 7028 7072 7019 7008 7012 7010³ � � 44.5 ´ -35.9 ´ 34.4 ´� � � � 7271 7250� �¢z� 7266 7250� � � 7276 7240� � � � 7269 7240³ � � 41.4 ´

However, at present a more phenomenological approach is required to provide a detailed description of
these effects.

The effects of light quark pairs near open heavy flavour threshold can be described by coupling
the potential model

Ä !Ä states to nearby physical multibody states. In this threshold picture, the strong
interactions are broken into sectors defined by the number of valence quarks. This separation is remi-
niscent of the Tamm–Dancoff approximation [224]. The dynamics of the

Ä !Ä states (with no valence
light quarks, © ) is described by the interaction ³ � . Nonrelativistic potential models are normally used to
determine the properties of the resulting bound states in this sector. In this framework excitations of the
gluonic degrees of freedom would also be contained the spectrum of ³ � .

The two meson sector
Ä !© � © !Ä are described by the Hamiltonian ³ � . In the simplest picture, ³ �

is assumed to be described the low-lying spectrum of two free heavy-light mesons. The physical situation
is more complex. At large separation between two mesons the interactions are dominated µ -channel pion
exchanges. For states very near threshold such as the X(3872) charmonium state such pion exchange in
attractive channels might have significant effects on properties of the physical states [225]. At somewhat
shorter distances, more complicated interactions exist and new bound states might arise, e.g., molecular
states [226, 227].
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Our command of quantum chromodynamics is inadequate to derive a realistic description of the
interactions, ³µ´ , that communicate between the

Ä !Ä and
Ä !© � © !Ä sectors. Two simple phenomenological

models have been used to describe this coupling: the Cornell coupled-channel model (CCC) and the
vacuum quark pair creation model (QPC).

The Cornell coupled-channel model for light quark pair creation [169] generalizes the Cornell
Ä !Ä

model [170] without introducing new parameters, writing the interaction Hamiltonian as

³6´ � (* ¥ ¡
N·¶ ? ¡ � 3 � 4 � 3 � 3 z � ? ¡ � 3 z � ¶ ³ � 3 ³ � 3 z ® (3.38)

where 4 is the quarkonium potential and ? ¡ � 3 � � �. � � � 3 ��Ú ¡ � � 3 � is the colour current density, with� the quark field operator and Ú ¡ the octet of SU(3) matrices. To generate the relevant interactions,� is expanded in creation and annihilation operators (for up, down, strange and heavy quarks), but
transitions from two mesons to three mesons and all transitions that violate the Zweig rule are omitted.
It is a good approximation to neglect all effects of the Coulomb piece of the potential in Eq. (3.38).
It was shown that this simple model coupling charmonium to charmed-meson decay channels gives a
qualitative understanding of the structures observed above threshold while maintaining the successes of
the single-channel ��!� analysis below threshold [170].

The characteristic of the CCC model is the use of the time component of a long-range vector
interaction between the heavy quarks colour densities rather than the Lorentz scalar confining interaction.

The vacuum quark pair creation model (QPC). This model was developed by Le Yaouanc et.
al. [228–230] based on an earlier idea of Micu [231] that the light quark pair is produced from the
vacuum with vacuum quantum numbers �(¸ � � � �Z� . The model is also referred to as the

�
P � model.

The form of the interaction Hamiltonian is

³6´ � � N !�1� � 3 � ³ � 3 (3.39)

The constant � is a free parameter of the model. This model has been applied to the light meson states
[232, 233]. It was first applied above charm threshold by the Orsay group [234].

The main theoretical weakness of the QPC model is its failure to reproduce the vanishing of the
pair production amplitudes for a static

Ä !Ä source at zero spatial separation. The flux tube breaking
model [235,236] somewhat addresses this weakness. It has the same basic interaction as the QPC model
(Eq. 3.39) but the integration is only over a region near a ”string” between the

Ä
and !Ä positions. This

region is defined by a upper bound on the shortest distance between the pair creation point and the string.
Detailed applications of QPC models to the quarkonium systems are presently under investigation [237].

There have been attempts to compare the various models for quark pair creation [185, 238, 239].
At present the most studied system is the open charm threshold region and we will focus on that system
below. However, the same threshold effects are present in the ~ ! ~ states near n n threshold and � !~ states
near v n threshold. A detailed comparison of the scaling behaviour between different heavy quark
systems would provide valuable insight into the correct form for the coupling to light-quark pairs.

3.3.2 Mass shifts
The mass ê of the quarkonium state � in the presence of coupling to decay channels is given by:! ³ � � ³ � � ³ ´ "Ø� � êÒ�ÌÈ (3.40)

Above threshold ê has both a real (mass) and imaginary part (width).
The basic coupled-channel interaction ³D´ (Eq. (3.38) or Eq. (3.39)) appearing in Eq. (3.40) is

independent of the heavy quarks spin, but the hyperfine splittings of v and vÃ� , v Ô
and v �Ô , induce
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Table 3.8: Charmonium spectrum, including the influence of open-charm channels. All masses are in MeV. The
penultimate column holds an estimate of the spin splitting due to tensor and spin–orbit forces in a single-channel
potential model. The last column gives the spin splitting induced by communication with open-charm states, for
an initially unsplit multiplet. From [188].

State Mass Centroid Þ5�Ví Ê p�p Ê îº¹�!��Ù�p�×îEp Ê ¸+í � Þ5�bí Ê p�p Ê îº¹� ¦ î n�» � � n �
� � S �� � S � .§¡-,q¡5ÈÀ¡(t�2¡ / ÈÀ¡ (t� / ,�È / � ¡��4ÈÊÉ� (��4ÈÊ. � .5ÈÊ*� �4ÈÀ¡
� � P �� � P �� � P �� � P �

( � �×É5ÈÊ((ÒÉ4���4ÈÊÉ(ÒÉ+.+É5ÈÊ((ÒÉ+É / ÈÊ. (ÒÉ+.+É5ÈÊ(
� �+� � ÈÀ¡� �+��È /� ��ÈÊÉ� (4��ÈÀ¡

� É5ÈÀ¡� .5ÈÍ�� �4ÈÊÉ� �4ÈÊ(
. � S �. � S � ( / (-,�È ,( / * / ÈÍ� ( / ,�(5ÈÀ¡ � É��4È �� � / ÈÊ* � �×É5È ,� É5ÈÊ.
� � D �� � D �� � D �� � D �

(X, / ¡5ÈÀ¡(Ò*+(��4È /(Ò*+(+*5ÈÍ�(Ò* / *5ÈÊ( (3 815)

� � ���� .��

� (�¡5ÈÀ¡� .5È ,� � ÈÊ.� ��¡5ÈÍ�
. � P �. � P �. � P �. � P �

(§¡+(4��ÈÀ¡� �+�7,�ÈÊÉ(§¡ / *5ÈÍ�(§¡ /�/ ÈÊÉ 3 968

� ¡��� *�� .+É
� ���� .+*5È �� �+��ÈÀ¡� (+(5ÈØ�

spin-dependent forces that affect the charmonium states. These spin-dependent forces give rise to S–D
mixing that contributes to the �%�)(-,+,U�7� electronic width, for example, and are a source of additional spin
splitting.

The masses resulting from a full coupled channel analysis [188] in the CCC model are shown in
the second column of Table 3.8. The parameters of the potential model sector, ³ � , must be readjusted to
fit the physical masses, ê , to the observed experimental values. To compute the induced splittings, the
bare centroid of the spin-triplet states is adjusted so that the physical centroid, after inclusion of coupled-
channel effects, matches the value in the middle column of Table 3.8. The centroid for the 1D masses
is determined by pegging the observed mass of the 1

�
D � �%�)(-,+,U�7� . For the 2P levels, the bare centroid

is adjusted so that the 2
�
P � level lies at the centroid of a potential-model calculation. The assumed spin

splittings in the single-channel potential model are shown in the penultimate column and the induced
coupled channel spin splittings for initially unsplit multiplets are presented in the rightmost column of
Table 3.8. The shifts induced in the low-lying 1S and 1P levels are small. For the other known states in
the 2S and 1D families, coupled-channel effects are noticeable and interesting.

In a simple potential picture, the i4j×�).-�X� level lies below the �%�).-�X� by the hyperfine splitting given
by ] �«� �).-�X�B� � ] �«i-jD�).-�^�� � Ø �%�).-�^� ���7�Ø �Ø �%���7�Ø � ! ] �«�\� � ] �«i-jB�#"ÜÈ (3.41)

Using the observed 1S hyperfine splitting, ] �«�\� � ] �«i4jB� � �+�D, MeV, one would find ] �«�%�).-�X�� �] �«i j �).-�X�� � / , MeV, which is larger than the observed � *5ÈÊ(¢Ý � È � MeV, as is typical for potential-
model calculations.
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One important result of coupling the open-charm threshold is that the � z receives a downward
shift of the nearby v v , that the i?zj does not get, as this state does not couple to v v . This is implicitly
present in the early Cornell papers [170], but the shift of spin singlets states was not explicitly calculated.
The effect was first mentioned by Martin and Richard [240, 241], who calculated the size of the effect.
Recent papers using the CCC model interaction [188,242] have confirmed this behaviour. In fact, the 2S
induced shifts in Table 3.8 draw � z and i zj closer by .��4ÈÀ¡ MeV, substantially improving the agreement
between theory and experiment. This suggests that the �Gz – i5zj splitting reflects the influence of virtual
decay channels.

If the observed & �)(+*-,�.-� is a charmonium state, it is most naturally interpreted as the 1
�
D � or 1

�
D �

level [187, 188]; if not, both these states remain to be observed and the dynamics of ³ � is significantly
richer. As shown in Table 3.8, the coupling to open-charm channels increases the 1

�
D � –1

�
D � splitting

by about .�� MeV, but does not fully account for the observed ���-. MeV separation between & �)(+*-,�.-�
and � �)(-,+,U�7� . However the position of the ( �Z� 1

�
D � level turns out to be very close to (+*-,�. MeV.

3.3.3 Mixing and physical state properties
The physical states are not pure potential-model eigenstates but include components with two virtual
(real above threshold) open flavour meson states. Separating the physical state ( � ) into

Ä !Ä ( � � ) and two
meson components ( � � ), the resulting separation ³ by sector leads to an effective Hamiltonian for the� � sector given by: � ³ � � ³ �´ �ê � ³ � � ª � ³¼´ � � � � êÒ� � (3.42)

Table 3.9: Charmonium content of states near flavour threshold. The wave function E takes account of mixing
induced through open charm–anticharm channels. Unmixed potential-model eigenstates are denoted by � j ªh	 Z ©¾½I¿rÀ .
The coefficient of the dominant eigenstate is chosen real and positive. The 1S, 1P, 2S, and 1 � D © states are evaluated
at their physical masses. The remaining 1D states are considered at the masses in Table 3.8. Á ±�± represents theF ²��²�L probability fraction of each state.

State Major Components Â j ej� ��� � S � � �4ÈÀ¡+* / Ø � � S � Y � �4ÈÍ� � .XØ . � S � Y � �4ÈÍ�+�-*XØ ( � S � Y �4ÈÀ¡-, �� ��� � S � � �4ÈÀ¡+*+(XØ � � S � Y � �4ÈÍ�-É��kØ . � S � Y � �4ÈÍ�+�2¡XØ ( � S � Y �4ÈÀ¡ / *� ��� � P � � �4ÈÀ¡4��¡XØ � � P � Y � �4ÈÍ� / ,àØ . � P � Y � �4ÈÍ�?� � Ø ( � P � Y �4ÈÊ*+É��� ��� � P � � �4ÈÀ¡4� � Ø � � P � Y � �4ÈÍ�7,�ÉXØ . � P � Y � �4ÈÍ�?�×ÉXØ ( � P � Y �4ÈÊ* � �� ��� � P � � �4ÈÀ¡4�×*XØ � � P � Y � �4ÈÍ�7,+,àØ . � P � Y � �4ÈÍ�?�×ÉXØ ( � P � Y �4ÈÊ* � É� ��� � P � � �4ÈÀ¡+.��kØ � � P � Y � �4ÈÍ�-*��kØ . � P � Y � �4ÈÍ�?�×ÉXØ ( � P � Y � �4ÈÍ�+�-.XØ � � F � Y �4ÈÊ*+É �� �). � S � � �4ÈÍ�-*-,àØ � � S � Y � �4ÈÊ*+*+(XØ . � S � Y � �4ÈÍ� / �kØ ( � S � Y � �4ÈÍ�?� / Ø � � S � Y �4È ,q¡4�� �). � S � � �4ÈØ���-(XØ � � S � Y � �4ÈÊ*+(+*XØ . � S � Y � �4ÈÍ�-*+ÉXØ ( � S � Y � �4ÈÍ�?�D,àØ � � S � Y �4È ,�.+(� �4ÈÍ� � �kØ � � D � Y � �4ÈÍ�+�-*XØ . � D � Y� ��� � D � � �4È / ¡ � Ø � � D � Y � �4ÈÍ�2¡-, d � ( 	 �
 ü 1 Ø . � D � Y � �4ÈÍ�+�-* d � � ( �� � ü 1 Ø ( � D � Y �4ÈÊÉ+.��� �4ÈÍ�?�×( d � ( � ��� ü 1 Ø � � S � Y � �4ÈØ� / * d � ( ��
 ü 1 Ø . � S � Y � �4ÈÍ�?� � d � ( � �� ü 1 Ø ( � S � Y� �4ÈÍ�?�×. d � � ( �� 	 ü 1 Ø � � S � Y� ��� � D � � �4È ,�É � Ø � � D � Y � �4ÈÍ�-* � Ø . � D � Y � �4ÈÍ�?�+�JØ ( � D � Y �4ÈÊÉ-, /� ��� � D � � �4È ,+,U�kØ � � D � Y � �4ÈÍ�-*+(XØ . � D � Y � �4ÈÍ�?�×.XØ ( � D � Y �4È / �+�� ��� � D � � �4ÈÊ*4�×.XØ � � D � Y � �4ÈÍ�-* / d � ( 		 � ü 1 Ø . � D � Y � �4ÈÍ�?�×( d � � ( 	�	 ü 1 Ø ( � D � Y �4È /�/ ,� �4ÈÍ�+�7, d � ( 	 �� ü 1 Ø � � D � Y � �4ÈÍ�?� / d � ( ����� ü 1 Ø � � G � Y
Solving Eq. (3.42) in the

Ä !Ä sector determines the mixing between the potential model states and
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coupling to decay channels. This approach has been described in detail [170] for the CCC model with³¼´ (Eq. 3.38). An effective Hamiltonian approach has also been considered in the QPC model [201].
The results for the low-lying ��!� states is shown in Table 3.9 for the CCC model. The overall

probability for the physical state to be in the ��!� sector, denoted Â j ej , decreases as open charm threshold is
approached. For states above threshold the mixing coefficients become complex. These mixing effects
contribute to observed S–D mixing as well as modifying radiative transition rates [243, 244]. A more
detailed discussion of these effects appear in the Decay section.

3.3.4 Zweig-allowed strong decays
Once the mass of a resonance is given, the coupled-channel formalism yields reasonable predictions
for the other resonance properties. Eichten, Lane and Quigg [188] have estimated the strong decay
rates within the CCC model for all the charmonium levels that populate the threshold region between.�]ô� and .�]ô�  

. For 1
�
D � state �1z za�)(-,+,U�7� , which lies some � �-ÎÓ�wÃ above charm threshold, they obtain\Q�«�^z za�)(-,+,U�7� p v v � � .��4ÈØ� MeV, to be compared with the PDG’s fitted value of .+(5È / Ý�.5È , MeV

[245]. The natural-parity 1
�
D � state can decay into v v , but its F-wave decay is suppressed by the

centrifugal barrier factor. The partial width is only �4È ,+, MeV at a mass of (+* / * MeV and the 1
�
D � may

be discovered as a narrow v v resonance up to a mass of about
� �+�+� MeV.

Barnes and Godfrey [187] have estimated the decays of several of the charmonium states into
open charm, using the

�
P � model. Their estimates of open-charm partial decay widths into v v are� .5ÈÊ* MeV for the 1

�
D � state and (5È / MeV for a 1

�
D � state at a mass of (+* / * MeV. They did not carry

out a coupled-channel analysis which makes a direct comparison of models more difficult. Detailed
comparisons (e.g., Ackleh, Barnes and Swanson [238]) between various light quark pair creation models
are highly desirable.

Estimates for decay widths of the � �Z� charmonium states above open-charm threshold in the�
P � model have recently been reported by Barnes [237]. The comparison with experimentally extracted

values is shown in Table 3.10. Along with the current PDG values for the total widths of ��!� resonances,
a reanalysis by Seth [246] of the existing experimental data is also shown in Table 3.10.

The resonance decay widths are determined from fitting measurements of ��m in d � d � annihila-
tion to a model for each resonance including radiative corrections. This whole procedure is complicated
by its dependence on the resonance shape, i.e., the expected non Breit–Wigner nature of the partial widths
for radially excited resonances. It may be more useful for theorists to produce a model of ��m for direct
comparison with data. Greater resolving power between models is possible if the contribution from each
individual open heavy flavour final state is separately reported.

For the CCC model, the structure of ��m��)~ !~�� in the threshold region was studied in the original
Cornell group works [169, 170] and later extended to the ��m��)~ !~�� in the threshold region [247]. The
structure of ��m�����!�D� and ��m��)~ !~�� has also been studied in QPC models [248]. There are also some
attempts to compare the different models [249, 250].

Experiments can also search for additional narrow charmonium states in neutral combinations of
charmed mesons and anticharmed mesons. The most likely candidates correspond to the � � D � , . � P � , and� � F � levels [188, 242, 251]. These detailed analyses of the ��!� system can be extended to the ~ !~ system,
where it may be possible to see discrete threshold-region states in direct hadronic production.

3.4 QQq states and molecules27

3.4.1 Doubly charmed baryons
The earliest studies on

Ä¾Ä © baryons were based on the flavour group SU(4) Ä , as an extension of SU(3)) Ä .
After the discovery of hidden and naked charm, some classic papers were written on hadrons with charm,
including a section on ��� � © � states [252, 253].

27Author: J. M. Richard

109



CHAPTER 3

Table 3.10: Open-charm strong decay modes of the « ÕkÕ states. Experimental widths from the PDG [245] and a
recent analysis of Seth [246]. The theoretical widths using the QPC model [237] and the CCC model [188] are
shown. For the E Fa�E«���¯KL some S wave plus P wave charmed meson two body channels are also open.

State Mode \ î�Å ¸ (MeV) \�Æ�Ç î�È ô K (MeV)
PDG Seth QPC Model CCC model�%�)(-,+,U�7� (

�
D � ) DD 42.8 20.1

total .+(5È / Ý .5È , 42.8 20.1�%� � � � �7� ( ( �
S � ) DD 0.1

DD � 33.
D
Ô
D
Ô

8.
D � D � 33.
total É+.ÌÝÖ��� *+*ÌÝ�É 74.�%� � �×É�¡-� ( . �

D � ) DD 16.
DD � 0.4
D � D � 35.
D
Ô
D
Ô

8.
total ,�*ÌÝ¸.�� ���7,GÝ�* 73.�%� �+� �×É-� ( � �

S � ) DD 0.4
DD � 2.3
D � D � 16.
D
Ô
D
Ô

1.3
D
Ô
D �Ô 2.6

D �Ô D �Ô 0.7
total

� (ÌÝÖ�×É �+��¡ÌÝÙ�×É

Now, our ideas on flavour symmetry have evolved. The conventional SU( ï ) Ä approach, with
elegant mass formulae, is replaced by flavour independence. The potential between two quarks is gen-
erated by their colour, and flavour enters only in recoil corrections through the quark mass, mainly for
describing the fine and hyperfine structure.

Flavour independence was the main guide line of the detailed studies of � ÄÇÄ © � baryons made in
the 80’s and later [254, 255, 258–263]: the dynamics tuned for mesons, light baryons and single-charm
baryons was tentatively extrapolated to the � Ä¾Ä © � sector. More papers came after the recent findings at
SELEX (cf. the experimental part of this chapter), for instance Ref. [264], where a link is made with
double-charm exotics, to be discussed shortly.

To study confinement, � ÄÇÄ © � baryons are perhaps the most interesting of ordinary hadrons, as
they combine two extreme regimes in a single bag:

1. the slow relative motion of two heavy quarks, as in charmonium,
2. the fast motion of a light quark. Remember that the electron moves faster in hydrogen than in

positronium. Similarly, a light quark is likely more relativistic in heavy-light hadrons than in light
mesons.
In the � Ä¾Ä © � wave function, the average

Ä¾Ä
separation is smaller than the

Ä © one. This leads to
envisage approximations. One of them consists of replacing the full three-body calculation by a two-step
procedure where one first calculates the

Ä¾Ä
mass, by solving a two-body problem, and then estimates

the
Ä¾Ä � © mass by solving another two-body problem. The second step is rather safe. The finite-

size corrections are small. For instance, they cancel out exactly for the harmonic oscillator. As for the
first step, one should be aware that the

Ä¾Ä
potential is effective, since it contains both the direct

ÄÇÄ
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interaction and a contribution from the light quark. For instance, in the harmonic oscillator model, 1/3 of
the

Ä¾Ä
interaction comes from the light quark, and neglecting this term results into an underestimation

of energies and spacings by a factor � (-��. . Another limitation to the quark–diquark picture, is that the
diquark is not frozen. The first excitations of

Ä¾Ä © occur inside the diquark. So one should recalculate
the properties of the diquark for each level.

Another way to take advantage of the large mass ratio ]Ö� ¬ is to use the Born–Oppenheimer
approximation, as done, e.g., by Fleck and Richard [254]. For a given

Ä¾Ä
separation 3 � � , the two-centre

problem is solved for the light quark, with proper reduced mass. The ground-state energy ä � �.3 � � � ,
supplemented by the direct

Ä¾Ä
interaction, provides the adiabatic potential 4 Á Á

. Solving the 2-body
problem with this potential gives the first levels. The adiabatic potential built out of the second “elec-
tronic” energy ä � �.3 � � � leads to a second series of levels. This is very similar to the spectroscopy of H

��
in atomic physics.

Within explicit potential models, the Born–Oppenheimer approximation can be checked against an
accurate solution of the 3-body problem, using for instance a systematic hyperspherical expansion. The
approximation is excellent for �)~ ~ © � and ��� � © � , with © �á±

, ³ or ´ , or even for � ´U´ ± � or � ´�´�³ � [254,265].
In Ref. [254], ��� � © � masses were estimated from a specific variant of the bag model, already

used for charmed mesons. The results turn out to be rather sensitive to details such as centre-of-mass
corrections, value of the bag constant, etc. Other bag-model calculations have been performed [266].

Potential models, on the other hand, tend to give very stable results, when the parameters are
varied while maintaining a reasonable fit of lighter hadrons. One typically obtains:

– a ground-state near or slightly above (5È / GeV for the ��� � ± � or ��� � ³ � ground state,
– a hyperfine splitting of about *�� MeV between the spin 3/2 and spin 1/2 states,
– the first orbital excitation about (��+� MeV above the ground-state,
– the first ��� � ´ � state near (5È , GeV

Note that models tuned to ��� ©�© � or lighter baryons might underestimate the short-range
Ä¾Ä

at-
traction. If models are adjusted to ����!�D� spectroscopy, there is an ambiguity on how to translate it to � � .
The usual recipe stating that 4 Á Á�� �. 4 Á eÁ ® (3.43)

implies pairwise forces mediated by colour-octet exchanges. Small, non-confining, colour-singlet ex-
changes, as well as three-body forces might complicate the issue.

Most existing calculations are of rather exploratory nature, since made when double charm was
considered as science fiction, or far future. Meanwhile, the art of QCD has made significant progress.
One could retain from simple potential models that the Born–Oppenheimer approximation provides an
adequate framework. The effective

ÄÇÄ
potential could be estimated from relativistic models or from

lattice calculations, similar to those of the
Ä !Ä potential or the effective

ÄÇÄ
potential in exotic � ÄÇÄ !© !© �

mesons, to be discussed shortly. It is hoped that the new experimental results will stimulate such calcu-
lations.

The literature already contains approaches somewhat more ambitious than simple bag or non-
relativistic potential models: relativistic models [267], QCD sum rules [258], string picture [261], etc.
The lattice QCD approach is presented in Section 2.2.3 and the EFT one is presented in Section 2.4

The appearance of the v×�Ô � } state not very far above the ground state v Ô
of meson with flavour

content ���-!´ � has stimulated several studies on the dynamics of light quarks in a static colour field. In
Ref. [268], it is suggested that the same phenomenon will occur for double-charm baryons. On this
respect the doubling of states in the preliminary data by SELEX is of particular interest.
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3.4.2 Exotic mesons with double charm
The physics of multiquarks, though it benefits from a dramatic revival since the tentative discovery of a
light pentaquark, remains penalized by the confusion about baryonium states in the late 70’s and early
80’s. This is actually a difficult field, where speculations about confinement mechanisms should be
combined with delicate few-body calculations.

The � dibaryon [269], and the heavy pentaquark $ proposed independently by Lipkin [270] and
the Grenoble group [271], owe their tentative stability to chromomagnetic forces, schematically [253]� $ ; ��� % ¥ üdÉ ÿ � ü ��� ÿ óÚ ü � óÚ ÿ¬ ü ¬ ÿ � d � l � 3 ü ÿ � ® (3.44)

or its bag model analogue [272], that describes the observed hyperfine splittings such as � � è or yV��� �
i j . The astute observation by Jaffe [269] is that this operator provides a binding � ´U´ ±b± ³7³ � � .?� ´ ± ³ � ½� �×É��XÎÓ��Ð to the � � � ´�´ ±V± ³7³ � dibaryon with spin and isospin y � N � � . This estimate, however,
relies on SU(3) Ä flavour symmetry and W � d � l � 3 ü ÿ ��Y being independent of �«ª ® «�� pair and borrowed from
the wave function of ordinary baryons. Relaxing these hypotheses, and introducing kinetic energy and
spin-independent forces in the 6-body Hamiltonian, and a realistic estimate of short-range correlations,
usually spoils the stability of � [273–275]. The existence of � is nowadays controversial. It has been
searched in many experiments, without success so far. For instance, the doubly-strange hypernucleusÊ �Ê Ç � is not observed to decay into �¼� / [276].

If the calculation made for the � is repeated in the limit where
¬ � Ä � p Q , the same binding� !Ä ©�©�©�© � � � !Ä © � � � ©�©�© � ½ � �×É��XÎÓ��Ð is obtained for the pentaquark � !Ä ©�©�©�© � , ©�©�©�© being in a SU(3) Ä

triplet [270, 271]. All corrections, again, tend to weaken this binding [275, 277] so it is not completely
sure that the actual pentaquark is stable. See, also, [278].

After the tentative discovery of a light pentaquark state at about 1.53 GeV, with flavour content� ±V± ³7³ !´ � , and possible partners with strangeness � � � . , many authors have revisited the possibility of
stable or metastable pentaquarks with heavy antiflavour. See, for instance Refs. [279–284]. In the light
pentaquark, the binding is achieved by the chiral dynamics of light quarks. A forerunner in this field
was Stancu [285], who proposed positive-parity pentaquarks with a heavy antiquark in a simple potential
model where the chromomagnetic interaction is replaced by a short-range spin-flavour interaction which
looks like the exchange of Goldstone bosons between quarks.

In short, there are still many open issues for the � dibaryon, the pentaquarks, as well as for
possible light scalar mesons made out of two quarks and two antiquarks. This is, however, more of the
domain of light-quark spectroscopy.

More than twenty years ago, another mechanism for multiquark binding was proposed. It was
pointed out that current confining potentials applied to a � Ä¾Ä !© !© � system put its mass below the disso-
ciation threshold into � Ä !© � � � Ä !© � , provided the mass ratio

¬ � Ä �� ¬ � © � is large enough [286]. This
chromoelectric binding was studied by several authors, in the context of flavour-independent poten-
tials [264, 287–295] [296, 297] (see, also, [298, 299]), with a remarkable convergence towards the same
conclusion. This somewhat contrasts with the confusion in other sectors of multiquark spectroscopy.

Let us consider, indeed, the limit of a purely flavour-independent potential 4 for � Ä¾Ä !© !© � . The
situation becomes similar to that of exotic four-body molecules �h] � ® ] � ® ¬ � ® ¬ �Ü� , all of them using
the very same Coulomb potential when ] and

¬
are varied. The hydrogen molecule with ] Ã ¬

is much more stable than the positronium molecule Ps � with ] � ¬
. If one decomposes the 4-body

Hamiltonian as³ � � � ] � � � ¬ � �� µ � � � � � �� � � �� � � �� ¶ � 4 � � ] � � ��¬ � �� µ � � � � � �� � � �� � � �� ¶ ® (3.45)

the first term, even under charge conjugation, corresponds to a rescaled equal-mass system with the same
threshold as ³ � . The second term, which breaks charge conjugation, improves the energy of ³ � (one
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can applies the variational principle to ³ � using the symmetric ground state of the first term as a trial
wave function). In the molecular case, the second term changes the marginally bound Ps � (or rescaled
copy) into the deeply bound H � . In quark models, an unbound � ©�© !© !© � becomes a stable � ÄÇÄ !© !© � .

The effective
Ä¾Ä

potential has been estimated by Rosina et al. [294] in the framework of empir-
ical potential models, and by Mihaly et al. [296] and Michael et al. (UKQCD) [297], who used lattice
simulations of QCD. The question is obviously: is the � quark heavy enough to make ��� �4!© !© � bound when© ��±

or ³ ? At this point, the answer is usually negative, most authors stating that ~ is required to bind� ÄÇÄ !© !© � below its � Ä !© � � � Ä !© � threshold.
There is, however, another mechanism: pion-exchange or, more generally, nuclear-like forces

between hadrons containing light quarks or antiquarks. This effect was studied by several authors, in
particular Törnqvist [300, 301], Manohar and Wise [302], and Ericson and Karl [303]. In particular av and v � can exchange a pion, this inducing an attractive potential. It is weaker than in the nucleon–
nucleon case, but what matters for a potential ¹ 4 �.37� to bind, is the product ¹ ¬ of the strength ¹ and
reduced mass

¬
. It is found that � vþv×� � is close to be bound, while binding is better established for��n�n � � . The result depends on how sharply the long-range potential is empirically regularised at short

distances.
A lattice calculation such as those of Refs. [296, 297] contains in principle all effects. In practice,

the pion is unphysically heavy such that long-range forces are perhaps not entirely included. Explicit
quark models such as [294] make specific assumptions about interquark forces, but do not account for
pion exchange. In our opinion, a proper combination of long- and short-range forces should lead to bind� vþvß� � , since each component is almost sufficient by itself. This is presently under active study.

There is a further possibility to build exotic, multicharmed systems. If the interaction between
two charmed mesons is slightly too weak to lead to a bound state (this is presumably the case for � v v � ,
since pion exchange does not contribute here), it is likely that the very same meson–meson interaction
binds three or more mesons. This is known as the phenomenon of “Boromean” binding.

For instance, in atomic physics, neither two
�
He atoms nor a

�
He atom and a

�
He atom can

form a binary molecule, even at vanishing temperature, but it is found that
� Ç � � Ç � � Ç � is bound [304].

Similarly, in nuclear physics, the isotope
�
He is stable against evaporating two neutrons, or any other

dissociation process, while


He is unstable. In a 3-body picture, this means that �)/ ® ï ® ïÜ� is stable, while

neither �)/ ® ïÜ� nor �«ï ® ïÜ� have a stable bound state. In short, binding three constituents is easier than two.

3.5 Quarkonium hybrids28

The existence of gluonic excitations in the hadron spectrum is one of the most important unanswered
questions in hadron physics. Hybrid mesons form one such class which consists of a © !© with an excited
gluonic degree of freedom. Their spectroscopy are discussed extensively in this Chapter. Recent ob-
servations of charmonium states in exclusive n -meson decays [207, 305–309] suggest that charmonium
hybrid mesons ( � õ

) [310] with mass ½ 4 GeV may be produced in n -decay via �+!� colour octet oper-
ators [311, 312]. Some of these states are likely to be narrow with clean signatures to yb��� u � u � andyb��� � final states. The unambiguous discovery of such a state would herald an important breakthrough
in hadronic physics, and indeed, in our understanding of Quantum Chromodynamics, the theory of the
strong interactions. In this section we give a brief overview of charmonium hybrid properties and and
suggest search strategies for charmonium hybrids at existing B-factories [313].

3.5.1 Spectroscopy
Lattice gauge theory and hadron models predict a rich spectroscopy of charmonium hybrid mesons [12,
23, 235, 310, 314–319]. For example, the flux tube model predicts 8 low lying hybrid states in the 4 to

28Author: S. Godfrey
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4.2 GeV mass region with y 6 � � � ÁNË , � ÁNË , . ÁNË , and � ÁGÁ . Of these states the � � � , � � � , and . � �
have exotic quantum numbers; quantum numbers not consistent with the constituent quark model. The
flux-tube model predicts ] �«� õ � ¦ � � � ÈÊ. GeV [314,315]; lattice QCD predictions for the y 6 � � � � �
state range from 4.04 GeV to 4.4 GeV [23, 317] with a recent quenched lattice QCD calculation [12]
finding ] ���U� � � � � È � .+*¾Ýá�4ÈÍ� � � GeV. These results have the �-� � lying in the vicinity of the v×��� v
threshold of 4.287 GeV. There is the tantalising possibility that the � � � could lie below v ��� v threshold
and therefore be relatively narrow.

3.5.2 Decays
There are three important decay modes for charmonium hybrids: (i) the Zweig allowed fall-apart mode� õ p v d � � ��� l !v d � � ��� l [320–322]; (ii) the cascade to conventional ��!� states, of the type � õ p ����!�D� � ¹-¹ � p ����!�D�� � light hadrons � and � õ p ���+!�D� ��� [323]; (iii) decays to light hadrons via intermediate gluons, � õ p �«ï ¹ �p light hadrons, analogous to yV��� p light hadrons and i j p light hadrons. Each mode plays a unique
role. � õ

hybrids with exotic y 6 � quantum numbers offer the most unambiguous signal since they do not
mix with conventional quarkonia.

3.5.2.1 (i) Decays to °ÍÌ!ÎwÏ)°ÐÌdÎwÏ : In addition to y 6 � selection rules (for example, . � � and . �Z�
decay to v !v are forbidden by parity and the exotic hybrid � õ ��� � �¿� decays to v d � l v d � l final states are
forbidden by $ and/or % conservation) a general feature of most models of hybrid meson decay is that
decays to two mesons with the same spatial wave function are suppressed [324]. The dominant coupling
of charmonium hybrids is to excited states, in particular v d � l �*) � �7� � v ��� �*) � �D� states for which
the threshold is ½ � ÈÊ( GeV. This is at the kinematic limit for most mass predictions so that decays into
the preferred v d � l vß��� states are expected to be significantly suppressed if not outright kinematically
forbidden. A refined version of the Isgur Kokoski Paton flux model [320] predicts partial widths of 0.3–
1.5 MeV depending on the y 6 � of the hybrid [322]. These widths are quite narrow for charmonia of
such high mass. If the hybrid masses are above v���� threshold then the total widths increase to 4–40 MeV
for 4.4 GeV charmonium hybrids which are still relatively narrow for hadron states of such high mass.
The challenge is to identify decay modes that can be reconstructed by experiment.

3.5.2.2 (ii) Decays to ÑÓÒÜÐÒ�Ô�ÕÖÑ light hadrons Ô : The � õ p ����!�D� � � light hadrons � mode offers the
cleanest signature for � õ

observation if its branching ratio is large enough. In addition, a small total
width also offers the possibility that the radiative branching ratios into yb��� , iVj , |Üj�} , and lFj could be
significant and offer a clean signal for the detection of these states.

For masses below v vì��� threshold the cascade decays � õ p �«� ® i-j ® È�È�È � � � ¹-¹ � and annihilation
decays � õ ��% � � � p � ¹7¹ � p light hadrons will dominate. If the masses of exotic y 6 � states are abovev v ��� threshold their widths are also expected to be relatively narrow for states of such high mass, in
which case cascades to conventional ��!� states transitions of the type � õ p �«� ® � z � � � light hadrons � should
have significant branching ratios [323] making them important signals to look for in � õ

searches. In the
Kuang–Yan formalism [325] the matrix elements for hadronic transitions between conventional quarko-
nia are related to hybrid-conventional quarkonium hadronic transitions. A not unreasonable assumption
is that the partial widths for the decays � õ ���U� � � p i j � � uZu ® i ® i�z � and � õ ��� � � ® . � �"� p yb��� � � uZu ® i ® i�z��
will be similar in magnitude to ����!�D� p uZu yb��� and ����!�D� p iVyb��� , of ñâ����� � ���+�7� keV.

Estimates of radiative transitions involving hybrids with light quarks [326,327] found that the ä �
transitions between hybrid and conventional states to be comparable in magnitude to transitions between
conventional mesons. While neither calculation can be applied directly to �+!� one might take this to
suggest that the partial widths for � õ ���U� � � på�þ� ��yb��� ® lVj�� and � õ ��� � � ® . � �"� p'�þ� �«i-j ® |"j�}4� are the
same order of magnitude as transitions between conventional charmonium states. However, a recent
flux-tube model calculations by Close and Dudek [327] found that the � � � � E1 transitions to hybrids

114



SPECTROSCOPY

only occur for charged particles, and hence would vanish for ��!� . The � � � � M1 transitions can occur,
but are non-leading and less well defined. Estimates [327] for their widths are ñâ��� � ���+�7� keV. Clearly,
given our general lack of understanding of radiative transitions involving hybrids, the measurement of
these transitions, � õ p ����!�D� � , has important implications for model builders.

3.5.2.3 (iii) Decays to light hadrons: Decays of the type � õ p light hadrons offer the interesting pos-
sibility of producing light exotic mesons. Estimates of annihilation widths to light hadrons will be order
of magnitude guesses at best due to uncertainties in wavefunction effects and QCD corrections. We esti-
mate the annihilation widths \,! � õ ��% ��� � p light hadrons " and \,! ��!�-��% � � � p light hadrons " by com-
paring them to \Q�«� z p light hadrons � and \1�«i zj p light hadrons � . The light hadron production rate from� õ ��% ��� � decays is suppressed by one power of /"0 with respect to � õ ��% � � � decays. This very naive
assumption gives \¯! � õ ��% � � � p light hadrons " ½ ñâ�����+�7� keV and \¯! ��!�-��% � � � p light hadrons " ½
ñâ�����7� MeV [328]. These widths could be smaller because the © !© pair in hybrids is expected to be sep-
arated by a distance of order �D� q Á �G� resulting in a smaller annihilation rate than the S-wave �Ìz and i5zj
states.

3.5.3 Hybrid production
Recent developments in both theory and experiment lead us to expect that charmonium hybrids will be
produced in n decays. The partial widths for n p ��!� � & , with ��!� representing specific final states such asyb��� , �^z , | j � , | j � , | j � , � v � , � v � etc., have been calculated in the NRQCD formalism [3,329–333] which
factorizes the decay mechanism into short (hard) and nonperturbative (soft) contributions. The hard
contributions are fairly well understood but the soft contributions, included as colour singlet and colour
octet matrix elements, have model dependent uncertainties. Insofar as hybrid ��!� wavefunctions have a
non-trivial colour representation they can be produced via a colour octet intermediate state. Chiladze et
al. [312] estimated the branching ratio �Z! n p � õ ��� � �"� � &×" ½ ���5� � for ] ½ 4 GeV (though recent
quenched lattice calculations suggest ] ��� � � � � � È ,U��Ý��4ÈØ�D, GeV, and hence will be inaccessible).
Close et al. [311] estimate a similar branching ratio to ��� � and argued that if ] õ � � È , GeV, the total
branching ratio to � õ

for all y 6 � could be � ! � õ � all y 6 � � � &×" ½ ñâ����� � . Thus, using two different
approaches for estimating �Z! n p � õ � &×" both Chiladze et al. [312] and Close et al. [311] obtain similar
results. Both calculations estimate � ’s of ñâ���4ÈØ� � ����� which are comparable to the � ’s for conventional��!� states.

3.5.4 Experimental signatures
The decays discussed above lead to a number of possible signals: � õ p v d � l v d � � ��� l , � õ ��� � � ® . � �"� pyb��� � � u � u"� ® i ® i z � , � õ ��� � � � p i j � � u � u"� ® i ® i z � , � õ p ����!�D� � , and � õ p light hadrons. Of the possi-
ble decay modes, � õ p yV��� u � u � , � õ p yb���1i , and � õ p ����!�D� � give distinctive and easily reconstructed
signals. In the former case, the subsequent decay, yV��� p d � d � and B � B � offers a clean tag for the
event so that searches for peaks in the invariant mass distributions ] � d � d � u � u � � � ] � d � d �Ü� is a
promising search strategy for hybrids. Both the � � � and . � � should decay via the � õ p yb��� uZu cas-
cade. For the � õ

lying below vþv ��� threshold combining estimates of �%��n p � õ � &�� ¦ ��� � � and�Z! � õ �). � �"� p yb��� u � u �G" ¦ �4ÈÊ. with the PDG value of �%�«� pØ× � × �¿� � �+��ÈÊ*4��� and the Babar detection
efficiency we estimate that for 100 fb � � of integrated luminosity each experiment should observe roughly
50 events. If the . � � lies above the vþvì��� threshold the � for . � � p yb��� uZu decreases significantly to.5È / �å��� � � lowering the expected number to about 6 events. Similarly, for the � � � hybrid we estimate
roughly 1200 events if it lies below threshold but only 5 events once the v vÃ��� decay modes open up.

The �U� � state is expected to be the lightest exotic ��!� hybrid [12, 23] and therefore the most
likely to lie below vþv ��� threshold. However, in this case the cascade goes to i j]uZu , a more difficult
final state to reconstruct. Estimates of the relevant partial widths are � ��n p � õ � &ß� ¦ ���5� � and
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�%�«� õ ��� � � p i j�u � u"� � ¦ ¡9� ��� � � . The Babar collaboration studied the decay n p i j s by observing
the i j in s�s u and sßs�sßs final states. Combining the PDG values for the � ’s to these final states
with the Babar detection efficiencies of roughly 15% and 11% respectively we estimate that for 100 fb � �
each experiment should observe roughly 10 events. If the ��� � lies above the vþvì��� threshold, the � for�U� � p uZu i-j decreases to (T����?� � lowering the expected number to about 3 events.

The radiative transition, � õ ��� � � � på� yb��� , also has a distinct signal if it has a significant branching
ratio. The conservative value of \1�«� õ ���U� � � p'� yb���\� ¦ � keV, yields a rather small � for this transition.
On the other hand, a monochramatic photon offers a clean tag with a high efficiency. One could look
for peaks in ] � B � B � � � � ] � B � B �Ü� . Babar observed | j � and | j � this way [307] obtaining ¦ (�¡ �| j � ’s and ¦ �+���+�%| j � ’s with a 20.3 fb � � data sample and an efficiency of about 20 % for the yV��� � final
state [307]. So although the rate may be too small to observe, given the potential payoff, it is probably
worth the effort to perform this search.

Experiments might also look for charmonium hybrids in invariant mass distributions of light
hadrons. For example, Belle observed the | j � by looking at the invariant mass distributions from the
decays | j � p u � u"� and | j � p s � s � [306]. They found efficiencies of 21% for | j � p u � u"� and 12.9%
for | j � p s � s � , obtaining ½ � / events in the former case and ½ ¡ in the latter.

The decay to charmed mesons also needs to be studied. Because there are more particles in the final
state it will be more difficult to reconstruct the charmonium hybrid. On the other hand, with sufficient
statistics these channels will be important for measuring the � õ

quantum numbers and distinguishing
their properties from conventional ��!� states.

3.5.5 Summary and future opportunities
The fundamental problem with all the estimates given above is that they are based on models that have
not been tested against experiment. Observing a charmonium hybrid and measuring its properties is
necessary to test these calculations. It may be that the models are correct but it is also possible that they
have totally missed the mark.

Establishing the existence of mesons with explicit gluonic degrees of freedom is one of the most
important challenges in strong interaction physics. As demonstrated by the discovery of the i j �).-�X� inn decay, n decays offer a promising approach to discovering charmonium hybrid mesons. We have
focused on how to search for these states in n -decay. Other possibilities are � �Z� hybrids produced ind � d � annihilation. These would likely mix with conventional vector quarkonium states so that it would
be very difficult to distinguish them from conventional states. And recently the Belle collaboration
observed the i4zj in double charm production in d � d � collisions. Part of the GSI upgrade is to study and
search for charmonium states in h !h annihilation. It is quite possible that hybrids can be studied once the
PANDA project comes to fruition. While there is no question that the estimates for the various partial
widths are crude, the essential point is that these states are expected to be relatively narrow and that
distinctive final states are likely to have observable branching ratios. Given how much we can learn by
finding these states we strongly advocate that some effort be devoted to their searches. In the long term,
with the various facilities mentioned above, we should be able to open up and study an exciting new
spectroscopy.

4 INTRODUCTION TO EXPERIMENTAL SPECTROSCOPY 29

The experimental spectroscopy review is made of four Sections on charmonia and bottomonia, followed
by a Section on n j , and one on the � � © systems. The paragraphs follow a hyerarchical structure, based
on the precision reached in the knowledge of the parameters of these states. Therefore we start from the
vector states ( � ’s and � ’s), which were first discovered, have the narrowest widths, and are easiest to
produce and detect. At present, with the resonant depolarization technique, it is possible to know these

29Author: R. Mussa
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masses with absolute precision between 10 and 100 keV, and these states are widely used as calibration
tools for HEP detectors.

Section 6 scans through triplet P-wave states (known as | j ’s and |"k ’s), which were discovered
from radiative transitions of upper vector excitations. | j ’s could not be precisely studied before the 90’s,
when direct access to the formation of these states in !h-h annihilations allowed to reach 100–200 keV
precisions on their masses, and 8 ���J� resolution of their total widths. The first two Sections allow to
realize that the S and P wave states of both ortho-charmonium and -bottomonium constitute a very solid,
well established system of resonant states. These narrow resonances can be detected with very small or
negligible experimental background and have reached the mature stage, from a barely spectroscopical
point of view.

In contrast, all S=0 states are a very active field of research for spectroscopy. The best known
among those, i7j×���D�X� (described in Section 7.1) despite being produced with a wide variety of techniques,
has still an uncertainty above 1 MeV on the measured mass, and a rapid progress is expected to happen
in the next few years. Same can be said of the recently re-discovered i j �).-�X� , described in Section 7.1
which greatly benefits from the advent of the new generation of B-factories. The hyperfine splitting on
charmonium S states is then approaching maturity. On the other side, the large amount of data taken by
CLEO at ����� ® . ® (-�X� energies did not yield so far to the discovery of i?k states. A comprehensive review
of these searches, also performed at LEP experiments and CDF, is then given in Section 7.2. The elusive
singlet P state of charmonium, named lTj , has been extensively searched by the h !h experiments, resulting
in inconclusive evidences; its saga is described in Section 7.3. With the advent of B-factories, its search
has regained interest.

Being right across the first open charm threshold, charmonium D-wave multiplets still lack a
complete understanding, while the first evidence of bottomonium D state comes from the recent CLEO III
run at ���)(-�X� , described in Section 6.3. The phenomenology of all the other vector orbital excitations is
still quite unclear as the different thresholds open up: R scans between 3.7 and 4.7 GeV are reviewed
in Section 8.1. Further studies on these states have regained priority after the discovery of the narrow
state X(3872), seen by Belle, and confirmed by BaBar, CDF and D0. An overview on the experimental
evidences of this resonance, as well as the current experimental attempts to clarify its nature and its
quantum numbers, is given separately in Section 8.2. Despite its most likely interpretation as one of the
two above mentioned D states, other possible assignments of this resonance, extensively described in the
theory chapter, span from orbital excitations of P wave states to molecular charmonia, opening a wide
number of possible searches in this energy region.

Another field of research which can bloom in the next years, mostly thanks to large samples of
B states taken at the Tevatron as well as HERA-B, is the study of the n j . Despite the weak decay
of its ground state may accomunate this object to the heavy light mesons, the mass of its two compo-
nents suggests that the spectrum of its excited states can be quite similar to the one of charmonium and
bottomonium. The experimental evidence of the ground state of such system and the searches for its
excitations are described in Section 9.

The last Section is devoted to another class of bound states which share a set of similarities with
the heavy quarkonia. The evidence of the doubly charmed baryons claimed by Fermilab experiment
E781 is still rather weak and is described in Section 10; further searches, possibly by the B-factories, are
needed before speculating on their phenomenology.

5 HIGH PRECISION MEASUREMENTS OF VECTOR STATE MASSES AND WIDTHS

5.1 Charmonia30

The first precise measurement of the yb��� ���D�X� and �%�).-�^� meson masses [334] set the mass scale in
the range around 3 GeV which provided a base for the accurate determination of the charmonium state

30Author:S. Eidelman
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Fig. 3.10: The variation of the coincidence rate ratio for the polarized and unpolarized beams.

location. The method of resonant depolarization, described in Appendix 8.1 of Chapter 2, has been
developed in Novosibirsk and first applied to the

�
meson mass measurement at the VEPP-2M storage

ring [339]. Later it was successfully used to measure masses of the � - [334] and � -meson family [340,
342, 343], see also Ref. [344], in which the values of the masses were rescaled to take into account
the change of the electron mass value. The accuracy of the yb��� ���D�X� meson mass measurement was
later improved in the Fermilab h !h -experiment E760 [347] to ��ÈÊ. � ��� � 
 using the � �).-�X� mass value
from Ref. [334]. The new high precision measurement [337] of the yb��� and �Ìz meson masses has been
performed at the collider VEPP-4M using the KEDR detector [352]. The polarimeter unit was installed in
the technical straight section of VEPP-4M and consisted of the polarimeter — two scintillation counters
detecting electron pairs of the intrabeam scattering whose rate is spin-dependent (Touschek effect [350])
and the TEM wave-based depolarizer [351]. The characteristic jump in the relative rate of scattered
electrons at the moment of resonant depolarization is (ÌË (5ÈÊÉ % with the statistical error of 0.3–0.4% for
the beam polarization degree higher than É�� %. Typical behavior of the rate ratio is shown in Fig. 3.10.

The characteristic uncertainty of the beam energy calibration due to the depolarization procedure
is 1.5 keV.

The first part of the experiment consisted of three scans of the yb��� ���D�X� region (the integrated
luminosity 8 � � nb � � , the beam energy spread

�y� 8 �4È / MeV) and three scans of the � �).-�X� region
(the integrated luminosity 8 , / nb � � , �L� 8 �4ÈÀ¡ MeV). Then the betatron and synchrotron dumping
decrements of VEPP-4M were rearranged to reduce the energy spread down to 0.45 MeV and the fourth
scan of yb��� ���D�X� was performed (the integrated luminosity is 8 ��� nb � � ). The goal of this was the
verification of systematic errors connected with the collider operating mode and the beam energy spread.
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The beam polarization time in the VEPP-4M ring is about 100 hours at the yb���%���D�X� -energy. For
the energy calibration runs, the beam spent the time sufficient for the polarization in the booster ring
VEPP-3 (2.5 hours at yb���%���D�X� and about 1 hour at �%�).-�^� ) and was injected to VEPP-4M without
essential loss of the polarization degree.

During the scan the data were acquired at seven energies around the resonance peak. Before data
acquisition, the beam energy calibration was made at point 1 to fix the current energy scale. At points 2–6
the calibrations before and after data taking were performed with the opposite direction of the depolarizer
frequency scan. The point 7 requires no energy calibration.

On completion of the scan the VEPP-4M magnetization cycle was performed and the whole proce-
dure was repeated. The energy dependence of the resonance cross-section was fitted taking into account
the interference with continuum and radiative corrections. The results obtained can be presented in the
form ] } [ ÷ d � � l � ] 6 �7Ù} [ ÷ d � � l � � ,GÝÖ���ÕÝº, å ��Ð ®

] ÷ d � � l � ] 6 �7Ù÷ d � � l � �×É4�QÝ¸.+ÉÌÝ	¡ å ��Ð ®
demonstrating the agreement with the world average values taking into account their uncertainties ofÝ � � keV and Ý ¡�� keV, respectively [245]. The following mass values have been obtained:] } [ ÷ d � � l � (��2¡ / ÈÀ¡4�D,%Ý¸�4ÈÍ�?���%Ý �4ÈÍ�+�7, ÎÓ��Ð ®

] ÷ d � � l � ( / * / ÈØ�+�+�GÝ'�4ÈÍ�-.+É%Ý¸�4ÈÍ�+�2¡%ÎÓ��Ð�È
The relative measurement accuracy reached � � ���V� � for the yb���%���D�^� , , � ���5� � for the �%�).-�X� and is
approximately 3 times better than that of the previous precise experiments in [334] and [347].

The new result for the mass difference is] ÷ d � � l � ] } [ ÷ d � � l � É+*�¡5ÈØ��¡ � Ý �4ÈÍ�-.-,ÌÝ �4ÈÍ�?�+�GÎÓ��Ð�È
Substantial improvement in the beam energy accuracy obtained by the presented experiment sets

a new standard of the mass scale in the charmonium range.

5.2 Bottomonia31

Development of the resonant depolarization method suggested and first realized in Novosibirsk [339,353]
also allowed high precision measurements of the resonance masses in the � family. The MD-1 group
in Novosibirsk carried out three independent measurements of the �����D�X� mass [340, 342, 343, 354].
The �����D�X� mass was also measured by the CUSB collaboration in Cornell [345]. Their result was
by �4È / (ÇÝÙ�4ÈØ�D, MeV or (5ÈÊ* � lower than that of MD-1. The reasons of this discrepancy are not clear,
however, when the MD-1 group performed a fit of the CUSB results using the Novosibirsk procedure (in
particular, it included a new method or calculating radiative corrections according to [355] instead of the
older approach of Ref. [356]), the difference between the two results decreased to �4ÈÊ(+. Ý��4ÈØ�D, MeV or��ÈÀ¡ � only.

The mass of the ���).-�X� meson was measured by the MD-1 group in Novosibirsk [342, 354] and
two groups in DESY — ARGUS and Crystal Ball [346]. Both groups in DESY obtained the mass value
consistent with that in Novosibirsk, the average being �4ÈÊÉÌÝ¸�4ÈÊ* MeV lower than that of MD-1.

The mass of the ���)(-�X� meson was measured by the MD-1 group only [342, 354]. As in the case
of the ���).-�X� meson, a systematic error of the measurement was less than 0.2 MeV, much smaller than
the statistical one.

31Author: S. Eidelman
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Finally, in 2000 all the results on the mass of the � [334,357] and � [340,342,343,354,354] family
resonances were updated [344] to take into account a more precise value of the electron mass [358, 359]
(for the � family an additional correction has been made to take into account the new way of calculating
radiative corrections [355]). In Table 3.11 we summarize the information on these experiments present-
ing for each detector the number of energy points and the energy range studied, the integrated luminosity
and the final value of the mass. The results after the update mentioned above are shown in parentheses.

Table 3.11: Mass Measurements in the þ Meson Family

Resonance Collider N of Points Detector A.Ú n p , Mass, MeV} ´ , MeV Reference pb � ������D�X� VEPP-4 43 MD-1 [343] 2.0 ¡ � / �4ÈÊÉ�¡%Ý¸�4ÈÍ�2¡ÌÝ �4ÈÍ�-É
9420–9490 ( [344]) ( ¡ � / �4ÈÊÉ4�GÝ �4ÈÍ�2¡ÌÝ �4ÈÍ�-É )

CESR 13 CUSB [345] 0.285 ¡ � É�¡5ÈÀ¡-,ÕÝ¸�4ÈØ�+�1Ý �4ÈÍ�7,
9446–9472���).-�X� VEPP-4 37 MD-1 [354] 0.6 ���+�-.+(5È / Ý �4ÈÊÉ

9980–10075 ( [344]) ( ���+�-.+(5ÈÊÉ Ý¸�4ÈÊÉ )
DORIS 13 ARGUS [346] 2.0 ���+�-.+(5È � ( Ý �4È � É

9960–10040 Cr. Ball [346] 2.0 ���+�-.+.5ÈÊ* Ý �4ÈÊÉ
Average [346] ���+�-.+(5ÈØ�\Ý �4È � Ý �4ÈÊÉ���)(-�X� VEPP-4 35 MD-1 [354] 1.25 ���-(+É+É5ÈÊ(%Ý �4ÈÊÉ

10310–10410 ( [344]) ( ���-(+É+É5ÈÊ. Ý¸�4ÈÊÉ )

6 SPIN AVERAGED AND FINE SPLITTINGS

6.1 Charmonium P states: COG and fine splittings32

The most precise determinations of mass and width come from the study of charmonium spectroscopy
by direct formation of !� � states in !h-h annihilation at the Fermilab Antiproton Source (experiments E760
and E835). The E760 collaboration measured the resonance parameters of the | j � and | j � [360].

For both E760 and E835-I, the transition energy of the Antiproton Accumulator was close enough
to the | j � mass to prevent stable running with large stacks in this energy region. Nevertheless, a few
stacks were decelerated to the | j � region at the end of Run I, yielding an unexpectedly high rate of yb��� �
events. The Accumulator underwent a major upgrade between 1997 and 2000, shifting the transition
energy [362] and allowing a smooth running at the | j � , with substantial increase in statistics [361], and
a better control of systematics.

A new measurement of the | j � parameters was made in year 2000, with roughly 15 times more
statistics than the predecessor experiment E760. The | j � parameters were also remeasured with statistics
comparable to those of experiment E760. This report includes the new results, in publication, not yet
included in the PDG.

The effect of scanning a narrow resonance with a beam of comparable width is show in Fig. 3.11,
where the excitation curve for one scan at the | j � is compared with the deconvoluted Breit Wigner shape
and the measured beam energy profiles for each point.

In mass and width measurements, the systematic error comes from uncertainties on auxiliary vari-
ables measured concurrently to data taking (changes in beam orbit length, efficiency and luminosity at
each energy point), as well as the absolute calibration of the beam energy. The absolute calibration of the
beam energy is deduced from the absolute calibration of the orbit length, done using �%�).-�^� scans, and

32Authors: R. Mussa, G. Stancari
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Fig. 3.11: Measured cross-section at each data point, excitation curve (full line) and deconvoluted resonance
curve (dotted line) for one scan at the Û ± © ; plotted in the lower part of the figure are the beam energy profiles
corresponding to each data point

assuming 3686.000 for the mass of this state. The more precise determination recently done at VEPP-
4, documented in the previous section, implies a systematic shift (up) of 70, 83, 89 keV of the | j ��� � � �
measurements respectively. The systematic error on | j masses from � �).-�X� mass determination reduces
then to 16,19,20 keV respectively, and is now negligible if compared to the other sources, which are
uncorrelated when we merge different scans. The impact of radiative corrections to account for proton
bremsstrahlung is still well below other systematic errors; it was estimated using the expression:� 6 ¡ Ñõ F �.- ®B´ � � - N x z!� ³ ~~ ú . ~} ´ ü ö � õ F � ´ � . ~ } ´ �
with

- � .+/u � $& ´ � . ¬ �ê
� ´ � ´ � � ¬ �ê � �Ïí î ´ � � ´ � ´ � � ¬ �ê �´ � � ´ � ´ � � ¬ �ê �

� � )+
� / È ,T���� � � �«| j � � ® ,�ÈÍ�·���� � � �«| j � � ® ,�ÈÊ.9����� � � �«| j � � È

Systematic shifts on masses are � ¬ �«| j ��� � � � � � � �4ÈÍ� / ® � �4ÈÍ�?� ® � �4ÈÍ�-.ÒÎÓ��Ð �U� � ; the shifts on total
widths are �T\t�ø\ 8 � ��� for all | j states.

E835 could also measure the | j � excitation curve in the h !h p u � u � channel, exploting the ampli-
fication due to interference with continuum. The measurement is compatible with result obtained in � �
and of course has correlated systematic errors.

A measurement of mass [365] and width [366] with accuracy almost comparable to the one ob-
tained in h !h annihilations was made by BES on the |Xj � , exploiting the sample of 3.8M �åz decays to
various decay channels. There are not yet mass and width measurements of | j states from the 14M � z
sample. Table 3.12 summarizes the most accurate results on masses and widths at present. Statistical
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Table 3.12: Parameters of Û ± states from E760, E835, and BES

R Expt. Mass(MeV/c
�
) \ (MeV) Ref.| j �

BES 3414.1 Ý 0.6 Ý 0.8 14.3 Ý 2.0 Ý 3.0 [365]
E835 3415.4 Ý 0.4 Ý 0.2 9.9 Ý 1.0 Ý 0.1 [361]
E835 3414.7 Ý 0.7 Ý 0.2 8.6 Ý 1.7 Ý 0.1 [363]
PDG 2004 3415.19 Ý 0.34 10.1 Ý 0.8 [245]|Üj �
E760 3510.61 Ý 0.10 Ý 0.02 0.88 Ý 0.11 Ý 0.08 [360]
PDG 2004 3510.59 Ý 0.10 0.91 Ý 0.13 [245]
E835 3510.725 Ý 0.065 Ý 0.018 0.88 Ý 0.06 Ý 0.09 [364]|Üj �
E760 3556.24 Ý 0.07 Ý 0.12 1.98 Ý 0.17 Ý 0.07 [360]
PDG 2004 3556.26 Ý 0.11 2.11 Ý 0.16 [245]
E835 3556.10 Ý 0.09 Ý 0.17 1.93 Ý 0.19 Ý 0.09 [364]

errors on | j � � � masses are obtained from gaussian sums of errors from event statistics and errors from
orbit length measurements; the latter are dominant, therefore future improvements will require to push
fractional errors on orbit lengths below ��� � � . In the case of | j � there is still room for improvement:
ten times more statistics at the | j � in a h !h annihilation experiment could take errors on masses down to
200 keV, and on widths down to 3%. To reach a comparable level on narrow |Qk states is very challenging,
and will require new ideas.

It is finally possible to present the results on P states by calculating the spin independent ( ]µ�NÜiÙ ),
spin–orbit ( l Ä � ) and tensor ( l � ) terms of the ��!� Hamiltonian. All values are summarized in Table 3.13.

Table 3.13: Fine splittings between ÛN± states

��!�-�«ï � �D�] �NÜiÙ (in MeV)�·] � � � ] �«| j � � � ] �«| j � � (in MeV) 45.6 Ý 0.2�·] � � � ] �«| j � � � ] �«| j � � (in MeV) 95.3 Ý 0.4? �«|t� � �9] � � �q�·] � � 0.470 Ý 0.003l � (in MeV) 10.06 Ý 0.06l Ä � (in MeV) 34.80 Ý 0.09

6.2 Bottomonium P states: COG and Fine splittings33

After discovery of the �����D�X� , ���).-�X� and ���)(-�X� resonances at the fixed target hLè experiment at Fermi-
lab in 1997 [367] the first two were observed a year later at the d � d � storage ring DORIS at DESY [368].
Since DORIS energy reach was stretched well beyond its design, the ���)(-�X� could not be reached. The

33Author: T. Skwarnicki
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limited statistics and limited photon detection capabilities of the detectors prevented observation of the|"k } ���$ � states via E1 photon transitions from ���).-�X� at that time. Energy range of another d � d � storage
ring, CESR at Cornell University, was extended high enough to reach the ���)(-�^� in 1982. The CUSB de-
tector at CESR had sufficient photon detection resolution in NaI(Tl)/Lead-glass calorimeter to discover
the three |"k } �).q$Ç� states in inclusive photon spectrum in ���)(-�X� decays [369]. The y � � and y � .
states were also observed in two-photon cascade, ���)(-�X� p � |^k } �).q$Ç� , |Ük } �).q$Ç� p � ���«ïÜ�X� ( ï � � ® . ),
followed by ���«ïÜ�X� p ` � ` � , where

` � ` � stands for d � d � or B � B � [370]. The latter “exclusive” approach
eliminates all photon backgrounds from u � s copiously produced in hadronic decays of ~ !~ states, but re-
sults in low signal statistics. In fact, the y � � is very difficult to observe this way since it has larger
gluonic annihilation width, which suppresses branching ratios for radiative transitions. A year later the
CUSB experiment produced similar evidence for |^k } ���$Ç� states in the ���).-�X� data [371]. The y � . andy � � states were also observed by the CLEO experiment in inclusive photon spectrum, with photons
reconstructed in the tracking system after conversion to d � d � pairs at the beam-pipe [372].

Meanwhile DORIS accumulated more data at the ���).-�X� resonance with two new detectors: mag-
netic spectrometer ARGUS, and NaI(Tl)-calorimeter Crystal Ball, which previously explored photon
spectroscopy in charmonium at SPEAR. The Crystal Ball confirmed the CUSB results on the |\k } ���$Ç�
states [373], though the y � � photon line was observed at a different energy, soon confirmed by AR-
GUS via photon conversion technique [374]. Analysis of angular correlation in �V� ` � ` � by Crystal Ball
established spin assignment to the observed |Xk � ���$Ç� and |"k � ���$ � states [375]. Next round of improve-
ments in experimental results came about a decade later from the CESR upgraded to higher luminosity
and upgraded CUSB and CLEO experiments. The CUSB-II detector was equipped with compact BGO
calorimeter. The CLEO II collaboration built large CsI(Tl) calorimeter which was put inside the super-
conductive magnet. Both experiments improved the results on |1k } �).q$Ç� states, with the increased ���)(-�X�
data size [376].

A few years later the CLEO II experiments took a short ���).-�X� run. Even though the number
of ���).-�X� resonance decays was not much larger than in the previous measurements, the results on|"k } ���$ � states were substantially improved [377] thanks to much larger photon detection efficiency of
well-segmented CLEO II calorimeter.

CESR continued to improve its luminosity via the storage ring upgrades. Its running time was
exclusively devoted to n -meson physics with data taken at the ��� � �X� resonance. The CLEO tracking
and particle identification systems were replaced, while the CsI(Tl) calorimeter was preserved. After then physics program at CESR had ended, the CLEO III detector accumulated large samples at the narrow���«ïÜ�^� resonances. Number of collected ���).-�X� and ���)(-�^� resonant decays was increased by an order
of magnitude. Analysis of inclusive photon spectra has been recently completed [378]. Photon lines
due to ���).-�^� p'� |"k } ���$Ç� and ���)(-�X� p � |"k } �).q$Ç� observed in inclusive photon spectrum are shown
in Fig. 3.12 and Fig. 3.13 respectively. Determination of energies of these photon lines is limited by
the systematic error in calibration of the calorimeter. The latter was improved in CLEO III by analysis
of the �%�).-�X� photon spectrum obtained with the same detector [379]. Since the photon energies in� �).-�X� p � | j�} ���$Ç� transitions are precisely know from the scans of the resonant cross-sections in d � d �
( �%�).-�^� ) or !h+h ( | j�} ) collisions, the � �).-�X� photon lines were turned into the calibration points.

Comparisons of the photon energies for ���).-�X� på� |Xk } ���$Ç� and ���)(-�X� p'� |"k } �).q$ � determined
in various experiments, together with the world average values, are shown in Fig. 3.14 and Fig. 3.15
respectively. The masses of the |Òk } ���$Ç� ( |Ük } �).q$Ç� ) states can be calculated from these photon energies
and the masses of ���).-�X� ( ���)(-�^� ). The errors on the latter are significant, thus the errors on the masses
of the |"k } �«ïÝ$Ç� states are strongly correlated between different values of y . These need to be properly
taken into account when calculating the centre-of-gravity mass and fine-splitting parameters. The results
are tabulated in Table 3.14.
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Fig. 3.12: Fit to the þ÷F H�JML \¼Ý ÛRÞ ¿ F�«¯�¡L ( n]�DH��U«^�È� ) photon lines in the CLEO III data. The points represent the
data (top plot). Statistical errors on the data are smaller than the point size. The solid line represents the fit. The
dashed line represents total fitted background. The background subtracted data (points with error bars) are shown
at the bottom. The solid line represents the fitted photon lines together. The dashed lines show individual photon
lines.

62

54

46

38

30

7.5

5.0

2.5

0
50 60 70 80 100 120 160

(  104)+

E  (MeV)

1631004-096

Nu
m

be
r o

f P
ho

to
ns

 / 
2%

 B
in

Fig. 3.13: Fit to the þ÷FI�KJML \¼Ý Û Þ ¿ FIH^�¡L ( n]�DH��¹«@��� ) photon lines in the CLEO III data. See caption of Fig. 3.12
for the description. Small solid-line peaks in the bottom plot show the ÛiÞ ¿ F H[�¡L \�Ý þ÷F�«]� L and þ÷F H�JML \¼Ý Û�Þ ¿ F#«]�¡L
contributions.
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Average: ���+���4È � Ý �4ÈÊ(-� MeV Average: ���×.�¡5È / Ý �4ÈÊ(-� MeV
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Fig. 3.14: Measurements of the photon energies in þ÷FIHKJML \µÝ ÛiÞ ¿ F#«]�¡L . The vertical bars indicate the world aver-
age value (solid) and its error (dashed). These are also listed on top. The thick horizontal bars to the right of the
name of the experiment give the relative weight of each experiment into the average value. Photon energy mea-
surements from analyses of exclusive Ý(Ý¦^ Z ^hÕ events are indicated with an “(e)” after the date of the publication.
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Fig. 3.15: Measurements of the photon energies in þ÷FI�KJML \µÝ ÛiÞ ¿ FIH^�¡L . The vertical bars indicate the world aver-
age value (solid) and its error (dashed). These are also listed on top. The thick horizontal bars to the right of the
name of the experiment give the relative weight of each experiment into the average value. Photon energy mea-
surements from analyses of exclusive Ý�Ý©^ Z ^�Õ events are indicated with an “(e)” after the date of the publication.

126



SPECTROSCOPY

Table 3.14: Masses and fine splittings for the ÛiÞ"FÚj��¡L states obtained from the world average values. The values ofß given in brackets come from the CLEO III measurements [378] and have smaller errors than the world average
values since cancellations in the systematic errors of photon energies for different n values are properly considered.

~ !~��«ï � �D�] �«|Ük � � 9912.2 Ý 0.4 (in MeV)] �«|Ük � � 9892.8 Ý 0.4 (in MeV)] �«|Ük � � 9859.5 Ý 0.5 (in MeV)]ô�NÜiÙ 9899.9 Ý 0.4 (in MeV)�9] � � � ] �«|Ük � � � ] �«|"k � � (in MeV) 19.4 Ý 0.4�9] � � � ] �«|Ük � � � ] �«|"k � � (in MeV) 33.3 Ý 0.5? �«|t� � �·] � � �q�9] � � 0.584 Ý 0.016 (0.574 Ý 0.012)l � (in MeV) 3.27 Ý 0.08l Ä � (in MeV) 13.64 Ý 0.14~ !~��«ï � .-�] �«|Ük � � 10268.7 Ý 0.5 (in MeV)] �«|Ük � � 10255.4 Ý 0.5 (in MeV)] �«|Ük � � 10232.6 Ý 0.6 (in MeV)]ô�NÜiÙ 10260.3 Ý 0.5 (in MeV)�9] � � � ] �«|Ük � � � ] �«|"k � � (in MeV) 13.3 Ý 0.3�9] � � � ] �«|Ük � � � ] �«|"k � � (in MeV) 22.8 Ý 0.4? �«|t� � �·] � � �q�9] � � 0.583 Ý 0.020 (0.584 Ý 0.014)l � (in MeV) 2.25 Ý 0.07l Ä � (in MeV) 9.35 Ý 0.12

6.3 Bottomonium D states34

The lowest radial excitations of the D states in charmonium have masses above the the v !v meson
threshold. The lightest member of the spin-triplet is a vector state. It is identified with the � �)(-,+,U�7� state,
which is a third ��!� resonance observed in the d � d � cross-section. Unlike the yb���%���D�X� and the �%�).-�^�
resonances, the �%�)(-,+,U�7� is broad because it decays to v !v meson pairs. Since, the coupling of the v
state to d � d � is expected to be small, its large d � d � cross-section is attributed to a significant mixing
between the .-� and � v y 6 � � � �Z� states. Whether the narrow & �)(+*-,�.-� state is one of the other
members of the � v family is a subject of intense disputes. The y � . states (the spin triplet and the spin
singlet) are narrow below the v !v � threshold, since they can’t decay to v !v . The y � ( state can decay
to v !v but, perhaps, its width is sufficiently suppressed by the angular momentum barrier [187]. In all
scenarios, masses of all � v states must be strongly affected by the proximity of open-flavour thresholds
via coupled channel effects.

In contrast, the � v states of bottomonium are well below the open-flavour threshold, thus their
masses are easier to predict theoretically. Unfortunately, the mixing of the .-� and � v y 6 � � � �Z� states
is expected to be small for bottomonium. Not surprisingly, the y � �%� v ~ ! ~ state has not been observed
in d � d � collisions. The spin-triplet states are accessible from the ���)(-�X� resonance by two subsequent
E1 photon transitions via intermediate |Xk } �).q$Ç� states. Energies of photons in the |Òk } �).q$Ç� p � ����� v �
transitions fall in the same range as the dominant ���)(-�X� p'� |^k } �).q$Ç� photon lines. Therefore, they
cannot be resolved in the inclusive photon spectrum. Two-photon coincidence is of not much help, since
the photon background from u � decays is very large in ���)(-�X� decays. Nevertheless, the ����� v � states
have been discovered by CLEO III in the ���)(-�^� decays [380]. The photon backgrounds are removed

34Author:T. Skwarnicki

127



CHAPTER 3

( a )

( b )

12
10

8
6
4
2
0

6

4

2

0
10100 10125 10150 10175 10200

Ev
en

ts
 / 

2.
5 

M
eV

Ev
en

ts
 / 

1.
0 

M
eV

Mass (MeV)

1630304-051

Fig. 3.16: Distributions of the measured þ÷F�«¯� L mass in the CLEO III data [380] using (a) the recoil mass against
the two lowest energy photons, (b) the fit implementing the ÛiÞ ¿^à FIH^�¡L , ÛRÞ ¿ F�«¯�¡L , þ÷F�«�JML mass constraints. The
results of fits for a single þ÷F�«¯� L state are superimposed. The mass-constraint method produces satellite peaks
because of ambiguities in n�o and n values.

by using the “exclusive” approach (see the previous section), in which the three additional decays are
required, ����� v � på� |"k } ���$Ç� , |"k } ���$ � p'� �����D�X� , �����D�X� p ` � ` � . Since the product branching ratio
for these five subsequent decays is rather small [204, 381], the large CLEO III sample of the ���)(-�X�
resonances was essential for this measurement. After suppression of the ���)(-�X� p u � u � �����D�X� and 4-
photon cascades via the |Òk } �).q$ � , ���).-�X� , |"k } ���$ � states 38 � v candidates are observed in the CLEO III
data. The mass of the � v state is estimated by two different techniques, as shown in Fig. 3.16. In both
cases, the mass distribution appears to be dominated by production of just one state. The theoretical
and experimental clues point to the y � . assignment. The mass of the � � ��� v � state is measured by
CLEO III to be: �����?� / ��ÈØ�9Ý¸�4È / ÝÖ��È / � MeV.

Masses of the other bottomonium � v states remain unknown. However, the fine structure of the� v spin-triplet is predicted to be small. All potential model calculations predict the � � ��� v � mass to be
between �4ÈÊÉ and ��ÈÍ� MeV lower than the centre-of-gravity (c.o.g.) mass for this triplet [204]. Adding this
theoretical input, CLEO obtains �����?� / .ÒÝß.-� MeV for the c.o.g. mass, where they assigned an additional
uncertainty of 1 MeV to the correction for the � � v � � c.o.g. mass difference.

The CLEO III also looked for ����� v � p u � u"� �����D�X� and ����� v � p i?�����D�X� transitions. No evi-
dence for such decays was found and upper limited were set [380]. The upper limit on ����� v � p u � u ������D�X� rules out rather large width for this transition predicted by the Kuang–Yan model [325, 382].
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Fig. 3.17: Invariant mass distributions for á ®â á¼ãRä�å (left) and ���� (right) events from BES

7 HYPERFINE SPLITTINGS

7.1 æZ��Ñwç�èêé�ëìÔ : comparison of all measurements35

Despite the large variety of available data on the i?j ���D�^� , the precise determination of its mass and
width is still an open problem. It is likely that unexpected systematic errors be present in some of these
measurements. It is worth to compare the subsets of measurements of masses and widths of the i j done
with the same reaction, before comparing the large variety of techniques which allowed to measure this
state, each one with its own dominant systematic error. The two states share most of the decay channels,
therefore the same analysis is usually applied to extract their signal.

7.1.1 i j (1S) in yb��� and � z decays
The i-j parameters have been extracted from the radiative transitions of yV��� and �¸z by a large number
of experiments: while Crystal Ball (and more recently CLEO-c) studied the inclusive photon spectrum,
Mark II and III, DM2, BES studied the invariant mass distributions of decay products in reactions with
2 or 4 charged tracks and 0 to 2 neutral pions. The samples taken in the 80’s and early 90’s were re-
cently overwhelmed by the 58 M BES sample. Table 3.15 summarizes the mass and width measurements
done in the past 20 years. The i j peak is observed in the invariant mass of the following decay modes:s �í s Á u Ë , u � u � u � u � , u � u � s � s � , s � s � s � s � , h !h . Figure 3.17 shows two of these distribu-
tions.

Table 3.15: The world largest samples of nE±�E and E o used for the determination of the în± mass and width.

Expt. MarkIII DM2 BES I BES II
year 1986 1991 2000 2003
Mass( ÎÏ��Ð �7� � ) 2980.2 Ý 1.6 2974.4 Ý 1.9 2976.3 Ý 2.3 Ý 1.2 2977.5 Ý 1.0 Ý 1.2
Width(MeV) 10.1

� �� ( �� � ( � – 11.0 Ý 8.1 Ý 4.1 17.0 Ý 3.7 Ý 7.4
Sample 2.7M yb��� 8.6M yb��� 3.8M �åz +7.8M yb��� 58M yb���

35Authors: R. Galik, R. Mussa, S. Ricciardi
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Fig. 3.18: Cross-section (black dots) observed by E760 (left) and E835(right) for the reaction ���� \�Ý(Ý in the region
with cos ¨ ��ïñð 0.25(E760), 0.2(E835). The blank squares show the expected feed-down from ä ® ä ® �rä ® Ý .

A cut on the kinematic fit to the exclusive hypothesis (referred as yb��� veto) is applied, to reject
direct yb��� decays to the same channels, or feed-down from other decay channels, such as �.ê ® � � uZu ,ê s � s � , �ws �� s �� . The systematic errors on mass determination come mostly from the mass scale
calibration (0.8 ÎÓ�aÐ¿�+� � , calculated by comparing s �� ,

�
and even | j masses with PDG values) and from

the yb��� veto. The yV��� veto is also the dominant source of systematics on the total width determination:
5.6 out of 7.4 ÎÏ��Ð �7� � .
7.1.2 i j (1S) in h !h annihilations
The i j was investigated in h !h annihilation only in the �V� channel, which is affected by a substantial
feeddown from the continuum reactions u � u � and u � � : both reactions are sharply forward-backward
peaked. The number of ’signal’ events is 12 in R704, 45 in E760 and 190 in E835, which respectively
took 0.7,3.6,17.7 pb � � of data in the i7j mass region. It is worth to stress the fact that an increasing amount
of integrated luminosity was taken away from the peak , in order to better understand the size and nature
of the non resonant background. The experiment E835 can discriminate a u �

from a single photon with
96.8% efficiency: this reduces the feed-down to 0.1%

� 1 7 1 7 + 3.2%
� 1 7 S at } ´ � .�¡+* � ÎÏ��ÐÇ�U� � .

The very small sample taken by R704 in the resonant region ends up with a remarkably small
result on the i7j width: all this is based on the ansatz to have a small background. Such hypothesis was
strongly disconfirmed by E760, therefore the R704 result is affected by a very large hidden systematic
error. The statement is even stronger, if we take into account that the R704 fiducial region was extended
up to ��X ´ �*³ j ; � 1 7 � � �4ÈÊ(+É , where the feeddown dominates, and the detector did not have full azimuthal
coverage (thus introducing an even larger feeddown).

E835 precisely measured the u � � and u � u � cross-section: the feeddown from these reactions
can account for most of the background. E835 could not exclude the existence of a residual tiny �b�
continuum, which can in principle interfere with the resonant reaction, but is not large enough to shift
the mass peak beyond the statistical error. Figure 3.18, on the right, shows both signal and feed-down
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cross-section observed in E835. A power law dependence on energy was assumed for the background,
in the fits. The choice of background parametrization and of the fiducial region for the signal are the
dominant sources of systematic error, which amounts to 1 ÎÓ�aÐ¿�+� � on the mass and 2 MeV on the width.
A comparative summary of h !h measurements on i j ���D�X� parameters can be found in Table 3.16.

Table 3.16: Comparison of E760 and E835 results.

Expt. E760 E835
Ldt (pb � � ) 3.6 17.7¬ �«i j � ( ÎÓ�aÐ¿�+� � ) 2988.3 Ý 3.3 2984.1 Ý 2.1 Ý 1.0\Q�«i j � ( ÎÓ�aÐ¿�+� � ) 23.9

� � � ( �� ��( � 20.4
� ��( �� ��( � Ý¸.5ÈÍ�

E760 and E835 also searched for the i j �).-�X� state in the energy range (+É-,�ÉÒÎÓ�aÐ¿��� � � } ´ �( /�/ �XÎÓ�aÐ¿��� � , putting a 90% CL upper limit at ¦ 0.4 eV on � �«i j �).-�X� p h !h �¯�×\Q�«i j �).-�X� p'�b� � .
7.1.3 i j (1,2S) in B decays
In the last years, the B-factories have exploited the B meson decays to charmonium as a new powerful tool
for the measurement of the i j mass [393], as well as for the discovery of i j �).-�X� and the measurement
of its mass. Exclusive decays of both B

�
and B

�
mesons were detected with the i j reconstructed in

the s �� s Ë u Á , s � s � u � , s � � s Ë u Á , !h+h decay channels. Exploiting common decay modes, it was
possible to measure the mass difference between yb��� and i?j , Fig. 3.19 (left) shows the invariant mass
distribution of decay products from n p s � & in the 2.75–3.2 GeV/c

�
region: yb��� and i j peaks

are clearly visible. Fitting the distribution with a Breit–Wigner convoluted with a MonteCarlo generated
resolution function, it was possible to extract a value of 2979.6 Ý 2.3 Ý 1.6 MeV/c

�
for the mass , and a

total width of 29 Ý 8 Ý 6 MeV (from a sample of 182 Ý 25 events, out of 31.3 M n !n pairs). The systematic
errors include the effect of varying the bin size as well as the shape of background, and the difference
between data and MC generated detector resolutions.

The s �� s Ë u Á final state is an ideal place to look for the i4j×�).-�X� , a state which was awaiting
confirmation since its first and only observation by Crystal Ball in the inclusive photon spectrum from��z decays. In 2002, the Belle collaboration reported the evidence of i j �).-�^� production via the exclusive
processes n � p s � i j �).-�X� and n � p s �� i j �).-�^� . Given the suppression of the � z p¸s � s Á u Ë decay,
contamination from the process n p s �åz is estimated to be negligible. The first evidence [207] of thei-j×�).-�X� came from a sample of 44.8M n !n pairs, using the exclusive channel n p's � s �� s � u � � . A
likelihood function based on the angle between the B candidate and the d � d � axis, and on the transverse
momenta of the other tracks with the respect to the B candidate thrust axis, was used to suppress any
background from continuum processes. Given a good B candidate, the feeddown from n p v � v Ô � � &
was reduced by cutting at Ø ] Ì 1 � ]ô� Ø4� ���XÎÓ�aÐ¿�+� � and Ø ] Ì í Ì t � ]ô� z Ø5� ���XÎÓ�aÐ¿�-� � ; the feeddown
from n p s � � & was reduced by cutting at Ø ] Ì 1 � ] Ì   ØÇ� É��XÎÓ�aÐ¿�+� � , as the i j �«ïÜ�^� p sßs �
component is expected to be suppressed by the angular momentum barrier. The mass for the i j �).-�^� was
measured to be 3654 Ý 6 Ý 8 ÎÏ��Ð �+� � , with systematic error coming mostly from the choice of binning. A
90%C.L. upper limit on the width at 55 MeV was given.

7.1.4 i j (1S) in �V� fusion
The d � d � collider detectors collecting data in the ��� � �^� region (CLEO, BaBar, BELLE) have good
“reach” to produce % � � � charmonium states through two-photon fusion. These are states such as
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Fig. 3.19: On the left: distribution of reconstructed B decays to ò�ó]ôrõ¯öi÷ and ø�ùwú , in the common final stateû�üý û¼þRÿ��
, from refs. [393]. On the right: Belle observed the ò ó ô � öi÷ both in B decays (top, from ref. [207]) and

in double ���� (bottom, from ref. [394]).

the ��� and 	
� which are not produced directly in the ������ annihilation process. Such ��� interactions
strongly peak at low � �

so that the scattered lepton are not detected (“untagged” events) and the photons
are approximately real. For instance, in CLEO the active detector elements go to within ����� of the beam
axis, or � cos ��������� ��! ; this means that untagged events all have photons with " �

less than roughly 1 GeV
�
,

and usually much less.36 Both CLEO and BaBar have thus recently studied the reactions:

�#�%$'&(�)�+*,�.-�0/ $21435 176
8:97�
The � � is known to be coupled to two photons ( ;<&(� � $=�#� /?>A@CB%D �.�FE ). An estimate of the two-
photon production rate of �G�H&I�)J / suggests that also the radial excitation could be identified in the current�K����ML -factory [395]. The regions of the detector acceptance occupied by such �#� fusion reactions
and the competing initial state radiation (ISR for short, also called “radiative return”) processes are quite
dissimilar for a symmetric collider experiment such as CLEO and the asymmetric L -factories. Given this
and the differing sources of systematic uncertainties, the BaBar and CLEO results are rather independent.

The CLEO analysis used N DPO fb �%Q and N D ! fb �%Q of data taken with the CLEO II and CLEO III
detectors, respectively, mostly near the R (4S) resonance. The particle identification systems and tracking
chambers in these two configurations are quite different, so these can be considered truly independent
experiments. The preliminary results were first shown at the April 2003 APS meeting and submitted
[387] to the EPS meeting of that summer; final results have recently been submitted for publication
[388]. The BaBar collaboration has both preliminary [210] and final results [389], based on a sample
of data corresponding to an integrated luminosity of about �� fb �%Q . In the CLEO analysis, these events
are characterized by lots of missing energy and momentum, but very little transverse momentum (S
T )
of the hadronic system and very little excess energy in the detectors. The selection criteria included thatS�UV�W��� XZY\[^]:*)_ , that there were no additional charged tracks, and that the unassociated energy in the
electromagnetic calorimeter was less than 200 MeV (300 MeV) for CLEO II (CLEO III). The CLEO
mass spectra are shown in Fig. 3.20(a,b) , clearly indicating evidence for both the ��� and � -� . Fits to

36The one published tagged CLEO analysis started at `ba:c4dfe g GeV a .
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these spectra (polynomial backgrounds, Breit–Wigner line shapes, double-Gaussian detector resolution
functions) yielded the results shown in Table 3.18.

In the BaBar analysis, events are selected by requiring four charged particles with total transverse
momentum h Æ ���4ÈÊÉXÚ%�aÐ¿�+� and total energy in the laboratory frame ä ¥ � Û � ¡ GeV, in order to suppressd � d � p © !© events. One track is required to be identified as a kaon and pairs of oppositely charged tracks
are used to reconstruct s �í p u � u"� decays. The s �í s � u"� vertex is fitted, with the s �í mass constrained
to the world average value.

Figure 3.20 (c) shows the resulting s �í s � u"� invariant mass spectrum. The presence of a peak at
the yb��� mass is due to ISR events, where a photon is emitted in the initial state, and a backward-goingyb��� is produced, its decay products falling into the detector acceptance because of the Lorentz boost
of the centre of mass. A fit to this distribution with a sum of a smooth background shape, a Gaussian
function for the yb��� peak and the convolution of a non-relativistic Breit–Wigner shape with a Gaussian
resolution function for the i j peak, gives:

¬ ��yb���G� � ¬ �«i j � = (114.4 Ý 1.1) ÎÓ�aÐ¿�+� � , ¬ ��yb���G� = (3093.6Ý 0.8) ÎÏ�aÐ¿��� � , \1�«i j � = (34.3 Ý 2.3 ÎÏ��Ð �+� � ), � ��yb���9� = (7.6 Ý 0.8) ÎÏ�aÐ¿��� � . The numbers of i j andyb��� events are respectively 2547 Ý 90 and 358 Ý 33.
The results from B-factories can be compared in Table 3.19.
For CLEO, the three major sources of systematic uncertainty in the masses of these singlets are

(i) comparisons of masses of the s �� (in u � u � ), the v �
(in s �� u � u � ), and the v �

(in s � u � u � )
between CLEO data and the Particle Data Group compilations, (ii) dependences on fitting shapes used
for background and for signal, and (iii) the observed shifts between mass values used as input to the
Monte Carlo simulations and the mass values reconstructed. In obtaining the widths of these mesons, the
dominant source of possible bias is the shape assumed for the background.

In BaBar, the i j mass resolution
� �«i j � is constrained by the close yb��� peak; the small difference

(0.8 ÎÓ�aÐ¿��� � ) observed between
� ��yb���G� and

� �«i�jB� in the simulation is taken into account in the fit to
data. The simulation is also used to check for possible bias in the fitted masses. The i j and yb��� mass
peaks are shifted by the same amount (1.1 ÎÓ�aÐ¿�+� � ) in the simulation, therefore the bias does not affect
the mass difference. The systematic error on the mass accounts for an uncertainty on

¬ ��yb���G� �¬ �«i j �
due to the background subtraction, and for an uncertainty associated to the different angular distribu-
tions of the yb��� and the i j . The systematic error on the width is dominated by the uncertainty in the
background-subtraction and in the mass resolution.

7.1.5 Overview on all results
Table 3.20 and Figs. 3.21 and 3.22 summarize the results of an attempt to fit the mass of the ibj ���D�^� by
using (a) all measurements quoted in this review, (b) only measurements published in the last 5 years,
and results from (c) �%��� ® .-�X� decays, (d) h !h annihilation, (e) B-factories. The only rationale for dataset
(b) is to exclude samples that were superseded by new data taken by the same experiment. A scale factor
S was applied on the

�
’s whenever the confidence level of the | �

obtained from the fits was below 10%.
The results are then compared with the values found in PDG 2004. The B-factories have been arbitrarily
grouped together, despite they use different techniques.

Despite the substantial improvement in statistics, and the new ways to explore the iVj×�«ïÜ�X� states
which came from the B-factories, a discrepancy between results obtained by different techniques re-
mains. The increase in statistics has been surely beneficial in understanding systematic effects. Nonethe-
less , crosschecks between all different measurement techniques will be even more vital in the future,
when statistic errors will be further reduced. Hopefully both asymmetric B-factories will be able to do
internal crosschecks of the results from �V� fusion and from B-decays. CLEO-c will be able to crosscheck
the �V� measurement by CLEO III with one from � ��� ® .-�X� decays.
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Fig. 3.22: Mass and width fits for oqpPu(vKw:x
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Table 3.17: Various theoretical estimates for the mass splitting z}P � P F þ L ÿ P F î�ÞÞL .
� ¬ ! ÎÓ��Ð �U� � " Ref

lattice NRQCD 19 – 100 [53, 406–410]
lattice potential 60 – 110 [411]
pQCD 36 – 55 [93, 412]�D� ¬ expansion 34 – 114 [413]
potential model 57 – 141 [414] [415–418]

Table 3.18: Summary of the results for î ± and îuo± for both CLEO II and CLEO III data sets. The errors shown are
statistical only.

CLEO II CLEO III
i-j i�zj i-j i�zj

Yield (events) 282 Ý 30 28
� � �� � � 310 Ý 29 33

� � �� ��
Mass (MeV) 2984.2 Ý 2.0 3642.4 Ý 4.4 2980.0 Ý 1.7 3643.4 Ý 4.3
Width (MeV) 24.7 Ý 5.1 3.9 Ý 18.0 24.8 Ý 4.5 8.4 Ý 17.1
significance 15.1

�
4.4

�
17.0

�
4.8

�
m��«i�zj ��i-jB� 0.17 Ý 0.07 0.19 Ý 0.08

Table 3.19: Comparison of CLEO, BaBar and Belle results.

Expt. CLEO BaBar Belle
Ldt( » ~D� � ) 13+14 90 29.1 [393], 31.3 [207]¬ �«i j � ( ÎÓ�aÐ¿�-� � ) 2981.8 Ý 1.3 Ý 1.5 2982.5 Ý 1.1 Ý 0.9 2979.6 Ý 2.3 Ý 1.6 [393]\Q�«i j � (MeV) 24.8 Ý 3.4 Ý 3.5 34.3 Ý 2.3 Ý 0.9 29 Ý 8 Ý 6 [393]¬ �«i j �).-�^�B� ( ÎÏ��Ð �-� � ) 3642.9 Ý 3.1 Ý 1.5 3630.8 Ý 3.4 Ý 1.0 3654 Ý 6 Ý 8 [207]\Q�«i j �).-�X�B� (MeV) � 31 (90%CL) 17.0 Ý 8.3 Ý 2.5 � 55 (90%CL) [207]

Table 3.20: Fits of all îê± mass measurements

Dataset Mass( ÎÏ��Ð �7� � ) S C.L.
(a) ALL 2980.0 Ý 1.2 1.82 0.09%
(b) ALL after 1999 2980.4 Ý 1.2 1.44 6.6%
(c) �%��� ® .-�X� decays 2977.5 Ý 0.9 1(1.38) 13%
(d) h !h 2984.5 Ý 1.6 1(1.05) 33%
(e) B-factories 2981.9 Ý 1.1 1(0.65) 65%
PDG 2004 2979.6 Ý 1.2 1.7 0.1%
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7.2 æ¿� (nS) and {X� (nP): searches37

Over twenty-five years after the discovery of the �����D�^� , no pseudoscalar ~ ~ states have been conclusively
uncovered. In recent years, the search has been conducted at CLEO, LEP, and CDF, using both inclusive
and exclusive methods.

The inclusive CLEO search [399] identifies distinctive single photons with its high-resolution CsI
electromagnetic calorimeter. These photons are signatures of � radiative decays, in this case ���)(-�X� pi-k � , ���).-�X� p i-k � , ���)(-�X� p i zk � , and ���)(-�X� p lVk u � or lFk u � u"� followed by lVk p i-k � . Godfrey
and Rosner have pointed out that these hindered M1 transitions could have observable branching ratios,
in spite of their small associated matrix elements, because of their large phase space [204].

No evidence of a signal for any of the above modes has been seen in the total .5È � �.� � � of data
taken at the ���).-�X� and ���)(-�X� resonances between 2001 and 2002, corresponding to roughly six million
decays of each resonance. Figure 3.23 shows the resulting 90% C.L. upper limits on the branching
fractions. Several of the theoretical predictions shown can be ruled out.

It has been shown that with the full data samples of LEP 2, the i?k����D�X� might be detected in two-
photon events [404,405]. The i5k is fully reconstructed with four, six, or eight charged decay products and
possibly a u � . In the expected mass range, for which estimates are listed in Table 3.17, the corresponding
invariant mass distribution is rapidly decreasing, and the background from g pairs can be kept small.

Table 3.21 summarizes the results for ALEPH, L3, and DELPHI. The search by ALEPH [419] in
an *��+� ÎÏ��ÐÇ�U� � window turned up one candidate, shown in Fig. 3.24, with an excellent mass resolution
of (��ÆÎÓ��Ð �U� � at a mass of ¡5ÈÊ(��¾Ý �4ÈÍ�-(ÓÚ%��ÐÇ�U� � . The signal expectation is about 1.6 events over one
background event.

Table 3.21: 95% C.L. upper limits on the înÞ two-photon partial width times branching ratio into various hadronic
states from searches at LEP.

Expt final state \ SiS �$� (keV) Ref
ALEPH 4 charged �º�4ÈÍ� � * [419]

6 charged ���4ÈØ�×(+. [419]
L3 s � s �Zu � �º.5ÈÊ*+( [420]

4 charged ���4ÈÊ.4� [420]
4 charged u � ���4ÈÊÉ�� [420]
6 charged ���4ÈÊ(+( [420]
6 charged u � �ºÉ5ÈÊÉ�� [420]u � u"� i z �º(5ÈÍ�+� [420]

DELPHI 4 charged ���4ÈÍ�2¡+( [421]
6 charged ���4ÈÊ.-,U� [421]
8 charged ���4È ,�*�� [421]

L3 has reported an analysis, considered close to final, in six decay modes [420]. Six candidates
are found, compatible with an expected background of 2.5 events. The mass measurement is dominated
by the detector resolution of about (��+�ÇÎÓ��ÐÇ�U� � .

Recently, DELPHI has also reported preliminary results [421]. A total of seven candidates are
found in a search window of � �+�ÆÎÓ��ÐÇ�U� � . The expected background level is 5.5 events, and the mass
resolution roughly �×.��ÇÎÏ��ÐÇ�U� � .

37Authors: A. Böhrer, T. Ferguson, J. Tseng
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Fig. 3.25: The 4-muon invariant mass distribution from nJ±iE�nE±�E events in CDF Run 1 data. The search window,
the upper side of which is the world-averaged þ÷F#«�JML mass [245], is marked by arrows.

CDF has searched for the exclusive decay i4k p yb���Gyb��� , where both yb��� ’s decay to muon pairs,
in the full 1992–96 “Run 1” data sample of about ���+�å�k� � � [422]. The mass spectrum is shown in
Fig. 3.25; in this region, the mass resolution is about ���ÆÎÓ��ÐÇ�U� � . A small cluster of seven events can
be seen, where 1.8 events are expected from background. The statistical significance of the cluster is
estimated to be .5ÈÊ. � . A simple fit to the mass distribution gives ¡ �+� É%Ý / � ´Dµ f µ �ÒÎÓ��ÐÇ�U� � as the mass of
the cluster, where the error is only statistical. The mass difference relative to �����D�X� is well to the low
side of the theoretical expectation. If this cluster is due to i?k decay, then the product of its production
cross-section and decay branching fractions is near the upper end of expectations [423].

The existence of the i�k is a solid prediction of the quark model, and its mass one of the most
tractable to calculate. Both its existence and mass remain, for the present time, open questions. Some
data at completed experiments remain to be published, however, while Run 2 is well underway at the
Fermilab Tevatron.

7.3 { � : searches38

The search of the singlet state of P wave charmonium (dubbed l j ���$Ç� ) poses a unique experimental
challenge for a variety of reasons:

– it cannot be resonantly produced in d � d � annihilation;
– it cannot be reached via E1 radiative transitions from � z ; C-parity conservation forbids the transi-

tion from a ���Z� to a � � �
state.

– its production in �åz hadronic decays to l j ���$Ç� u � is isospin violating and has a small phase space
available (if ] � � d � 6 l � ]ô�NÜiÙ , h 1 7 � * / MeV �U� ; the two Doppler broadened photons will have
and energy between 30 and 100 MeV in the �'z rest frame. In d � d � machines, the sensitivity on
slow pions is not just affected by the physical backgrounds from other ��z decays, but also by the
large combinatorial background with low energy uncorrelated photons from the beam.

– its production in B decays via the intermediate state i j �).-�X� , which can decay radiatively (E1) tolFj×���$Ç� , is suppressed by the large hadronic width of the i4j×�).-�X� .
– its detection in the yb��� u � decay mode, from �{z and B decays, as well as in hadroproduction, is

shadowed by the more copious decay | j � � � på� yb��� , with an extra photon accidentally matching

38Authors: R. Mussa, D. Besson
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Fig. 3.26: Cross-section (black dots) observed by E760(left) for the reaction ���� \ nJ±iE�ä ®
in the COG region; E835

could not confirm this evidence and observed the hint on the right in the Ý î�± \ � Ý channel.

the u � mass; this is also the most likely explanation of the signal seen in yb��� u �
by experiment

E705, in 300 GeV/c u Á and proton interactions on a lithium target [426].
– its formation in h !h annihilation may be suppressed by helicity selection rule, but the same rule

would forbid | j � and i j formation , against the experimental evidence.
– its production in exclusive B decays may be suppressed as � ��n p | j � s ); if such selection mech-

anism does not apply, a search of l j ���$Ç� via its E1 decay to i j may soon give positive results.
Such elusive state was extensively searched for in formation from h !h annihilations: searching for a
resonance which has a width expected to be between the � and | j � but with an expected � to detectable
EM decay channels of interests which is 100 to 1000 times weaker than the radiative decay of | j � , i.e.,
expected cross-sections between 1 and 10 picobarns. Experiment R704 at CERN [424] observed the
signal: \1�)l j ���$ � p h !h �¯�t�%�)l j ���$Ç� p yb��� � &ß�c�t�%��yb��� p d � d � � � �4ÈØ� � � � ( � 
� � ( � � ��Ð
at a nominal mass of 3525.4 Ý 0.8 Ý 0.5 , which should be shifted down 0.8 ÎÓ�aÐ¿��� � after comparing the| j measurements done by the two experiments.

Experiment E760 at Fermilab [425] observed the signal:\Q�)l j ���$Ç� p h !h �¯�$� �)l j ���$ � p yb��� � u � �c�$� ��yV��� p d � d � � � �4ÈÍ�?���%Ý¸�4ÈÍ�+�-( ��Ð
at a nominal mass of 3526.2 Ý 0.15, and did not see events in the channels yb��� u � u � ® yb��� u � u � E760
also determined a level of continuum for the inclusive reaction which was consistent with the one ob-
served by R704.

In channels with such low statistics, a large amount of integrated luminosity taken to precisely
quantify the background level is crucial. Such an issue was taken very seriously in E760, and even
more in E835. To complicate the experimental situation, the signal observed by E760 is expected to be
comparable to the yb��� u � continuum, as predicted in reference [427], from soft pion radiation. It is hard
to predict how interference between the resonant and continuum amplitude can distort the lineshape.
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E835 took 6 times more data with respect to E760, to confirm the observation of l j ���$Ç� and
possibly measure the width as well as its decay ratios to other channels:the probably dominant decay
mode to i j � was studied, relying upon the rare i j decays to �V� . The first data set, 50 pb � � taken in
1996, proved lately to be affected by an anomaly in the beam positioning system, which prevented to
determine the absolute energy calibration of the machine better than 200 KeV. A second data taking
period in year 2000 allowed to accumulate a comparable sample of data, but with 150 KeV resolution on
the CM energy determination.

The E835 experiment, despite the 6 times larger statistics, could not confirm the yV��� u �
evidence

observed by E760. On the other side, a hint of a signal is observed in the ( � channel [428] Very tight cuts
were applied in order to reject hadronic backgrounds from reactions with two neutral mesons in the final
state. In the ( � Dalitz plot, invariant masses of all pairs were requested to be above 1 GeV �U� � , to reject
backgrounds from u � ® i ® i�z ® ê . As the recoil photon angular distribution is expected to behave as

£ËÊ îâ³ �� f
on the resonance, a cut at ��Ù £ ³2� f ���4ÈÊÉ was imposed. This allowed to suppress most of the two meson
background, which is prevalently forward-backward peaked. 13 events out of 29 pb � � are observed in
a � ] � �4ÈÊÉÒÎÓ�aÐ¿�-� � wide bin between 3.5257 and 3.5262 ÎÓ�aÐ¿��� � , while 3 events are observed in
the remaining data between the | j � and the | j � (87 pb � � ). The statistical significance of the excess is
between 1 and 3 �Ì���4� � , with different hypotheses on the resonance width. If the excess is not a statistical
fluctuation, assuming a total width of 0.5 MeV, it is possible to measure \1�)l j p h !h �È�%�)l j p i j � � � ���4È � Ý(5È ,�Ý�(5È � ��Ð , where the systematic error comes from the statistical error on � �«i?j på�b� � ), at a mass] �)l j � � (+É+.+É5ÈÊ*�ÝÖ�4ÈÊ. ÝÙ�4ÈÊ.ÒÎÓ�aÐ¿�-� � . The CLEO Collaboration has preliminary evidence [429] for
the spin singlet l j ( � � $ � ) in looking at ½ (��º��� � decays of the �Qz (3686). This state is seen in two
independent analyses, both of which use the decay chain � z p u � l j followed by l j p{� i j : one analysis
is inclusive and the other uses six dominant exclusive decays of the i j .

The inclusive analysis shows an enhancement at over ( � significance at a mass of (+É+. � È � Ý�4È , Ô Û ¡ Û MeV. The systematic uncertainty is ½ � MeV. The left plot in Fig. 3.27 shows the fit of the
data to the resolution function from Monte Carlo simulation and an “ARGUS” background shape.

Shown in the right panel of that figure is the exclusive analysis, with a statistical significance of½ É � . The figure shows the data with, again, a fit to an ARGUS background and detector resolution
function. Also shown are the events from the sideband of the invariant mass spectrum of the i j recon-
struction and the spectrum from a �\z Monte Carlo simulation that does not include the l j decay chain.
Further checks on backgrounds peaking in the signal region are under way. The mass from the exclusive
analysis is (+É+. � È � Ý¸�4ÈÀ¡ Ô Û ¡ Û Mev, with systematic studies ongoing. All of these CLEO results on the l j
are considered preliminary. As a final remark, we can comment that the 20 years old search for this state
is not over yet, and its evidence is still weak. It is therefore necessary to (a) consolidate the evidence
for such a state from either B or �%�).-�^� decays , (b) to measure its mass at better than 1–2 MeV, (c) to
prove its coupling to h !h , before planning to precisely measure its mass, total width and partial widths in
formation from h !h annihilations.

8 STATES CLOSE TO OPEN FLAVOUR THRESHOLDS

8.1 � values between 3.7 and 5 GeV39

The m value to be discussed in this section is one of the most fundamental quantities in particle physics
that is defined as,

m � � � d � d � p lFf ³ 3uXUï ´ �� � d � d � p B � B � � (3.46)

m value is expected to be constant so long as the centre-of-mass (c.m.) energy ä j ; does not
overlap with resonances or the threshold of production of a new quark flavour. A thorough review of R

39Author: Z. Zhao
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Fig. 3.27: The preliminary evidence from CLEO for the c ± singlet. On the left is the recoil mass spectrum against
the ä ® in the inclusive analysis that only uses that pion and the photon in the � « decay c ± \µÝ î ± . To the right is
the same variable for the exclusive analysis in which six of the dominant î�± decay modes are used. In both cases
the fits are to an ARGUS background and a resolution function from Monte Carlo studies. The exclusive plot also
shows data events from the în± sideband region and Monte Carlo simulation events of other E9o decays.

measurements on the full energy range can be found in Chapter 6, while this subsection focuses on its
complex structure in the energy region between 3.7 GeV and 5 GeV.

The most striking feature of the m values below 5 GeV is the complex structure in the energy
region between 3.7 GeV and 4.5 GeV. Besides the resonance of �%�)(-,+,U�7� , broad resonance like structures
peaking at around 4.04, 4.1 and 4.41 GeV have not been well understood in terms of their components
and decay channels. These resonances near the charm threshold were observed more than 20 years ago
[439–445, 447]. Table 3.22 lists the resonance parameters reported by these experiments.

8.1.1 PLUTO measurement between 3.1 and 4.8 GeV
The PLUTO Collaboration measured m values with the magnetic detector PLUTO at the d � d � storage
ring DORIS between 3.1 and 4.8 GeV c.m. energy. A superconducting coil procedures a 2T magnetic
field parallel to the beam axis. Inside coil there are 14 cylindrical proportional wire chambers and two
lead converter, a 2 mm converter at radius 37.5 cm and a 9 mm converter at radius 59.4 cm. Two or
more charged tracks are triggered and selected as hadronic event candidates. The background from
beam–gas interaction and cosmic ray events is subtracted using the distribution of reconstructed event
vertices alone the beam direction. Monte Carlo events are generated according to isotropic phase space
to determine the detection efficiency for the hadronic events. An external luminosity monitor system is
employed to observe the beam luminosity. The uncertainty of the luminosity measurement is about Ý É2� .
The systematic error in m values is estimated to be about 12%. PLUTO results agree with those of the
SLAC–LBL group within systematic errors, but is about 10–15% lower than those of SLAC–LBL on the
narrow yb��� resonance and higher energies. However, the agreement on the energy dependence and the
structure of the m values is quite good. The accuracy of PLUTO’s measurement is limited by systematic
error, which amount to almost one unit in m in the broad resonance region. The resonance parameters of
the broad resonances cannot be determined with such a limited accuracy and energy points.

8.1.2 DASP measurement between 3.6 and 5.2 GeV
DASP Collaboration measured m values at c.m. energy between 3.6 and 5.2 GeV with a non magnetic
inner detector of the double arm spectrometer DASP, which has similar trigger and detection efficiencies
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Table 3.22: Resonance parameters measured for the broad structures between 3.7 and 4.5 GeV

Resonance Experiment Mass(MeV) \ Û � Û
(MeV) \ � �

(eV)
MARK I (-,+,�.ÕÝ / .+*ÌÝ * ( � ÉÕÝ *+É�%�)(-,+,U�7� DELCO (-,+,U�%Ý / . � Ý É �×*��%Ý / �
MARK II (-, / � Ý É . � Ý É .-, / Ý É��

BES( [456]) (-,+,�.5È ,ÕÝ ��È / . � È � Ý � ÈÊ( ��¡�� Ý .+É�%� � � � �7� DASP � � � �%Ý ��� É+.ÌÝ ��� ,�É��%Ý �×É��
BES( [456]) � �-É��4È � Ý � ÈÊ( ¡+*5ÈÊÉ%Ý �×.5ÈÊ* ���-(�� Ý �+���
BES( [246]) � � � � Ý � *�¡ÌÝ / ¡4�+�\Ý �×(��
CB( [246]) � �-(-,ÕÝ . *+ÉÌÝ ��� *+*�� ÝÖ�+����%� � � / �7� DASP � �×É�¡ÕÝ .�� ,�*ÌÝ .�� ,+,U�%Ý .+(��
BES( [456]) � � /�/ ÈÊÉ%Ý / ÈØ� É+É5ÈÀ¡%Ý �×.5ÈÊ( (-,U� Ý *4�
BES( [246]) � �×É+É%Ý É ���7,ÕÝ � / * � � Ý �×(��
CB( [246]) � �×É4�\Ý � ���7,ÕÝ ��� *+(�� Ý¸*���%� �+� �×É-� DASP �+� �D,ÌÝá��� /�/ Ý �×É � ¡��%Ý �×(��
MARK I �+� � � Ý , (+(ÌÝ ��� �+� �%Ý � � �

BES( [456]) �+� .�¡5È � Ý *5ÈÊÉ * / ÈÍ� Ý .��4ÈÀ¡ (�¡�� Ý , �
BES( [246]) �+� .�¡%Ý ¡ �+�×*%Ý (+É / � � Ý .+(��
CB( [246])

�+� .+É%Ý / �+��¡%Ý � / ,�.�� ÝÖ�+���

for photon and charged particles. The inner detector of DASP is mounted between the two magnet
arms of DASP. It is azimuthally divided into eight sectors, six of which consist of scintillation counters,
proportional chambers, lead scintillator sandwiches and tube chambers, and the remaining two facing the
magnet aperture, have only scintillation counter and proportional chambers. Tracks are recorded over
solid angle of 62% for photon and 76% of � u for charged particles. DASP collected a total integrated
luminosity of 7500 ï¿~ � � , which was determined by small angle Bhabha scattering measured by four
identical hodoscopes with an uncertainty of 5%. The additional normalization uncertainty is estimated to
be 15%. The uncertainties of the detection efficiencies for the hadronic events is about 12%. Three peaks
centred around 4.04, 4.16 and 4.42 are observed. The data are insufficient to resolve structures between
3.7 and 4.5 GeV. By making a simplifying assumption that the cross-section can be described by an
incoherent sum of Breit–Wigner resonances and a non resonant background, DASP reported resonance
parameters as listed in Table 3.22.

8.1.3 SLAC–LBL measurement between 2.6 and 7.8 GeV
SLAC–LBL group did a m scan with MARK I at SPEAR which operated at c.m. energy between 2.6
and 7.8 GeV with peak luminosity between ��� � 	 and ��� � � cm � � sec � � . MARK I was a general purpose
collider detector of the first generation. Its solenoidal magnet provide a near uniform magnetic field
of (+*�¡4� Ý � G over a volume 3.6 m long and 3.3 m in diameter. A pipe counter consisting of four
hemicylindrical plastic counters surrounding the vacuum pipe were used to reduce the trigger rate of
cosmic ray. Two sets of proportional wire chambers on the outside of the pipe counters had spacial
resolution of 700 B m. Four modules of concertric cylindrical wire spark chambers were the main tracking
elements of the detector, which gave a spacial resolution in the azimuthal direction of 340 B m, 1.0 and
0.5 cm for the . � and � � stereo gaps, respectively. Outside the spark chamber was an array of 48 plastic
scintillation counters with a width of 20 cm each. The time-of-flight for this system was about 480 psec.
An array of 24 shower counters made of five layers, each consisting of 0.64 cm of pilot F scintillator and
0.64 cm of lead. The energy resolution measured with Bhabha events was ��ä��Uä � (+É2� � } ä . The
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muon-identification spark chamber, the end-cap spark chamber, and the photon-detection capabilities
of the shower counters were not used in this analysis. The m values and the corresponding resonance
parameters in the energy region between 3.4 and 5.5 GeV is plotted together with those from PLUTO
and DASP in Fig. 3.28 (right).

MARK I studied exclusive decay channels on the resonance at 4040 MeV and reported [446]$ ´ $ ´ ¶ $ ´q4 ¶ 44 � �4ÈÍ�-É Ýº�4ÈÍ�-( ¶ � ¶ (+. Ý��×. , where $ ´ represents v meson and V stands for v �
meson. These early results stimulated a variety of theoretical interpretations.

8.1.4 BES measurement between 2 to 5 GeV
BES Collaboration has done a m scan with updated Beijing Spectrometer (BES II) at Beijing Electron–
Positron Collider(BEPC).

The trigger efficiencies, measured by comparing the responses to different trigger requirements
in m scan data and special runs taken at the yV��� resonance, are determined to be 99.96%, 99.33% and
99.76% for Bhabha, dimuon and hadronic events, respectively.

BES’s measurement first selects charged tracks, then hadronic events with charged tracks equal
and greater than two. The number of hadronic events and the beam-associated background level are
determined by fitting the distribution of event vertices along the beam direction with a Gaussian for real
hadronic events and a polynomial of degree two for the background.

The subtraction of the beam-associated backgrounds is cross checked by applying the same hadronic
event selection criteria to separated-beam data.

A new Monte Carlo event generator called LUARLW is developed together with LUND group for
the determination of detection efficiencies of the hadronic events [450]. LUARLW removes the extreme-
high-energy approximations used in JETSET’s string fragmentation algorithm. The final states simulated
in LUARLW are exclusive in contrast to JETSET, where they are inclusive. In addition, LUARLW uses
fewer free parameters in the fragmentation function than JETSET. Above 3.77 GeV, the production of
charmed mesons is included in the generator according to the Eichten Model [451, 452].

Different schemes for the radiative corrections were compared [355, 453–455]. Below charm
threshold the four different schemes agree with each other to within 1%. Above charm threshold, where
resonances are important, the agreement is within 1 to 3%. The formalism of Ref. [455] is used in
our calculation, and differences between it and the schemes described in Ref. [355] are included in
the systematic errors. In the calculation of the radiative correction above charm threshold, where the
resonances are broad and where the total width of the resonance is related to the energy, we take the
interference between resonances into account. The integrated luminosity is determined to a precision
of 2–3% from the number of large-angle Bhabha events selectedusing only the BSC energy deposition.
Figure 3.28 (right) shows the BES m scan results between 3.6 and 4.6 GeV.

Previously, BES Collaboration measured cross-section for charm meson production, using 22.3
pb � � of d � d � data collected with BES I at } � =4.03 and 15 pb � � at 4.14 GeV [460]. The charmed
mesons used in this measurement are v �

and v �
, of which the number of signal events are selected

by fitting the inclusive s �Zu � and s �Zu � u � invariant mass distribution with Gaussian as signal plus
a third order of polynomial background. Taking into account the detection efficiency, the correction of
initial state radiation, and quote the corresponding braching ratio from PDG1998, BES reported their
results as shown in Table 3.23, together with that predicted by the coupled channel model.

8.1.5 Remarks and prospects
DASP data agree with those of PLUTO resonabl well in shape but exceed their cross-sections by about
half a unit in R above 4 GeV. In magnitude DASP’s data are in closer agreement with those of SLAC–
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Fig. 3.28: � Values between 3.7 and 5 GeV from PLUTO, DASP and MARKI (left), and BES (right) experiments.

Table 3.23: Comparison of tree level cross-section measurement of BES with predictions of the coupled channel
model. experimental � 	 cross-section is taken from early work.

} ´ =4.03 GeV Experiment Coupled channel model� � 7 + � e� 7 19.9 Ý 0.6 Ý 2.3 nb 18.2 nb� � t +
� � v 6.5 Ý 0.2 Ý 0.8 nb 6.0 nb� � tz +
� � vz 0.81 Ý 0.16 Ý 0.27 nb 11.6 nb� j � ¡ 6 ; 13.6 Ý 0.3 Ý 1.5 nb 12.9 nb} ´ =4.14 GeV Experiment Coupled channel model� � 7 � � e� 7 9.3 Ý 2.1 Ý 1.1 nb 15.1 nb� � t � � � v 1.9 Ý 0.9 Ý 0.2 nb 4.5 nb� � tz � � � vz 1.64 Ý 0.39 Ý 0.42 nb 1.85 nb� j � ¡ 6 ; 6.4 Ý 1.2 Ý 0.7 nb 10.7 nb

LBL but show some difference in the finer details of the energy dependence. For example, SLAC–LBL
data didn’t resolve the structure at 4.16 GeV. The total width measured by SLAC–LBL is smaller than
that of DASP measurement. Despite of these discrepances, the difference observed among the three
experiments are within the systmatic errors quoted.
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Fig. 3.29: Refit the R data of CB and BES II.

BES’s m scan is done with a newer generation detector and d � d � collider as compared with the
previous measurements, and has about 80 points in the energy region from 3.7 to 5 GeV. Because of this
fine scan in this energy region that contributes most to the precision evaluation of / ÁÝ� �Õ�h]M�Ü� .

BES also fitted resonances as a Breit–Wigner shape with different continue background and takes
into account the energy-dependence of resonance width and the coherence of the resonance [457]. BES’s
preliminary results are consistent with those of previous measurements for the peak positions at 3.77,
4.04, 4.16 and 4.42 GeV, and show larger \ Û � Û

of the resonances at 4.04 and 4.42 GeV and smaller \ � �
of the resonaces at 3.77 and 4.16 GeV.

Fitting BES’s m data between 3.7 and 4.6 GeV (75 data points) with Breit–Wigner resonances and
none resonant background based on perturbative QCD [456], one obtain resonance parameters as listed
in Table 3.22. The results from this fit has similar conclusion as the one from BES’s, except that \ Û � Û

is
no longer larger than the other measurements of the resonance at 4.42 GeV.

Recently, Kamal K. Seth refitted resonance parameters of the higher vector states of charmonium
with existing m data [246]. Three Breit–Wigner resonances plus background that is parametrized with a
linear function. He shows that the Crystal Ball (CB) and BES measurements are in excellent agreement.
The analysis of the CB and BES data leads to consistent resonance parameters for the three vector reso-
nances above the v !v threshold. The masses of the three resonances determined by him in general agree
with PDG, but have much smaller errors. However, the total widths of these three resonances determined
by this work are about 67%, 37% and 179% larger than those adopted by PDG. The corresponding elec-
tron widths determined by this work are 23%, 8% and 51% larger with about a factor of 2 less errors.
Figure 3.29 shows the fits to CB and BES data.

A factor of 2 to 3 reduction in uncertainty in the energy region of 3–5 GeV significantly improved
the experimental situation, providing an opportunity to directly test QCD sum role where the notion of
quark–hadron duality (QHD) plays a dominant role [456], and evaluate charm quark mass via experi-
mental data to a precision below 10%. However, BES’s data is still not enough, in terms of both statistics
and systematic error restriction, to provide a clear picture of the broad resonance structures. To fully
understand the complicated structures at the energies between 3.7 and 4.5 GeV, one needs to:

– perform the m scan with smaller energy steps and higher statistic in the entire energy region to a
precision around 2–3%.

– collect data at the peak positions with high enough statistics to study the exclusive decay channels
of the resonances.
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Fig. 3.30: From the Belle discovery paper [211]: projections of the data (points with error bars) and the results of
an unbinned maximum likelihood fit (solid curve) for the �tFI�K�q��H�L \ äÑZRä Õ nE±�E signal region. The variables (a)
beam-constrained mass c Þ ±w��� � ª�P�I��� ÿ � ª� , (b) invariant mass c��K�)��� ¿P��� , and (c) energy difference z � �� � ÿ � �f�I��� , are those used in the fit; � � and � � are the energy and momentum of the ° ã \ á6ã�ä�ZRä Õ nJ±iE
candidate, and � �f�I��� the energy of either Y[ã beam, in the YiZ[Y Õ centre-of-mass system.

These could be the important physics topics for CLEO-c at CESR-c and BES III at BEPC II [458, 459].
Both CLEO-c and BES III may have the ability to clarify the ambiguity that has been bothering physicists
for over 20 years.

8.2 X(3872): discovery and interpretations40

The & �)(+*-,�.-� is a narrow state decaying into u � u"� yb��� , with a mass ]=� ½ (+*-,�.ÒÎÏ��Ð . Given the
observed final state and the observed mass, in the charmonium region, it is natural to assume that the& �)(+*-,�.-� is itself a charmonium state. It has however proved difficult to identify the &'�)(+*-,�.-� with any
of the expected narrow ��!� mesons, leading to suggestions that it may be a more exotic particle. In this
section, we briefly review the discovery and known properties of the & �)(+*-,�.-� , and the difficulties they
create for its interpretation.

8.2.1 Discovery, confirmation, and properties
The & �)(+*-,�.-� was discovered by the Belle collaboration in a study of n Á p s Á u � u �tyb��� decays [211].
In addition to the well-known � z , a second peak was seen in the ] � u � u"� yb���\� distribution; the results
of an unbinned maximum likelihood fit to the &'�)(+*-,�.-� signal region in ] , and two other variables which
peak in the case of n Á p's Á u � u"� yV��� decay, are shown in Fig. 3.30. A yield of (+É5È ,ÌÝ / ÈÊ* events was
observed, with high significance ( ���4ÈÊ( � ), and the width of the mass peak was found to be consistent with
the detector resolution. As the measured mass is well above the v v open charm threshold, the narrow
width implies that decays to v v are forbidden; Belle [461] reports \Q�«&'�)(+*-,�.-� p v v ��ø\1�«& �)(+*-,�.-�p u � u �tyb���\�,� , (90% CL), to be compared with a corresponding value � � / � for the � �)(-,+,U�7� [462].
Comparing decays via the &'�)(+*-,�.-� to those via the � z , Belle finds a considerable production rate in n
decays, with product branching ratio�%��n � p s � &'�)(+*-,�.-����$� �«&'�)(+*-,�.-� p u � u"� yb���9��%��n � p s � � z �c�$� �«� z p u � u � yV���9� � �4ÈÍ� / ( Ý �4ÈÍ�?�×.9� £ pË¸qp �tÝ �4ÈÍ�+�7,\� £��m£ p �×È (3.47)

The observation has been confirmed in inclusive h h collisions by CDF [463] and D0 [464], as shown in
Fig. 3.31, and in exclusive n meson decays by BaBar [465], shown in Fig. 3.32. The observed masses

40Author: B. Yabsley
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Fig. 3.31: Confirmation of the �tFÚ�,�q��HKL in inclusive � � collisions by CDF [463] (left) and D0 [464] (right). In
each case peaks due to E�o and �tFI�K���H�L \ ä�ZNä Õ nJ±iE can be clearly seen; the insets show (left) an enlargement of
the �tFI�K�q��H�L region and (right) the mass distribution for the nJ±iE \ �RZC� Õ candidates used in the analysis.

are consistent, with a weighted average value]�� � �)(+*-,5��ÈÀ¡%Ý'�4ÈÊÉ-�4ÎÓ��Ð (3.48)

across the four experiments [211,463–465]. Each of CDF, D0, and BaBar likewise find a width consistent
with the detector resolution; the only limit is that inferred by Belle [211],\��S�º.5ÈÊ(ÒÎÓ��Ð �h¡��J� Æ Ú � È (3.49)

Belle finds a ] � u � u �¿� distribution concentrated at the kinematic boundary [211], coinciding
with the ? mass (Fig. 3.33). This is confirmed by CDF [463], who find little signal with ] � u � u"� � �É��+�XÎÏ��Ð ; BaBar report that their statistics are too small to allow a clear conclusion, but do not exclude
a concentration at the boundary [465].

8.2.2 Decay modes and interpretation of the & �)(+*-,�.-�
The Belle collaboration has performed searches for various decay modes [211, 466] and an angular
distribution study [466], to compare &'�)(+*-,�.-� properties with those of predicted, but so far unseen,
charmonium states. They restrict their attention to states with

1. expected masses [401] within 200 MeV of ]�� ¦ (+*-,�.ÒÎÏ��Ð ;
2. unnatural quantum numbers y 6 � � � ® � � ® . � ® È�È�È since decays to v v are not seen; and
3. spin angular momentum y �º( , since the state is seen in exclusive n p s &'�)(+*-,�.-� production with

a significant rate, making high y unlikely (cf. n � p s � |"j � , still not observed, and n � p s � |"j �
and s � | j � with branching fractions � / ½ ,+�c���� � � ).

The � � v � state, � � , is also studied following suggestions [187,188] that the rate for � � p v v , suppressed
by an ) � ( angular momentum barrier, may be low.

The search therefore includes the % ��� � states � � ® l?zj , and � � , and the % � � � states i�j � ® |¿zj � ,
and i z zj . The observation of decays to u � u"� yb��� favors % � � � , for which this mode is isospin-
conserving; this would imply \1�«& p u � u � yV���9� ¦ �� \Q�«& p u � u �tyb���\� . On the other hand, the observed
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Fig. 3.34: (Upper plots) Signal band projections for the beam-constrained ( ° -candidate) mass c Þ ± , and charmo-
nium candidate mass c �H� a�� , in the Belle search for decays °÷Z \ á Zm�tFÚ�,�q��HKL , � \�Ý Û ± © [211]; the results of an
unbinned maximum likelihood fit are superimposed. The signal yield, �f����~��d���b~�Hu�üH , is consistent with zero.
(Lower plots) Similar distributions in the search for decays to Ý Û ± ª [466]; the fitted yield is Hu� ¯ ~ �d� � ~�«��ü� events.

concentration of events at ] � u � u �¿� 8 ¬ � suggests that the decay may proceed via &'�)(+*-,�.-� p ? yb��� ,
an isospin-violating process; this requires % � � � and forbids the decay to u � u � yb��� . A study of theu � u � yV��� final state is therefore important.

8.2.3 Searches for radiative decays
If the &'�)(+*-,�.-� is identified with the � � v � ( � � ) state, the decay to � | j � is an allowed E1 transition
with a large partial width, calculated to be \1�«& p � | j � � ¦ .4��� å ��Ð in potential models, taking coupled
channel effects into account [187,188]. Similarly, the partial width for � � v � �«� � � p � | j � is calculated to
be ½ (��+� å ��Ð . This is to be compared to the partial width for � ��� � p u � u �"yb��� , expected to be equal to
the �%�)(-,+,U�7� partial width for both states. Ref. [466] conservatively assumes \Q�«�%�)(-,+,U�7� p u � u �tyb���\�Í��×(�� å ��Ð , leading to predictions \1�«& på� | j�} ��ø\1�«& p u � u �tyV���9�Æ� ��È / for � � på� | j � and � .5ÈÊ( for� � p'� |Üj � respectively. Belle has performed searches for &'�)(+*-,�.-� decays to these final states (see
Fig. 3.34), setting upper limits on the branching ratios (at 90% CL) of �4ÈÊ*�¡ for � | j � [211], and ��ÈØ� for� | j � [466], below these expectations. Other considerations disfavor these states. If the & is the � � , its
separation from the �%�)(-,+,U�7� , �·] � ���-.ÒÎÓ��Ð , is larger than present theory can accomodate [188]. The� � mass is expected to be similar. Production n � p's � � � is also expected to be suppressed relative
to other s � ����!�D� decays, due to the high spin y � ( , whereas the data implies a comparable rate if&'�)(+*-,�.-� � � � [466].

Another radiative decay search, for & �)(+*-,�.-� p¸� yb��� , tests the & �)(+*-,�.-� � . � $ � �«|¿zj � � assign-
ment [466]. The partial width \1�«| zj � p'� yb���\� , for ] ø :� x � (+*-,�.ÒÎÓ��Ð , is expected to be 11 KeV in
the potential model [187], possibly reduced by coupled channel effects [188]. To estimate the partial
width for the isospin-violating process | z j � p u � u"� yb��� , we take the isospin-violating hadronic charmo-
nium transition �Qz p u � yb��� , with \ ¦ �4ÈÊ( å ��Ð : the ratio \1�«& på� yb���\��ø\Q�«& p u � u �tyb���\� should then
be ñâ�����7� . The Belle search places an upper limit of �4È � � �h¡��J� Æ Ú � on this ratio, inconsistent with
the expected value. The | z j � mass is predicted [187, 188] to be (�¡+(�� ½ (�¡�¡��XÎÏ��Ð or greater, likewise
inconsistent with the &'�)(+*-,�.-� .
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Fig. 3.35: From [466]: �^¡£¢q¤ ª ¨ ¿P��� � distribution for �tFÚ�,�q��HKL \ ä�ZRä Õ nE±iE events in the data (points with error
bars), and assuming n�¥��$��«�Z Õ in the Monte Carlo (histogram); background events, determined using sidebands,
are included in the Monte Carlo.

8.2.4 Studies of angular distributions
The &'�)(+*-,�.-� will be produced polarized in the reaction n Á p s Á & �)(+*-,�.-� for any spin y������ , as both
the initial state n and the accompanying s mesons are spin zero. Angular distributions of the final state
particles can therefore distinguish between different quantum number assignments y 6 � for the &'�)(+*-,�.-� .
If the & is the lVzj , with y 6 � � ��¦ § , decays should be distributed as ��� � ��Ù £H¨ ³ } [ ÷:© n�ª Ù £ ³ } [ ÷ [467],
where ³ } [ ÷ is the angle between the y#«,¬ and the negative of the  momentum vectors in the ®M¯I°�±)²³ ©
rest frame. In the Belle study [466], the data tend to peak near

ª Ù £ ³�´ [�µ·¶¹¸ , where the ¸ ¦ § expectation
is zero; both the data and expectation are shown in Fig. 3.35. The poor fit to the data ( º ¨ «q»fX�¼ ¶ ²½)«q¡ )
rules out any ¸ ¦ § assignment for the ®M¯I°�±)²³ © , including the ¾�¿À ; this state in any case has an expected
mass well above 3872 MeV. Further angular studies of other modes are foreseen.

8.2.5 Other searches
If ®�¯I°�±)²³ © ¶Á¸qÂ0Ã ¨ ¯(Ä À ¨ © , the isospin conserving transition Ä À ¨�Å�Æ ¦ Æ §%Ä À should be much more com-
mon than Ä À ¨�Å�Æ ¦ Æ §�Ç «,¬ , which is isospin violating; the branching fraction �\¯(® Å�Æ ¦ Æ §
Ç «,¬ © would
be È·¯ ¸KÉ © or less, implying a large Ê Å 4®M¯I°�±)²³ © rate. This seems unlikely but can be tested by
searching for the ®�¯I°�±)²³ © ÅËÆ ¦ Æ § Ä À decay.

Similar considerations apply if ®M¯I°�±)²³ © ¶ ÄÌ¿ ¿À : the branching fraction to Æ ¦ Æ § Ç «,¬ should be
small, although in this case (with the ÄF¿ ¿À below open charm threshold) the dominant decay would be into
two gluons, less convenient for a search. Assuming that such a state would have a similar width to theÄ À ( ¸ ²\ÍÎ°�Ï?ÐHÑ ) [245], which also predominantly decay via two gluons, it is already disfavored by the³.Ò °�Ï?ÐHÑ upper limit on the ®�¯I°�±)²³ © width. Given Ó µ#Ô�Õ£ÖG×\¶ ¯(Ø)ÙØ)ÙÚÍ ¸ Ù © Ï?ÐHÑ , Ó ��: :� ¶ °�±)²³�Ï?ÐHÑ
also implies a large ¬<¯I°)Û ©�Ü ÄÌ¿ ¿À mass splitting, Ý ¸�Þ ±�Ï�ÐHÑ , contrary to the expectation that the splitting
will decrease with increasing radial quantum number (cf. Ó µ : Ü Ó � :� ¶ Ø�±�Ï?ÐHÑ [391] and Ó µ Ü Ó � � ¶¸�¸ ²�Ï?ÐHÑ ) [245].

8.2.6 Summary
The status of the six candidates considered by Belle [466] is summarized in Table 3.24: some are already
excluded by the data, and none is a natural candidate. Significant further information is expected once
searches for other decays become available; the search for ®�¯I°�±)²³ © ÅËÆ�ßPÆ%ß Ç «,¬ is particularly important.
Already however the lack of a natural charmonium candidate that fits the data suggests two possibilities:
(1) that the theory used to predict charmonium properties is flawed, or (2) that the ®M¯I°�±)²³ © is not a
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Table 3.24: From [466]: Some properties of candidate charmonium states for the �tFI�Kàq��H�L , and a summary of the
comparison with data. Mass predictions are taken from [401], and width predictions computed from [187], using
a 3872 MeV mass value; the predicted width for the îfo o± is taken to be the same as the î ± width. Masses and widths
are shown in MeV.

state alias nF¥�� c·á0â �Iã ä á0â �Iã commentå � �<æ E%æ H�ç�ç �,à��,à �f��� Mass wrong; ä �H� a�� too smallHqè�� è c o ± å Zmç �K¯K��� å � � Ruled out by �^¡£¢q¤�é ¿P��� � distributionå � � � E � �)ç�ç �,à���¯ �;� à c � ä wrong; ä �H� aëê too small; n too highå è�� æ î@± æ H�ç<Z �,à��� �f� ¯ | F ä�Z�ämç@nGìiE�L expected to be very smallH � � è ÛÑo ± è å Z�Z �K¯K�^� å ��� ä � ¿P��� too small�è¿J ® î�o o± �)ç<Z ���^�K� � H�� Mass and width are wrong

conventional ¯îí�ïí © state. As the ®M¯I°�±)²³ © mass is very close to the ÓÎð�ñ�òóÓ=ðZôõñ threshold, a Ã Ã÷ö bound
state is a natural candidate [212, 467–472].

9 THE OBSERVATION OF THE ø·ù MESON AT CDF AND D041

The CDF Collaboration has observed the ground state of the bottom-charm meson Ê�úÀ via the decay
mode Ê úÀ Å Ç «,¬bû ú�ü and measured its mass, lifetime and production cross-section [39, 473]. The
measurement was done at the Tevatron, in Run I, at ý ¯Iþ © ¶ÿ¸ Ò ± TeV. Figure 3.36a shows the mass
spectra for the combined Ç «,¬�� and Ç «,¬�� candidate samples, the combined backgrounds, and the fitted
contribution from the Ê úÀ Å Ç «,¬bû ú�ü decay. The fitted number of Ê À events is 20.4 ¦ ��� ¨§ ��� � , out of which
12.0 ¦ Õ�� �

§ Õ�� ¨ come for the electron sample and 8.4 ¦ ¨ � 	
§ ¨ � 
 from the muon sample.A fit to the same distribution

with background alone was rejected at the level of 4.8 standard deviations. The Ê úÀ mass was measured
to be equal to 6.40 Í 0.39(stat.) Í 0.13(syst.) GeV/c

¨
.

A measure of the time between production and decay of a Ê úÀ meson is

í�� ö� Ó ¯ Ç «,¬bû ©�������� ¯ Ç «,¬bû ©� ��� ¯ Ç «,¬ û © � (3.50)

where ����� is the distance between the beam centroid and the decay point of the Ê úÀ candidate in the trans-
verse plane and projected along the Ç «,¬ û direction, and

� � ¯ Ç «,¬bû © is the tri-lepton transverse momentum.
Figure 3.36b shows the í�� ö distribution for the data, the signal and the background distributions. The
mean proper decay length í�� and hence the lifetime � of the Ê úÀ meson was obtained from the above dis-
tribution. It was determined that í�� ¶¹¸ °)² ¦ ��Õ

§ 
�� ¯��! �"# HÒ © Í%$Ì¯�� � �! HÒ © � m or � ¶ Ù�Ò�Ø Þ ¦ ß � Â �§ ß � Â � ¯��� �"# HÒ © ÍÚÙ�Ò�Ù)°Ì¯�� � �! HÒ ©
ps.

Recently [474] the D0 collaboration has reported the observation of a Ê À signal in the decay
mode Ê úÀ Å Ç «,¬�� ú�ü , from a sample of 210 pb § Â of data taken during Run II, at & þ ¶ ¸ Ò'$ Þ TeV.
The dimuon coming from Ç «,¬ was required to be within 0.25 from the Ç «,¬ mass, and a third muon
track was required to come from the same vertex. The analysis yielded 95 Í 12 Í 11 events, at a massÓ ¯îÊ úÀ © ¶ ½.Ò'$�½ ¦ ß � Â 
§ ß � Â Õ (stat.) Í<Ù�Ò °qØ (syst.) GeV/c

¨
. The lifetime was calculated to be �:¯îÊ úÀ © ¶ Ù�Ò�Ø�Ø�± ¦ ß � Â ¨ Õ

§ ß � ß �!�
(stat.) Í<Ù�Ò ¸ ³ ¸ (syst.) ps. Fitted mass and lifetime are found to be uncorrelated. Figure 3.37(left) shows
the invariant mass and pseudo-proper time distributions of the events. The analysis accounts for the
possible contribution from Ê À Å ¬<¯I³)Û © � úZü on the inclusive sample. As shown in Fig. 3.37(right), it
is estimated that about 15 events are due to this component, and the systematic errors are obtained by

41Author: V. Papadimitriou
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Fig. 3.36: On the left, (a) the histogram of the (Gì�)+* mass that compares the signal and background contributions
determined in the likelihood fit to the combined data for (Gì�)+, and (�ì�).- . The mass bins, indicated by tick marks
at the top, vary in width. The total ° ã± contribution is 20.4 /�0 Z æç�S Z S events. The inset shows the behavior of the
log-likelihood function ÿ 2Ln(L) vs the number of ° ± mesons. On the right, (b) the distribution in 1!243 for the
combined (�ì�)5, and (�ì�).- data along with the fitted curve and contributions to it from signal and background.
The inset shows the log-likelihood function vs 1!6 for the °B± meson.

varying this contribution from 0 to 30 events. In the near future, the mass uncertainty can be improved
to better than 5(50) MeV/c

¨
by CDF(D0) by using hadronic exclusive decay channels.

10 EVIDENCE FOR DOUBLY CHARMED BARYONS AT SELEX42

The addition of the charmed quark to the ( 7#».þ ) triplet extends the flavour symmetry of the baryon octet
and decuplet from SU(3) to SU(4). There is strong experimental evidence for all the predicted baryon
states which contain zero or one valence charmed quark [245]. We review here the first experimental
evidence for one of the six predicted baryon states which contain two valence charmed quarks, the
doubly charmed baryons. There have been many predictions of the masses and other properties of these
states [475–478]. The properties of doubly charmed baryons provide a new window into the structure of
baryonic matter.

10.1 The SELEX experiment
The SELEX experiment uses the Fermilab 600 8\ÐHÑÚ«qí charged hyperon beam to produce charm parti-
cles in a set of thin foil targets of Cu or diamond. The three-stage magnetic spectrometer is shown else-
where [479, 481]. The most important features are: (a) the high-precision, highly redundant, silicon ver-
tex detector that provides an average proper time resolution of 20 9;: for single-charm particle decays, (b)
a 10 m long Ring-Imaging Cherenkov (RICH) detector that separates Æ from K up to 165 8\ÐHÑ «qí [480],
and (c) a high-resolution tracking system that has momentum resolution of <5=Z«?>A@ ¸KÉ for a 200 8\ÐHÑÚ«qí
reconstructed B�¦À .

The experiment selected charm candidate events using an online secondary vertex algorithm which
required full track reconstruction for measured fast tracks. An event was written to tape if all the fast

42Author:P. Cooper
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Fig. 3.37: The (Gì�)5- invariant mass (top left) and pseudo-proper time distributions (bottom left) of the° ±!C (Gì�).-Ì� candidates (points with error bars) from D0. The signal MonteCarlo events, generated with a mass
of 5.95 GeV ì�1 æ , as well as the most likely background sources are shown as solid histograms. The right plot shows
the (Gì�)�ä / ämç invariant mass of (Gì�)�ä / ämçD-Ì� events that have M( (Gì�)�ä / ämçE- ) between 4 and 6 GeV ì�1 æ . The
background (solid histogram) is estimated from events outside this mass range.

tracks in the event were inconsistent with having come from a single primary vertex. This filter passed
1/8 of all interaction triggers and had about ½Ù É efficiency for otherwise accepted charm decays. The
experiment recorded data from ¸ ½.Ò ³GF ¸ Ù � inelastic interactions and wrote ¸ F ¸ Ù � events to tape using
both positive and negative beams. Þ ² É of events were induced by � § , ¸ ° É by Æ § , and ¸ ± É by protons.

10.2 Search strategy
A Cabibbo-allowed decay of a doubly charmed baryon must have a net positive charge and contain a
charmed quark, a strange quark and a baryon. We chose to search for decay modes like H ¦ÀõÀ Å Bb¦À�=§ Æ ¦
with an intermediate  § Æ ¦ secondary vertex between the primary vertex and the B ¦À vertex andHZ¦ÀõÀ Å � Ã ¦
=§ with an intermediate

� �§ secondary vertex between the primary vertex and the Ã ¦ .
Events were analyzed for evidence of a secondary vertex composed of an opposite-signed pair

between the primary and the single charm decay point. We used all tracks not assigned to the single
charm candidate in the search. The new secondary vertex had to have an acceptable fit º ¨

and a separation
of at least 1 < from the new primary. These cuts were developed and fixed in previous searches for short-
lived single-charm baryon states. We have applied them here without change. As a background check
we also kept wrong-sign combinations in which the mass assignments are reversed.

10.3 IKJù£ù%L M JùONQPSR J Search results and significance
The signal and wrong-sign backgrounds are shown in Fig. 3.38. There is a obvious peak at a mass
of 3519 Í 2 Ï?ÐHÑ «�í ¨

. The number of events in the signal region shown is ³�³ events. We estimate the
number of expected background events in the signal region from the sidebands as Þ Ò ¸ Í Ù�Ò ½ events.
This determination has a (Gaussian) statistical uncertainty, solely from counting statistics. The single-
bin significance of this signal is the excess in the signal region divided by the total uncertainty in the
background estimate: ¸ ½.Ò'$)« & Þ Ò ¸ ò�Ù�Ò ½ ¨ ¶ Þ Ò °#< . The Poisson probability of observing at least this
excess, including the Gaussian uncertainty in the background, is ¸ Ò�ÙTF ¸ Ùm§ � . The overall probability of
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observing an excess at least as large as the one we see anywhere in the search interval is ¸ Ò ¸ F ¸ Ù%§ 
 . This
result is published in reference [481].

10.4 I Jù£ù]L_^�` Jba P search
After the discovery and publication of the H ¦À^À Å B ¦À  § Æ ¦ signal we sought to confirm the discovery
in another decay mode which was likely to have a significant branching ratio. Obvious choices wereH ¦À Æ ¦ Æ § and H ¦ÀõÀ Å � Ã ¦  § . Since the SELEX Ã ¦ signal is large and well studied we began with it.

A similar analysis technique [482] resulted in the signal and wrong-sign background shown in
Fig. 3.39. In this new decay mode we observe an excess of ½.Ò�Ø events over an expected background
of ¸ Ò Þ Í Ù�Ò °�½ events. The Poisson probability that a background fluctuation can produce the apparent
signal is less than ¸ Ò ½cF ¸ ÙÌ§ � . The observed mass of this state is 3518 Í 3 Ï?ÐHÑ «)í ¨

, consistent with
the published result. Averaging the two results gives a mass of 3518.7 Í 1.7 Ï?ÐHÑ «�í ¨

. The observation
of this new weak decay mode confirms the previous suggestion that this state is a double charm baryon.
The relative branching ratio d ( H ¦ÀõÀ Å � Ã ¦  § )/ d ( H ¦ÀõÀ Å B ¦À  § Æ ¦ ) = 0.078 Í 0.045.

The lifetime of this state in both decay modes is very short; less than 33 9;: at 90% confidence.
The properties of these two signals are consistent with each other. SELEX reports an independent con-
firmation of the double charm baryon H ¦ÀõÀ , previously seen in the H ¦ÀõÀ Å B ¦À  § Æ ¦ decay mode, via the
observation of its decay Hb¦ÀõÀ Å � Ã ¦
�§ .
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10.5 Conclusions
The H ¦ÀõÀ (ccd) doubly charmed baryon has now been observed by SELEX in two decay modes at a mass of
3518.7 Í 1.7 Ï?ÐHÑ «í ¨

with a lifetime less than 33 9Y: at 90% confidence. Analysis continues with SELEX
data to searchfor additional decays modes for this state and to search for the two other doubly-charmed
baryons ground states expected: Hb¦%¦ÀõÀ (ccu) and j ¦ÀõÀ (ccs).

11 SUMMARY AND OUTLOOK43

It took few years , after the discovery of the Ç «,¬ , to sketch the spectroscopical pattern of the narrow
ortocharmonium and ortobottomonium states: the experimental determination of such energy levels is
extremely good, all states are know with precisions better than 1 MeV. On the other side, the experimental
history of spin singlet states has started to clear up only in the recent years, but open puzzles remain:

– the total width of the Ä À ¯ ¸ Û © (the ground state of charmonium) is as large as the one of the ¬\¯I°)²�²qÙ © ,
which can decay to open charm:

– after 16 years, the real Ä À ¯I³)Û © has been observed, disconfirming an evidence by Crystal Ball that
misled theory calculations on hyperfine splittings for more than a decade.

– two compatible evidences of the ¾ À state have been found in the last year, and may bring to an
end the saga of the spin singlet P state; a concrete strategy to consolidate this observation is now
needed.

– none of the 5 spin singlet states in the bottomonium system has been found yet; given the absence
of scheduled running time on narrow k states in the near future, it is necessary to elaborate smarter
search strategies to spot these states at asymmetric B-factories or hadron colliders .

The quest to complete the experimental spectra is now extending to the higher excitations:
– the search for narrow D-states resulted in the discovery of the k ¯ ¸HÃ © states in CLEO III, and to

the observation of the intriguing X(3872) meson by Belle; while the bottomonium state falls well
in the expected pattern, there is a wide variety of speculations on the nature of the X(3872).

43Authors: G. Bali, N. Brambilla, R. Mussa, J. Soto
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– the need to achieve a deeper understanding of the region just above open charm threshold, together
with the improvement of the experimental tools, will allow to disentangle each single contribution
to the R ratio, hopefully clarifying the puzzles opened by the pioneering studies of Mark II.

As we have seen in this chapter the application of EFTs of QCD to heavy quarkonium has considerably
increased our understanding of these systems from a fundamental point of view. NRQCD has allowed,
on the one hand, for efficient lattice calculations of the masses of the bottomonium and charmonium
states below open heavy flavour threshold. On the other hand, it has paved the way to pNRQCD, which
provides, in the strong coupling regime, a rigorous link from QCD to potential models for states below
open heavy flavour threshold. In the weak coupling regime, pNRQCD has allowed to carry out higher-
order calculations and to implement renormalization group resummations and renormalon subtractions
in a systematic way. This regime appears to be applicable at least for the k}¯ ¸ Û © and ÄmlP¯ ¸ Û © . Interest-
ingly, as discussed in Section 2.3.1 (Tables 3.2 and 3.3) even some excited states can be reproduced in
perturbation theory (inside the errors of the perturbative series).

The most challenging theoretical problem at present is the description of states above open heavy
flavour threshold. The recent discovery of ®�¯I°�±)²³ © has made clear that potential models suffer from
large systematic uncertainties in this region and that the inclusion of, at least, heavy-light meson degrees
of freedom is necessary. Although NRQCD holds in this region, extracting information from it on the
lattice is not simple, since besides heavy quarkonium, heavy-light meson pairs and hybrid states pop-
ulate it. It would be important to develop theoretical tools in order to bring current phenomenological
approaches into QCD based ones.

In order to stimulate progress in heavy quarkonium spectroscopy, we shall try to pose a number
of questions, and try to provide what we believe to be reasonable answers to them, from the theory and
experimental point of view.n Q. What does theory need from experiment?

A1(TH:) Discovery and good mass measurements of the missing states below open heavy flavour
threshold.

A1(EXP:) Concerning triplet S and P states of neutral heavy quarkonia, experimental measure-
ments are mature and ahead of theory. Concerning the singlet S and P states, charmonia are under very
active investigation at present, and probably will be nailed down to less than .5 MeV/c

¨
in the near future,

with an active cooperation amid experimental groups. In bottomonium, the situation looks less promis-
ing: only Tevatron experiments have currently some chance to detect the missing (narrow?) states, while
CLEO III searches turned out no plausible candidates, and showed that more luminosity is needed atk ¯ ¸#o ³ o °)Û © , but none of the active B-factories is planning to shift out of k ¯(ØGÛ © .

The experimental study of the spectrum of the charged heavy quarkonium, the Ê À , has not started
yet. The ground state has been seen by CDF and confirmed by D0, but via its semileptonic decay,
which yield still very wide uncertainties on the mass (0.4 GeV/c

¨
). The experimental search for an

exclusive, non leptonic mode is under way and will allow to know this state with accuracies better than
5 MeV/c

¨
in the near future. Beyond this, most experimental efforts will be focused on finding the

dominant decay modes of the ground state. The search for the Ê öÀ , which decays dominantly to Ê À via
M1 radiation of a soft photon , will be extremely challenging for current Tevatron experiments, due to
the high combinatorial background and to the low efficiency on low energy photons. Same can be said
for the P states , which are expected to decay to Ê Ô ö ×À via dipion emission. It is hard to predict whether
the hadronic B-factories, BTEV and LHCB, will be able to contribute to these spectroscopical studies.
The issue should be discussed in Chapter 9.

A2(TH:) Thorough analysis of the region above open heavy flavour threshold in search for quarko-
nium states, hybrid states, molecules and other exotica.
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A2(EXP:) The BES II R scan and the surprises from the asymmetric B-factories (X(3872) and
double í�ïí production) have ignited new experimental and theoretical interest in this physics region. The
CLEO-c running at ¬\¯I°)²�²qÙ © and above Ãqp ïÃcp threshold has a very large physics potential for heavy
quarkonium studies. At the same time, B factories can benefit from a large variety of techniques to
identify new charmonium states: (a) inclusive ones , such as Ç «,¬ and ¬2¿ recoil in double íïí , or K recoil in
tagged B decays; (b) exclusive ones , such as Ê Å ¯(¬ o Ä À © ®ó Ô ö ×

(for narrower states), Ê Å Ã Ô ö × ïÃ Ô ö ×  Ô ö ×
(for wider states).

Some discovery potential is to be expected also from hadron colliders, where the large, very clean
samples of D mesons can be used as starting point to search for peaks in Ã ïÃ invariant mass combina-
tions. n Q. What does experiments need from theory?

A1(EXP:) In spectroscopy, two are the crucial issues in the search of missing states: (a) a good
understanding of the production/formation mechanisms; (b) a comprehensive set of decay channels, with
solid predictions on the partial widths. The two issues are related between each other, and to the hot topics
of the next chapter.

There is NOT an infinite number of ways to produce charmonium, less for bottomonium, much less
for Ê À : these couplings deserve a higher level of understanding, both theoretically and experimentally.
This is much more important, when we do want to understand whether we can get some deeper insight
from the non observation of a missing state. It must be noticed that most production mechanisms are not
fully understood, and/or lead to wrong predictions.

A limited set of processes, then, deserve deeper theoretical understanding:
– M1 hindered radiative transitions: relativistic corrections are dominant in these processes that are

the main gateways to Äil ’s.
– isospin violating hadronic transitions: it is now very important to establish a physical relation

between ¬<¯I³)Û © Å ¾ À Æ%ß and ¾ À Å Ç «,¬ Æ%ß . This can help clarifying the consistency between the two
(still weak) evidences.

– factorization in B decays: exclusive B decays to K+ íïí were expected to yield Ù §#¦ o�¸ §%§ o�¸ ¦%¦
charmonia, and, in smaller quantities, Ù�¦%¦ o ³�¦%¦ . The prediction holds for the second, but º À ß ’s
are produced as copiously as º À Â ’s . The understanding of the effective selection rules can help to
set limits on the ¾ À production, and to find the possible quantum numbers of the X(3872) meson.

– coupling to exclusive
� ï� : helicity selection rule in perturbative QCD forbids the formation of Ä À ,º À ß , ¾ À from

� ï� annihilations; no suppression is observed in the first two cases, and the third is
under active investigation. It is auspicable that recent developments in NRQCD can help to explain
the

� ï� coupling and make testable predictions on the coupling to Ä À ¯I³)Û © and X(3872).
– the double íïí selection rules are not yet clear: so far only scalars and pseudoscalars were ob-

served recoiling against the Ç «,¬ . This process has already allowed an indipendent confirmation
of the Ä À ¯I³)Û © observation. By understanding the dynamics, one can converge more rapidly on the
determination of the quantum numbers of any bump that shows up in the Ç «,¬ recoil spectrum.

Within theory one may ask the following questions:n Q. What does the phenomenological approach need from the theoretical one?

A r That the theory clearly points out the most relevant feautures that should be implemented in
phenomenological models.n Q. What does the theoretical approach need from the phenomenological one?

A r To point out shortcomings in models which are relevant to experimental observations.
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Within the theoretical approach:n Q. What does EFTs need from lattice?r Calculation of the correlators which parameterize nonperturbative effects in the weak coupling
regime of pNRQCD.r Calculation of the various potentials which enter pNRQCD in the strong coupling regime.n Q. What does lattice need from EFT?r Calculation of the NRQCD matching coefficients in lattice regularizations.r Chiral extrapolations.

Let us next describe the future development which are desirable within each particular approach.

From the side of the EFT the priority “to-do” list is:
– Develop a suitable EFT for the region above open heavy flavour threshold.
– Include the effects of virtual pions. Pions should be included in the strong coupling regime of

pNRQCD as ultrasoft degrees of freedom and their effect on the spectrum should be investigated.
– A systematic investigation of the structure of the renormalon subtractions in NRQCD matching

coefficients and in the perturbative potentials.

For what concerns lattice calculations the priority practical lattice ”to-do list” is:
– Further investigations of sea quark effects, in particular on charmonia and also in bottomonia,

including charm mass effects.
– Calculation of threshold effects in charmonia and bottomonia, first using lattice potentials, then a

multichannel analysis in lattice NRQCD/QCD.
– Further investigations of OZI suppressed contributions, in particular in the PS charm-sector.
– Mixing of charmonia and would-be glueballs.
– Doubly charmed baryons.
– stsvu potentials.

From the side of phenomenological models the wish list includes:
– The major deficiency of these models is that they only include the umïu components of the Fock space

expansion and totally neglect higher Fock space components which can be included as coupled
channel effects. These are expected to be most prominent for states close to threshold.

From the side of experiments we need:
– to clarify the nature of the X(3872) state, fully exploiting the four running experiments that see

this state.
– to strengthen the ¾ À evidence , by asking for an active collaboration between experiments , in order

to intensify the checks which certify the compatibility between the two recent evidences.
– to support further cross checks on the systematic errors on the masses of pseudoscalar charmonia:

both BaBar and Belle should already have a large sample of wmw Å Ä À ¯ ¸#o ³)Û © , to measure with high
precision both states.

– to search for doubly charmed baryons in asymmetric B-factories, as well as at the Tevatron.
– to measure, at CLEO-c, the coupling of the ¬<¯I°)²�²qÙ © and the k ¯ ¸#o ³ o °)Û © states to

� ï� , to quantify
the perspectives to study charmonium at open charm threshold and bottomonium with antiproton
beams.

– to support further Äil searches at the Tevatron, and to strengthen the physics case for further running
at narrow bottomonium energies.
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