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Abstract In this review, we discuss some interesting
issues in charm physics, which is full of puzzles and chal-
lenges. So far in this field, there exist many problems
which have not obtained satisfactory answers yet as more
unexpected phenomena Continue to be observed at the
current facilities of high energy physics. Charm physics
may become an ideal place for searching new resonances
and studying non-perturbative QCD effects, moreover it
is probably an area for exploring new physics beyond the
Standard Model. More data will be available at the BE-
SIII, B-factories, LHC and even the future ILC, which
may open a wide window to a better understanding of
its nature.

Keywords charm, QCD, exotic state, final state inter-
action, new physics beyond standard model

PACS numbers 12.38.-t, 12.39.-x, 14.80.-j, 14.20.Lq,
14.40.Lb, 13.75.-n

Contents
Introduction 49
2 The effective Lagrangian and transition
amplitudes 51
2.1 The decay constants of D, and D%+ 51
2.2 The effective Lagrangian of weak interact-
ions 51
2.3 Rare decays of D mesons o1
2.4 Weak decays of J/¢ 52
3 Hadronic matrix elements 52

Xue-gian LI (Z=22#%5)1 (), Xiang LIU (XI]$H)2,
Zheng-tao WEI (B I1F )1

I Department of Physics, Nankai University, Tianjin 300071, China

2 Centro de Fisica Computacional, Departamento de Fisica,
Universidade de Coimbra, P-3004-516, Coimbra, Portugal
E-mail: lixq@nankai.edu.cn

Received August 26, 2008; accepted September 30, 2008

4 Final state interaction 54
5 Hadronic helicity suppression in J/1v decays 56
6 The pr puzzle decays 57
7 QCD multi-expansion and strong radiations 59
8 The X,Y and Z resonances 60
9 DO-DO mixing 62
10 Charmed baryons 63
11 Diquark 66
12 Production of charm 68
13 Discussion 68
Acknowledgements 69
References 69

1 Introduction

The charm quark was a long-expected member of the
quark family. It is noted that if only the u quark is the
intermediate fermion at the s-channel, the cross section
of the scattering s + W1 — d+ W™ would increase with
the incoming energy, which is unacceptable in physics. It
demands the existence of another species of quarks hav-
ing the same charge as the u quark which serves as an
additional intermediate fermion to compensate for the
bad high energy behavior of the process, i.e. retaining
the unitarity; this new species are the charm quark [1].
Moreover, without the charm quark the anomaly in the
electro-weak model cannot be cancelled [2, 3], thus the
renormalizability of the whole theory would be spoiled.
Later, by studying the K°-K° mixing, Gaillard and Lee
[4] estimated that the mass of the charm quark should
be around 1.5 GeV. Thus all the urgency of saving the
beautiful theory appealed to discovering this charming
“charm” quark. Then the discovery of the J/¢ meson
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and other members of the ¢ family became a milestone
in particle physics [5, 6]. The ground states of the family
are J/1 and 1, whose masses are about 3.1 GeV and 2.98
GeV respectively, so roughly it implies that m., ~ 1.5
GeV, which is amazingly consistent with Gaillard and
Lee’s estimate. However, it is definitely not the end of
story for the quark family. The discovery of the bottom
quark requires the existence of a partner, which evaded
observation for a very long while until it was eventually
found at the TEVATRON [7, 8], and it possesses an as-
tonishingly heavy mass of about 176 GeV. Till then, the
three generation structure of quarks and leptons seems
complete, even though the fourth generation of quarks
and leptons is still under discussions.

We know, the u, d and s quarks reside in a triplet
of the global SU(3) quark model, which successfully de-
scribes relevant phenomenology, but there is, so far, not
a special symmetry to associate the rest of the three
heavy quarksf. The charm quark may be a special one
in the quark family, because it is heavier than the first
three light quarks and does not belong to the regular fla-
vor SU(3), but stands in a weak doublet with the light
strange quark. The charm is not light at all, but is also
not as heavy as the bottom nor even the top quarks. The
intermediate mass determines the special characteristics
of hadrons which contain charm and/or anti-charm prop-
Recently, some researches have noted that the
first four quarks are different from the last two heavy
ones: the bottom and top quarks, such as the top as-
sisted technicolor model, but this is beyond the scope of
our review.

Since the charm quark is indeed sufficiently heavy (as
will be discussed below, “heavy” means it is heavier than
the binding energy scale Aqcp), it is natural to use the
potential model to evaluate the spectra of J/v¢ and other
family members: 7., x. and even h. etc. and their ex-
cited states, as well as their fine-structures and decay
modes. However, since it is not too heavy, the relativis-
tic correction to the potential which generally consists
of a Coulomb piece and a confinement one (for exam-
ple, the linear potential) [9—11], is more serious than
that for the T family. Still, by adjusting parameters,
great success has been achieved for the heavy charm-
quarkonia (charmonia) and the results are satisfactorily
consistent with data for ground and lower excited states.
Very recently, Voloshin gave an enlightening review on
charmonium where the relevant topics were discussed in
details [12]. However, the story is far from its end yet.
There have been many puzzles in the field, especially as

erties.

more accurate measurements are being done, they do not

disappear. Moreover, several new resonances have been
observed and they do not seem easily described by the
simplest valence quark structure, i.e. the meson is com-
posed of quark-antiquark and the baryon is composed of
three quarks.

Now, let us present a rough list about the puzzles. The
first one may be the famous pm puzzle where the branch-
ing ratio of ' — pm is too small compared with Refs.
[13—15]. Then the decay mode J/¢) — pr is forbidden
by the hadronic helicity conservation, thus its rate must
be sufficiently small, but by contrast, it is one of the
main decay channels of J/v¢. The sizable D°-D° mix-
ing which has been recently observed [16, 17], indicates
that there must exist a mechanism beyond the Standard
Model (SM). There are many newly observed resonances,
which may demand interpretation.

On the theoretical aspect, great efforts have been done
to look for reasonable explanations. The first step is to
make sure whether the puzzles in the new observations
are due to the flaws of our theoretical framework or there
is new physics beyond the SM. Indeed, to understand the
experimental measurements, one must calculate the cor-
responding quantities, where evaluation of the hadronic
matrix elements is the key and the obstacle. Since the
hadronic matrix elements are fully governed by the non-
perturbative QCD effects for which, at present, there
is no reliable way to deal with, all the results we have
achieved must possess certain uncertainties. Properly
estimating the errors and reliability of the results thus
becomes an important issue in theoretical calculations.

Below, we will discuss all the topics in separate sec-
tions. We first recall the mechanisms which govern the
weak transitions of D mesons, and then focus on dis-
cussion of the rare decays, because the regular Cabibbo-
favored channels have been thoroughly investigated in
both theory and experiment. Then since all the top-
ics are related to theoretical evaluation of the hadronic
matrix elements, in the next section we review the
current status. In Section 4, we are concerned with
the final state interaction, especially focusing on the
hadronic triangle calculation and briefly discussing other
schemes. In Section 5, we will discuss the hadronic he-
licity selection rule and its violation. In Section 6 we are
concerned with the pm puzzle, and in Section 7, we show
how the QCD multi-expansion theory works very well for
the pion radiation from excited states of T, but has diffi-
culties for ¢(nS) — ¥(mS) + mm (n > m). In Section 8,
in some details, we discuss the newly observed resonances
at the charm energy region, and some of them seem to be
exotic and need a reasonable interpretation. In Section

T There indeed is the so-called Heavy Quark symmetry SU;(2) ® SUs(2) (which we will discuss later) to connect the b and ¢ quarks,
but that symmetry is a symmetry when the quark mass approaches infinity and mainly can simplify the calculation of transition
from b to c. It is not like the SU(3) for light flavors and is also not a symmetry in the common sense.
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9, we discuss the D°-D° mixing and related theoretical
proposals, while also discussing the possible CP viola-
tion observable. In Section 10, we consider the charmed
baryons and double heavy baryons =.., where the dif-
ference between the lifetimes of A, and D*, DO is espe-
cially focussed on, and we will also briefly discuss the
charmed pentaquark. In Section 11, we specially discuss
the diquark structure in baryons, especially in the heavy
baryons, because it is an important issue when studying
baryons. The last section is devoted to a brief discussion.

2 The effective Lagrangian and transition amplitudes

Generally, this is a topic which is familiar to most of
theorists working in this field. Thus after a short intro-
duction, we will turn our attention to the application of
the theoretical framework for investigating rare decays
of D mesons and J/v.

2.1 The decay constants of D, and D%+

The most important parameters for the weak decays of
D and D mesons are their decay constants. Generally,
the decay constant of a pseudoscalar meson is measured
via its leptonic decays P — v (I = e, p, 7 as long as
kinematics allows) and the width is written as [18]
ml2> Vo2
MI% | qq |
where Mp, m; are the masses of the pseudoscalar meson
and the lepton, Vg4 is the corresponding CKM entry and
q,q are the valence quarks in the pseudoscalar meson.

There, fp is the decay constant which we are going to
obtain. The CLEO collaboration has achieved

for = (222.6 £ 16.728) MeV

in the decay of DT — ptv [19, 20].
Rosner has obtained the average of fp_ as [18]

fp. = (274 + 10) MeV

2
I(P—1p) = gF F2m2Mp (1
s

There is a discrepancy of about three standard devia-
tions between this result and a recent unquenched lattice
calculation [23].

Very recently, the CLEO collaboration reported their
new result as [22]

fp+ = (205.8 £8.5 4+ 2.5) MeV
by assuming |V.q| = |Vus|- They also obtained

+ +.) — - -5

BDT = ) = BID™ = w77) _ 01 0,08

B(DT — putv)+ B(D~™ — u—b)

which means that no CP violation was observed in the
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leptonic decay. The Belle group reported [21]
fp. = (275 £ 16(stat) + 12(syst)) MeV

Only when the decay constants are accurately mea-
sured can the theoretical predictions on the hadronic
transitions be trustworthy, so that more precise exper-
iments are necessary. In fact, measurement on decay
constants is not easy, not only because the current avail-
able database on D, especially D, is not large enough
to guarantee high statistics, but also because reactions
such as P — [V 4+ can influence extraction of fp. The
BESIII will collect the largest database of D mesons, so
one may expect to get very accurate decay constants for
D and D;.

2.2 The effective Lagrangian of weak interactions

The charmonia J/¢, n. and their excited states mainly
decay via strong interactions which are OZI-suppressed
(and will be discussed in later sections). Instead, D
mesons decay via weak interactions or electromagnetic
radiation. In this framework, the semileptonic decays
are well understood, so that we concentrate ourselves
here on the non-leptonic decays. Let us briefly review
the general situation of the D decays. The effective La-
grangian for weak interaction is written as

GFr
V2
10

ViV Y 0101} + h.c.
=3

LL?EC‘ZI = |:VZ;qu(ClOl + 0202)

where ¢ can be either d or s, and the first operator
O1 = (5c)v—a(uq)v—a with (q¢')v-a = qyu(1 = 75)d
originates from the tree level while others are induced
by loops, O3 to Og are the strong penguin operators,
and the rest (i = 7 to 10) are due to the 7, Z-penguins
and box diagram [24].

2.3 Rare decays of D mesons

The weak decays of D mesons can be categorized into
Cabibbo favored, Cabibbo suppressed and doubly sup-
pressed modes. The first type includes the modes such as
Dt — K%zt ete. and the second one was discussed by
Abbott, Sikivie and Wise [25]. For the Cabibbo favored
decay modes, one usually only considers the so called
spectator mechanism where the light quark behaves as
a spectator when the heavy charm quark transits into s
quark plus a ud pair. In this picture, annihilation and
W-exchange between charm and light anti-quarks can
be neglected because of the linear momentum matching
(namely, for annihilation and W-exchange, a quark-anti-
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quark pair must be produced from vacuum, or in other
words are produced by soft gluons, so that their linear
momenta are small, whereas the quark-antiquark pair
occurring directly from the effective vertex possess large
linear momenta. As they combine, a quark (anti-quark)
emerges from vacuum to constitute a hadron where the
two constituents must have close linear momenta; the
large momentum difference would greatly suppress the
probability). However, for the Cabibbo-suppressed or
even doubly-suppressed modes, the annihilation and W-
exchange mechanisms as well as the penguin contribu-
tions become important. In fact, there are several chan-
nels where the spectator mechanisms do not contribute
at all, thus these modes would be ideal places to study
such small effects which may manifest some unknown
mechanisms. Moreover, for the CP violation, the con-
tribution from the penguin and even the electro-weak
penguin would be crucially significant. We will discuss
these issues in the following sections.

Another interesting rare decay mode are those pro-
cesses where the light quark (anti-quark) transits while
the heavy charm behaves as a spectator which only pro-
vides a color source. Such a reaction includes D* —
D +~, D¥ — Dmx etc. where the photon and pion can
be emitted from either charm or light flavor. We used
to study a special case where in a heavy baryon contain-
ing two heavy quarks radiates a photon and transits into
a lower states with the same flavor [26] in terms of the
Bether-Salpeter (B-S) equation. It was indicated that
the branching ratios of such decays are very small and
are hard to measure at the present luminosity, however,
for BESIII and LHCb, the situation may be greatly im-
proved.

Recently, Li and Yang [27] calculated the branching
ratios of D™ — D° + et + v, DFf — DY + et + v,
Df — Dt +e' + e in SM, however, their results indi-
cate that only the branching ratio of DF — D®+et +v
could reach 10~%. According to the sensitivity of BESIII,
B-factories, Super-B and LHCDb, it might be observed at
Super-B and LHCDb, but not at others. On the other
hand, the observation may offer a probe for testing the
working mechanisms which govern the behaviors of the
light flavors in hadrons which are usually treated as pas-
sive spectators in most reactions, as aforementioned.

An interesting discovery has drawn the attention
of theorists and it is the observation of baryonic de-
cay Ds — pn [28], which can only occur through
W -annihilation topology, since it was supposed to be
very suppressed, as aforementioned, for the meson case
[29—31]. Chen et al. [32] indicated that the short-
distance contribution can only make the branching ratio
as large as 107%, which is much smaller than the data.

Thus, they suggested that the long-distance contribu-
tion via the FSI can enhance this value, so they claimed
that it is a dynamical enhancement of the W-annihilation
topology in D, decays. It is worth further study indeed.

2.4 Weak decays of J/¢

This is another type of rare decays which may provide
us with some information about the structure of J/1.
Generally, J/¢ would decay via strong or electromag-
netic interactions. The strong decay is realized via a
process where the constituents ¢ and ¢ annihilate into
three gluons which eventually fragment into hadrons; it
is an OZI-suppressed reaction and that is also why J/1) is
a narrow resonance and evaded observation before 1974.
It is believed that the decay width is proportional to the
wavefunction of J/1 at the origin, which can be easily
obtained by measuring its leptonic decay width. How-
ever (see below), a violation of the hadronic helicity se-
lection rule indicates that such a picture may not be
completely correct, therefore to investigate the structure
of J/¢ (if it has a hybrid component etc.), the study of
the weak decay of J/¢ might be very helpful. We cal-
culated the branching ratio of the semi-leptonic decay
J/tp — D& + et + v [33] in the QCD sum rules and ob-
tained it to be of order of 107!°. Then with the gained
parameters, we extended our calculation to the non-
leptonic weak decay of J/v. The results show that the
branching ratio of inclusive weak decays can reach the
order the of 1078, and a special channel J/¢ — Dg*) +p
[34] has a larger branching ratio of about 5.3 x 1079,
which might be measured by BESIII, B-factories, Super-
B and LHCD, as we wish.

In fact, all such rare decays may be important for
better understanding of the structure of J/¢ and the
governing dynamical mechanisms, even though accurate
measurements on them are extremely difficult. We lay
our hope on the very large database of the facilities which
will be available soon.

3 Hadronic matrix elements

This is probably the most difficult problem in hadron
physics which almost covers the whole field of high en-
ergy physics, and definitely confronts anybody working
in this field. definitely confronted by anybody. The rea-
son is that hadronization occurs at the energy scale below
Aqcp where non-perturbative QCD effects dominate,
and so far there is no effective way to accurately eval-
uate the effects yet. Much effort has been made to han-
dle the problem. The simplest way is by using the naive
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factorization where a hadron, generally a meson, is emit-
ted and can be factorized out from the hadronic transi-
tion of one hadron (meson or baryon) to another one.
Then the rest transition amplitude can be parametrized
by a few form factors which are obtained by fitting data
[35]. The transition matrix element can be analytically
decomposed into a few terms according to the Lorentz
structure and the parity conservation because hadroniza-
tion is a process where only strong interaction applies.
The advantage of this method is that it is simple and
since the form factors are fixed by fitting data, they can
be extensively applied to study the weak decay rates. It
is simple and consistent with data within a rather wide
range, however, there are obvious shortcomings. First,
the factorization is not always legitimate, and as Buras
et al. pointed out [36], the matrix element of operator

(M1 Ma2|Crquivu (1 — v5)q2i@3;7* (1 — 75)qa;
+C2q1ivu (1 — 75)q2iG357" (1 — ¥5)qai| M)

cannot simply be written as the factorized form because
a term proportional to A{;Aj;,, would appear which phe-
nomenologically, causes an effective N., and the coeffi-
cients are deformed as

C1 + OQ/N?H or Cy+ C’l/]\[::31Cf

where N¢ is no longer 3 [37, 38].

Moreover, such factorization is based on the specta-
tor mechanism where the transition occurs at the heav-
ier quark leg and where another light component would
play the role of a spectator. In this way, the annihi-
lation and W-exchange sub-processes are not properly
included. On an other aspect, as we know, the annihila-
tion and W-exchange sub-processes might be important,
when dealing with the inclusive processes, especially for
evaluating the lifetimes of D mesons [39, 40].

Thanks to the heavy quark effective theory (HQET)
where an extra symmetry SUy(2) x SUs(2) is considered,
one can reasonably evaluate the transition between two
heavy mesons containing b or ¢ quarks. It has already
become a criterion for testing the validity of any theoret-
ical calculation where hadronic matrix elements are eval-
uated, and as when the heavy quark limit is taken, the re-
sults must be qualitatively consistent with that obtained
by the HQET. Moreover, Georgi generalized this scenario
for dealing with transition between two heavy baryons,
each of which contains two heavy quarks in terms of the
superflavor symmetry [41]. On the other hand, charm is
not heavy enough to be treated as a real heavy quark,
and the 1/m, corrections may be important, and even for
heavier b-quarks, the 1/m;, corrections are not negligible
in practical computations [42—45]. Therefore, just as

the results under large-N, limit in the 1/N. expansion
theory only possess qualitative meaning, the obtained
values under the heavy quark limit (i.e. let mg — o0)
correspond to the leading order, and corrections must
be accounted for while comparing with more accurate
experimental data. There are many works to consider
when properly evaluating the 1/mg corrections [42—45].

In the recent years, some effective theories have
been developed to justify factorization, especially in B
physics. The perturbative QCD (pQCD) is based on the
factorization theorem. It states that for a process with
large momentum transfer, the physical amplitude can be
factorized as a product ¢ ® H where H is the factor
corresponding to the quark-level hard process amplitude
which can be calculated in perturbation theory order by
order, and where ¢ stands for the soft part. The later one
is not calculable in the perturbative way. In general, the
product is related to a convolution integration over the
wave functions of the initial and final hadrons. In the lit-
erature, there are two different versions of pQCD to deal
with the factorization, one is the familiar collinear fac-
torization and another is the so-called kr factorization.
The crucial difference between the two schemes may be
that kg factorization is possible in treating the problem
of endpoint divergence. The details of the two schemes
can be found in relevant literature [46—48]. The soft-
collinear effective theory (SCET) is a recently developed
effective field theory to simplify the processes containing
light energetic hadrons [49—54]. The great development
is that the proof of the factorization theorem can be per-
formed at the operator level in the SCET, which is much
simpler than the diagrammatic analysis in pQCD. How-
ever, on the other hand, except for very few processes,
such as the pion transition form factor, which have been
proved to be factorizable, most exclusive processes can-
not be rigorously proved to be factorizable. Moreover,
the factorization proofs are usually limited to the lead-
ing order and therefore the application of the factoriza-
tion theorem is still an assumption. The factorization
may be applicable for the decays of bottomed mesons
and baryons, but for charmed mesons D and baryons,
it is indeed questionable. In D meson decay, the energy
of the final light meson is at the order of Aqcp, which
is not high enough to perform a perturbative analysis.
Another question arises from the substantial corrections
in power of Agcp/me.. All these facts make it difficult to
apply pQCD or SCET into charm decays. In another ap-
proach named as the Transverse Momentum Distribution
(TMD), factorization is performed by taking transverse
momenta of partons into account. For example in the
reaction 70 4+ 4* — v the form factor can be written as
a convolution integral
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FQ)~¢®SaH(1+0(Q?)

where ¢ is the light-cone wavefunction of the pion, S is
an additional soft factor and H corresponds to the hard
scattering part [55—58].

A very recent work by several authors [59] indicates
that for the kr factorization scheme, at loop-level an
extra term which is related to the so-called light-cone
divergence appears when a unitary gauge is employed in
the calculation and disappears in the Feynman gauge.
This explicitly manifests that the the kr factorization at
loop-level is not gauge-independent, so that is violated.
This statement is still in dispute. Even though the kr
factorization cannot be a strict theory according to the
field theory, it can definitely be treated as a success-
ful phenomenological model and is applied to calculate
the transition amplitudes where heavy hadrons are in-
volved. Therefore, generally, we can trust the theoretical
results which are obtained based on the kr factorization.
Very, very recently, Li argued that the work [59] might
make some calculation mistakes and he presented a result
which is free of the light-cone singularity, so the gauge
invariance of the kr factorization is kept [60]. Since it is
a serious dispute, we will follow the further development
in the interesting regime.

Besides these methods which may stem from the quan-
tum field theory, there are some traditional methods
which have been widely applied to calculate the hadronic
matrix elements, including for example: the harmonic
oscillator model [61], the constituent quark model [62],
the constitute quark meson model (CQM) [63—66], the
light front quark model [40], the color-singlet model [68,
69], color-octet, and color evaporation [70], and espe-
cially the non-relativistic QCD (NRQCD), where an ex-
pansion in the powers of velocity of the heavy quark v
is naturally made [71]. Besides these phenomenologi-
cal models whose parameters must be fixed by fitting
data, the theoretical framework QCD sum rules [72] is
based on quantum field theory where only the perturba-
tive vacuum is replaced by the physical vacuum. Because
of the properties of the vacuum, a series of condensates
of quark-pair, gluons and quark-gluons etc. are intro-
duced to describe the non-perturbative QCD effects. It
has achieved great success in phenomenology. However,
on the other side, it is an extrapolation from the region
where perturbative QCD works reliably [73]. In the ex-
pansion only the operators with lower dimensions are
retained and moreover, to extract physical results a rea-
sonable plateau is required, where the threshold values
are determined, thus an error of about 15 % is unavoid-
able.

Quite an amount of phenomenological models has

also been employed to calculate the hadronic matrix
elements whose energy scale is Aqcp. As is well
known, the hadronization is fully determined by the non-
perturbative QCD effects, and so far there is no reliable
way to evaluate them based on quantum field theory or
any other first principles. One of the goals of our re-
search in fact, is to determine the mechanism which gov-
erns the reaction. Generally, the fundamental theory is
the standard model (SM) which at present no one doubts
due to its remarkable success, thus we can reliably (if we
ignore contributions from new physics beyond the SM)
determine the hard factor due to the asymptotic free-
dom of QCD. To extract important information, such
as determining the CKM matrix elements and checking
the unitary triangle, by exploring CP violation, one in-
deed needs to have a more accurate estimation of the
hadronic matrix elements, otherwise the physical picture
would be contaminated by the inaccuracy. Therefore, to
understand the physical world, reliable estimates on the
non-perturbative effects are absolutely necessary and all
the efforts along the line are worthwhile.

Moreover, one can also use the MIT bag model while
taking into account the recoil effects [74], the chiral bag
model and even the flux-tube model [75—77], to describe
the wavefunctions of the initial and final hadron states
when carrying out the calculation of the transition ma-
trix elements.

Indeed, all the models have their own reasonability
and advantage, but there are obvious flaws and un-
reasonability, and because they are not coming from a
basic principle, one can never expect that they can be
perfect. Therefore on one side, even though the models
are not perfect, they have applicability and if they are
properly applied, reasonable results should be reached.

As a conclusion, estimation of the hadronic matrix
elements is crucially important, but so far, there does
not exist a way to fulfil the job yet and one can only
apply the available models to estimate them with certain
reliability.

4 Final state interaction

Besides the estimate on the hadronic matrix elements
which are directly related to the transition, there are
secondary reactions, namely the final state interactions
(FSIs), which are also very significant for charm-hadron
decays. Such processes are due to strong interactions
and occur at hadron level, thus also cannot be derived
by perturbative QCD. Fortunately, one can use the chiral
Lagrangian to evaluate the long-distance effects and we
will discuss this issue in this section. Some phenomeno-
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logical models have been suggested to estimate the FSIs
in D meson decays: one-particle-exchange model [78] and
the Regge pole model [79].

The final state interaction (FSI) in the charm-tau en-
ergy region is very important [80—82]. According to the
concept, the FSI can be categorized into the quark-level
and hadron level FSI processes. The quark level FSI pro-
cess refers to the quark interference due to the identical
fermion statistics. It was noticed by Stech et al. a long
time ago while explaining the lifetime difference of DY
and D*, and we will come to this subject in later sec-
tions. Now let us concentrate on the second category of
FSI, i.e., at hadron level. In those processes, the initial
hadron first decays into intermediate hadrons (usually
two hadrons) and the two hadrons would re-scatter into
the final states. Since the re-scattering occurs via strong
interaction, the isospin must be conserved.

The re-scattering occurs at hadron level and both of
the hadrons are in color-singlets, thus the interaction be-
tween the hadrons cannot be described by one or even
a few gluon-exchanges and it makes the whole calcula-
tion more tricky and uncertain. The responsible effec-
tive theory in this field should be the chiral Lagrangian.
However, all the coefficients in the Lagrangian cannot
be obtained from an underlying theory such as QCD
at present, and can only be fixed by fitting data. This
brings up very serious problems and uncertainties for the
theoretical evaluation.

To evaluate the re-scattering effects, some authors sug-
gested calculating the absorptive part of the triangle di-
agrams whose internal legs are intermediate hadrons and
external lines corresponding to the initial hadron and the
final daughter hadrons [83—87]. In fact, the absorptive
part of the triangle corresponds to the real Final State re-
scattering because the two intermediate hadrons which
are directly coming from the initial decaying hadron are
on their mass shells. The hadron(s) exchanged between
the two intermediate hadrons at the t-channel not only
needs to possess proper quantum numbers, but also has
to conserve energy-momentum, so that it is obviously off-
shell. As at the triangle apexes where we apply the ef-
fective interaction vertices which are extracted from the
chiral Lagrangian, one needs to introduce phenomeno-
logical form factors to compensate the off-shell effects.
Usually there are various types of the form factors which
are widely adopted in literature, and the simplest one is
the pole formfT,

/12 _ m2

A2 — g2
A2 _m2

11 The usually adopted form of the form factor is < A2 5
—q

where ¢ and m are the momentum and mass of the t-
channel exchanged hadron, respectively, and A is a phe-
nomenological parameter whose value is believed to be
close to 1 GeV. It is noted that the form factor can also
paly the role of the cut-off in the Pauli-Villas renormal-
ization scheme, so that in the calculations, no ultraviolet
and infrared divergences bother us. On an other aspect,
this also leads to parameter-dependence and makes theo-
retical predictions uncertain. Therefore, this calculation
can only tell us the order of magnitude for the concerned
reaction unless we can use some data as inputs to fix the
model parameters.

The importance of FSI can be understood as one stud-
ies the decays of D — K°K% and D° — K*TK~ [79].
The former process can only occur via a W-exchange
diagram which is very suppressed according to the gen-
eral analysis, moreover, due to a CKM cancelation,
this reaction should be proportional to an SU(3) vio-
lation, so that should be very small. In comparison, the
later one is a Cabibbo favored external emission process
and should be overwhelmingly larger than the former
one. However the data show that B(D° — KTK~) =
(3.84+0.3)x1073 and B(D" — 2K9) ~ (3.7£0.7)x 1074,
which implies that B(D° — K°K?) is comparable with
B(D° — KTK™). This can be easily realized via a re-
scattering of KT K~ — KK In our work [79], we
showed that it can be realized with the data measured
in experiments on KK scattering as inputs. This sim-
ple example confirms the importance of FSI in charm
physics.

Moreover, the final state interaction provides a strong
phase which may lead to CP violation. As is well known,
the direct CP violation in decays is

I'(A— B) —T'(A— B) ~sin(a; — az)sin(¢; — ¢2)

where B may be a CP eigenstate and «, ¢ are the strong
phase and weak phase, respectively. It is obvious that
there at least exist two independent channels which have
different strong and weak phases, otherwise the direct
CP asymmetry is zero. Since the final products may
originate from another weak process and therefore the
reaction can have different weak phases from the direct
transition and the FSI can provide a strong phase, i.e.
the phase shift in the language of scattering, their inter-
ference can result in a non-zero CP asymmetry [82].

To calculate effects of the final state interaction, there
are two possible methods that can be adopted, i.e. the
Regge-pole model and the hadronic loop. It was dis-
cussed that the Regge model may apply in higher energy

n
) where n = 1 is the monopole form, n = 2 is the dipole form and

since n > 2, it is a multi-pole form which is seldom selected in literature. Besides, there are exponential and other forms.
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Table 1 The first two modes are well measured and the theoretical model parameters are obtained by fitting them [89].

Decay mode pOr0 K**K~ +cec.
BRx 1073 (Experiment)[95] 4.2+0.5 50+0.4
GPV(1073Gev1) 2.08 +0.25 1.65 4 0.26
GEV (1073GeV~1)(Theory) 6.44 6.01

GPV(1073GeV~1)(Theory)
BRx1073(Theory)

2.08(fitting)
4.2(fitting)

1.65(fitting)
5.0(fitting)

regions whereas the hadronic loop method is more suit-
able in lower energy regions. To a certain accuracy they
are consistent.

Generally, as many authors discussed, the two inter-
mediate hadrons are real on-shell particles, therefore, one
only needs to calculate the absorptive (i.e., imaginary)
part of the triangle diagrams. In fact, it is the real final
state interaction by common sense. However, as Suzuki
[88] pointed out, the dispersive part of the triangle can
also paly a role in influencing the transition amplitude.
By calculating the dispersive part of the triangle, we eval-
uate the branching ratio of J/¢¥» — PV, where P and V
stand for pseudoscalar and vector mesons [89]. This is
related to the famous pm puzzle which will be discussed
in later sections. Our strategy is that we calculate the
dispersive part of the triangle by keeping the parameter
A as a free parameter to be determined, and by assuming
the SU(3) symmetry, we set the direct transition rate as
another free parameter, then by fitting two special chan-
nels (J/vy — p°7°, K+*K~ which are more accurately
measured) we obtain the two parameters. With these we
calculate the branching ratios of other channels and find
that the results, which are listed in the table below, are
well consistent with data.

It is interesting to note that usually only at lower en-
ergy regions, the FSI effects are more significant, but
sometimes, the small effects may be also non-negligible.
This is the case for studying CP violation. As indicated,
the direct CP violation is induced by an interference be-
tween at least two channels which have different weak
and strong phases. Even though the FSI in certain cases
is much smaller than the main contribution which usually
comes from the tree level and does not possess a strong
phase, FSI then provides a non-zero strong phase, and
its weak phase may be completely different from the tree
level one, thus an interference between it and the tree
amplitude would result in a non-zero CP violation. We
calculated such a possibility for the B. decay [90] and
conclude that in this case the pQCD calculation is still
valid and the FSI effect only raises a minor contribution
to the total decay amplitude, but its strong phase is not
zero, so is may help to build up an observable CP vi-
olation effect as it interferes with the tree contribution
which is calculated in pQCD.

#n o' wn wn’

0.65 + 0.07 0.33 +0.04 1.58 £0.16  0.167 £ 0.025
0.89+0.096 0.714+0.086 1.27+0.13  0.46 %+ 0.069
3.47 5.01 5.33 3.97
0.93 0.61 0.93 0.43
0.71 0.25 0.84 0.15

This indicates that the FSI is important, but as afore-
mentioned, the large uncertainties in the whole scenario
and the parameters involved in the calculations make the
theoretical prediction in accurate, and all these are worth
further study. To place the theory in a better shape, we
need more information from experiments.

5 Hadronic Helicity suppression in .J /1) decays

It is generally believed that the narrowness of J/1 is due
to the Okubo-Zweig-Tizuka (OZI) rule [91—94]. Violation
of the OZI rule would give rise to a non-zero transition
rate. The main two-body decays of J/¢ can be cate-
gorized as J/¢p — PP’ J/¢ — PV and J/¢yp — VV’
where P, V stand for pseudoscalar and vector mesons.
Further, there are definitely other modes, for example,
the scalar and axial vector final states. As well, there
is also the possibility of decaying into two baryons such
as pp, AA etc. but the corresponding branching ratios
of such channels are rather small [95] and the result is
well understood in our theory. To get a better under-
standing of the OZI rule, people turned to study the
radiative decays of orthoquarkonia [96, 97] where only
a hadronic transition matrix element is needed. With
certain approximations they obtained numerical results
which were roughly consistent with data. The process
involved a five-point Green’s function; the Feynman in-
tegration is complicated. Thanks to the developments
of calculating techniques, we carried out a full calcula-
tion [98] and the results are qualitatively consistent with
that obtained by the authors of Refs. [96, 97] and the
data available at that moment. The success indicates
that our knowledge on the OZI rule might be correct,
with a tolerable error. It is also noticed that in the ra-
diative decays, the hadronic effects of J/v are included
in its wavefunction at the origin, which is obtained by
fitting data of the leptonic decays of J/¢ and it must be
accurate enough.

To further validate the OZI rule, we calculate the pro-
cess of J/1p — mm, which is an isospin violating one.
Usually it is supposed that this process is induced by the
electromagnetic interaction, i.e. via J/¢ — v* — 7.
However, as is well known, there are two sources for
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isospin violation, one is the electromagnetic interaction
and another is the mass splitting of v and d quarks. Con-
sidering the mass difference of u and d quarks, we cal-
culate the OZI process J/¢ — ggg — wmw [99] and get
its amplitude which is comparable to the contribution
from electromagnetic interaction. Concretely, we find
the OZI amplitude is proportional to (m, —maq)/M /.y,
which clearly manifests the isospin violation. We should
carry out a similar calculation of J/¢ — v* — 7w in
the same scenario and compare it with the OZI process
in our later work. Then we continue to calculate the
branching ratio of J/1¢» — pm, which is supposed to be
fully dominated by the OZI process J/¢ — ggg — p.
We obtain a branching ratio which is one order smaller
than the data. More discussion will be presented in the
next section).

In fact, it is not a surprise, because a long time
ago, Brodsky and Lepage [100, 101] indicated that as
the vector-gluon coupling conserves the quark helici-
ties, the total hadronic helicity is conserved and can
only be violated at orders of m/Q or higher, where m
is the light quark mass in the final hadrons and @ is
the transferred momentum scale. Our numerical results
are consistent with this rule, i.e. the process is sup-
pressed by the hadronic helicity conservation and we
explicitly show that the amplitude of the transition is
proportional to (my + ma)/M;/y, which confirms the
observation of Lepage et al. However, the allegation
sharply contradicts the data where the branching ratio
of J/1 — pris (1.69£0.15)% [95] and is one of the dom-
inant hadronic modes. To reach a compromise with this
obvious discrepancy, Branbilla [100, 101] suggested that
either J/4 contains other constituents, for example it is
a hybrid, or there is some unknown mechanism which
violates the hadronic helicity conservation and results
in a larger transition amplitude. However, both inter-
pretations would receive very crucial challenges because
for a long time, people believed that J/1 is composed
of charm and anti-charm quarks and most overwhelm-
ing works are based on this picture. The second one
also does not seem to work, because if it were true, the
mechanism would exist in other channels and influence
all theoretical predictions.

Associating with the phenomenon where 1’ — pm is
peculiarly suppressed, we are inclined to the first inter-
pretation, namely J/1) is not a pure ¢-¢ bound state, but
¥’ is. We will give more discussions in the later section
about the pr puzzle. On an other aspect, we used to fol-
low Suzuki and consider the long-distance contribution
to J/¢ — pm and our results show that it is possible to
explain data, but the answer is still not satisfactory yet

(see later section for more discussions).

6 The p7 puzzle decays

As has been widely discussed, the puzzle has been raised
for a long while. In the regular theoretical framework,
there should be a relation

po BRW —gg9) _ I/ —eter) L(J/Y)

BR(J/¢Y —g99) I'(J/ —etem) (YY)
where I} is the total width. This ratio comes from the
fact that if both J/¢ and ¢’ are ¢ — ¢ bound states, in
the hadronic decays, ¢ and ¢ annihilate into three gluons
which then convert into hadrons, whereas in the leptonic
decays, ¢ and ¢ annihilate into a virtual photon which
turns into a lepton-pair. In this picture, the amplitudes
of the hadronic decay which occurs via a three-gluon in-
termediate state, and the leptonic decay which occurs
via a virtual photon intermediate state, are proportional
to the wavefunction at origin 1(0). If everything work
well, the ratio should be close to 12 %~ 14 %, which is
called as the 14 % rule (now, it is sometimes called the
12 % rule; anyhow it is a sizable number in contrast to
the data.). However, the data tell us that this ratio is
much smaller than this value.

Some theoretical interpretations have been proposed.
Rosner et al. [102] suggested that the quantum number
of the observed 1’ may be not a pure 2S state, which
is the first radial excited state of the c¢ system, but a
mixture of 2S5 and 1D states. The amplitudes are instead

(pr|y’)y = (pm|23S1) cos ¢ — (pm|13D1) sin g ~ 0
(pr|p""y = (p|23S1) sin ¢ + (pm|13Dy) cos ¢
~ (pm|2351)/ sin ¢

where ¢ is fixed as —27° or 12° by fitting data. By
the destructive interference between the contributions
of the two components to the amplitude of ¢/ — pm,
the smallness is explained. Suzuki [88] alternatively sug-
gested that the relative phase between the one-photon
and gluonic decay amplitudes or hadronic excess in the
1)’ decay may result in the small branching ratio. The
final state interactions may also give a reasonable ex-
planation [103]. The first proposal can be tested in the
decays of 9" — pm which has not been well measured yet.
In Ref. [88], the author suggested that the one-photon
amplitude is sizable and it can be tested in some other
modes, for example 1y — 7 if the process is dominated
by the electromagnetic interaction. The hadronic excess
can also receive tests in the decays of other higher excited
states of the - family and even the Y- family. The final
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state interaction may play an important role in D and B
decays, and also in decays of 1 mesons as suggested in
literature. The difficulties are in how to properly eval-
uate such effects. The final state interaction process is
induced by strong interaction at lower energy regions,
thus it is governed by the non-perturbative QCD, which
is not fully understood in the present theoretical frame-
work yet. People need to invoke some phenomenological
models to carry out the calculations. We will give a
more detailed discussion on the estimation of the final
state interaction, here we only use our results to discuss
the puzzle.

In our work [89], we simultaneously considered the
FSI and the direct decay of J/+¢ into a vector and a
pseudoscalar meson and concludeed that both of them
contribute to the widths, and their interference should
be destructive to explain data. This observation indi-
cates that even though the OZI-forbidden process is siz-
able, it cannot be consistent with the data. The result
implies that the hadronic helicity conservation indeed
greatly suppresses the process of J/¢ — pr and as the
data demand an explanation, one should consider what
the origin of the problem is.

In a straightforward calculation based on the SM, we
estimate the decay width of the OZI forbidden process
J/Y — pr [99], and find that the width is indeed pro-
portional to (mgq/m s;,)? which comes from the hadronic
helicity suppression factor. Numerically, the branching
ratio of J/1¢ — pm should be smaller than 0.1 %. The
same situation appears for 1" — pm. It was qualitatively
discussed by Brodsky et al. [100, 101]. As aforemen-
tioned in the last section, to prove the calculation, we
recalculate the subprocess J/¢ — 3g — mm, which is an
isospin violating reaction and is usually supposed to be
dominated by the subprocess J/¢ — 7w because the
EM interaction violates isospin, as is well known. Our
result indicates that in the OZI forbidden subprocess the
transition amplitude is proportional to (1., —ma)/m j 4,
i.e. the mass difference results in the isospin violation
instead. Our numerical result is of the same order as
the contribution from J/¢ — ~zmw. All the results are
consistent with our physics picture and are qualitatively
reasonable. Therefore, we can trust our calculations for
the process J/¢ — pmr. Our numerical results are listed

in Table 2.

As indicated in Refs. [100, 101], the structure of J/1)
may be not a pure c¢¢ charmonium, but consists of other
components, such as hybrids ccg, ccqq and etc.

To understand the smallness of the ratio R, one can
expect that either there is a problem with 1)’ as Rosner et
al. did, or there is something obscure in the J/¢ struc-
ture, as Brodsky and many others indicated. Our above
numerical results show that even though the hadronic se-
lection rule works in the cases of J/1¢ — pm and ¢’ — pm,
the suppression is not too serious and the theoretical pre-
diction is only one order smaller than the data.

Therefore, a tentative conclusion may be drawn that
the pm puzzle may not be due to the mixing structures of
¥" and ¢, and neither to an anormal structure of J/v
itself. It seems that both proposals cannot independently

”’” more complicated mechanisms may

explain the “puzzle
be needed.

This is a great challenge to our understanding because
the c€ structure of J/v has been recognized almost from
the very beginning of its discovery. If it is not a pure cc,
all the previous works in terms of the potential models
where many parameters are fixed by fitting data should
be re-considered. Or there may be some other mecha-
nisms which were not taken into account, or there may
exist contributions from new physics beyond the stan-
dard model (SM). However, the latter does not seem to
be very promising because the concerned energy range
is rather low and SM works perfectly well in explaining
the data for most states and processes. Thus, it is ob-
viously inclined to the first proposal that J/« is not a
pure S-wave bound state of cc.

It is noted that the calculated results, unless for the
distribution ¢3, are one order smaller than the data. The
same situation happens to 1/, but it is still hard to draw
a conclusion that the 14 % rule is due to the existence
of higher Fock states in J/1 or other mechanisms which
further suppress the reaction of 1/ — pm, maybe both.
It forms an intriguing challenge to our understanding of
the hadron structures. This whole picture also applies
to the T family, therefore the future experiments would
provide hints to finally solve the puzzle.

There have been some theoretical explanations besides
that we discussed above. In the work by Mo, Yuan and

Table 2 Decay widths (I') of J/1 — m+p~ + 7~ pT based on the three distribution functions, ¢1, ¢2 and ¢3, respectively [99].

my /MeV mq/MeV I'(¢1)/MeV I'(¢2)/MeV I'(¢3)/MeV exp/MeV
2 2 1.04 x 10~* 7.21 x 107° 5.11 x 10~%
3 3 2.36 x 10~4 1.6 x 10~4 1.17 x 1073
4 4 4.12 x 1074 2.9 x 1074 2.08 x 1073 (1.06 £0.08) x 1073
5 5 6.69 x 104 4.54 x 10~4 3.38 x 1073
6 6 9.75 x 10—+ 6.68 x 10—+ 4.88 x 1073
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Wang [104], the authors described the recent status of
theoretical research as well as the experimental measure-
ments on the interesting subject.

Interestingly, there is also an alternative opinion to-
wards the subject. Suzuki [88], Zhao [105—107] deny it
as a “puzzle”, because they consider that the electro-
magnetic interaction may play an important role in J/v
decay where c¢ annihilates into a virtual photon which
later fragments into hadrons. In the picture, it is sup-
posed that a destructive interference between the contri-
bution of three-gluon and single-photon processes would
suppress 1)’ — pm. Since its amplitude can be roughly
estimated in terms of the measured rate of J/1 leptonic
decay, there should be a strong constraint on the pro-
posal. Moreover, if it is true, the interference would also
appear in other decay modes and the picture should be
further investigated and tested by more accurate exper-
imental data available in the future, especially from the
BESIIIL.

7 QCD multi-expansion and strong radiations

In an enlightening paper by Kuang [108], in detail, the
author explained the work of Yan and Kuang [109, 110]
where they successfully initiated and developed a com-
plete theoretical framework, the multi-expansion method
in QCD. The theory properly deals with the emission
of light hadrons during heavy quarkonia transitions.
Concretely, one mainly studies the processes such as
T(nS) — T(mS)+n+mor p(nS) — Y(mS)+r+n with
n > m. In Ref. [108], the author investigated the emis-
sion of h. which was found by CLEOc [111] and invited
great interest from theorists [112, 113] as well as exper-
imentalists [114]. The decay width of such transitions
can be written as
3 3 _ 2 l,Pr,Pp 2

I'(nr?S1 — np®Sh) = [CL*Gl L e iw
where |C1]? is a constant to be determined and it comes
from the hadronization of gluons into pions, G is the
phase space factor, fiffIiFF 1 18 an overlapping integral
over the concerned hadronic wave functions, and their
concrete forms were given in Refs. [109, 110] as

ffll’fﬂi)LFF,lF

Z [ Re(r)rfr Ry (r)r?dr [ Ry, (r')r'PT Ry (v )r"2dr!

= M; — Eri

where ny,np are the principal quantum numbers of the
initial and final states, {7, [r are the angular momenta of
the initial and final states, [ is the angular momentum of
the color-octet ¢q in the intermediate state, P;, Pr are

the indices related to the multipole radiation, and for the
El radiation Py, Pr=1 and [ = 1. R;, Rr and Ry, are
the radial wave functions of the initial and final states,
M7 is the mass of the initial quarkonium and F; is the
energy eigenvalue of the intermediate hybrid state.

The framework provides a more elegant way to deal
with the long-distance QCD effects even though it only
concerns transitions between states of heavy quarko-
nia. Moreover, between two gluon emissions the in-
termediate state is a hybrid state which definitely is a
subject to draw the interest of all high energy physi-
cists. Just as aforementioned, the QCD theory predicts
the existence of exotic states, such as glueball, hybrid,
tetraquark and pentaquark etc., and at least does not
exclude their existence. However, so far none of such ex-
otic states have been experimentally identified yet, so
that any direct or indirect information about the ex-
otic states must be valuable. Since the subject is heavy
quarkonia, the potential model is reasonable for describ-
ing their structures. Recently, many works have been
devoted to studing the potential which can describe the
hybrids, which are composed of heavy quark, anti-quark
and a gluon. In this case the quark and heavy quark re-
side in a color octet to keep the hybrid meson in a color
singlet, so that the Coulomb potential between them is
repulsive. The recent literature suggests a form by Swan-
son and Szczepaniak [115]

V() =br+ " (1—e i)

where the concerned parameters were given in Ref. [115].
Alternatively, Allen et al. proposed another potential
form which includes a repulsive Coulomb piece as [116]

V(r) = ’; +/(br)2 + 27b + V

where Vj is the zero-point energy and other parameters
were also depicted in Ref. [116].

When the works of Refs. [108—110] were done, there
were not many data about the transitions available, so
that the authors assumed that (4.03) is the ground
state of hybrid |cég) and accordingly obtained the con-
cerned parameters in the potentials listed above. Re-
cently, thanks to the great work of Belle, Barbar and
CLEOc, much more data have been collected and they
enable us to take an inverse strategy to study the prob-
lem.

In our strategy, we treat the parameters in the hybrid
potential as free parameters to be determined. Using
all the available data on Y(nS) — Y(mS) + 7 + 7 and
P(nS) — (mS) + ™ + 7 as inputs, we apply the x?2
analysis with the form of y? defined in Ref. [117] as
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o2 — (With - WiCXP)Q
=2 (e

where i represents the i-th channel, W is the theoretical
prediction on the width of channel 7, W™ is the corre-
sponding experimentally measured value, and AW is
the experimental error.

Carrying out all the procedures, we have obtained that
the masses of ground states of the charmonium family
and Y family are 4.23 GeV (for charmonium) and 10.79
GeV (for bottonium). It is noted that they are not the
physical states which are experimentally observed. This
is quite understandable because the present knowledge
may suggest that the glueballs and hybrids may not exist
as real resonances with fixed masses and widths, but mix
with hadrons with regular valence-quark compositions
[118—121], and the physical states are the eigenstates of
the mass matrices.

However, from other aspects, these results are not
accurate due to large uncertainties of the experimental
data. Especially, when we reached the results, T(55) was
not measured yet, and we did not include its transition
to lower the T members.

Last year, the Belle Collaboration reported their mea-
surements on YT(5S) — T(1S)xt#x~ and YT(5S) —
T(2S)rtn~ with decay widths of 0.59 + 0.04(stat.) +
0.09(syst.) MeV and 0.854+0.07(stat.) £0.16(syst.) MeV.
These values are about two orders larger than the pre-
viously measured partial widths for dipion transitions
between lower T resonances [122].

Meng and Zhao suggested that the anomalous en-
hancement is due to the final state interaction [123, 124].
Namely, because Y (55) and T(4S) are heavy and above
the production threshold of BB, they may therefore first
decay into a BB pair and then by a re-scattering, B — B
would turn into Y (m.S)+ 77 with m < 3. By this picture
and fixing the concerned parameters within reasonable
ranges, the enhancement may be understood. Ifit is true,
one cannot further use the data of Y(55) — T(mS)+nrw
in our above calculations because the re-scattering con-
tribution contaminates the whole picture and one is no
longer enable to gain direct information about the hybrid
intermediate state at all.

In the calculation, we have found a strange phe-
nomenon that for Y (nS) — YT(mS)+m+m, the results are
pretty stable, however for ¥(nS) — ¥(mS)+ 7+ 7 there
exists a cancelation among large numbers with smaller
numbers remaining. This is due to the closeness of the
charmonia masses and the hybrids, therefore the results
on the charmonia transitions are not very reliable.

On an other aspect, such unstableness may be the re-
sult of a mistreatment of the charmonia transition. If

the final state interaction is important as the authors
of Refs. [123, 124] suggested, for bottonia transitions,
it would also apply to the charmonia transition when
masses of (nS) are above the production threshold of
DD. Taking into account such FSI effects, one may re-
extract information about the direct transitions. As one
did for the potential model, one may expect that the pa-
rameters are universal for cases b and ¢ and then we can
reduce theoretical uncertainties in the calculation.

Indeed, such information is very necessary for deter-
mining the model parameters and even judge the whole
scenario of hybrids. Therefore, we are expecting more
data in the charmonia energy regions to be collected in
Babar, Belle and even the LHCDb, as well as improve-
ments in the theory.

8 The X,Y and Z resonances

The QCD theory and quark model have been proven to
be very successful, however, it is by no means the end
of the story. Both QCD and the quark model have soft
bellies where many problems are not answered yet. In-
terestingly, the two aspects in the quark model and QCD
are connected to each other. In the QCD theory, thanks
to the asymptotic freedom, the perturbation can be be-
lievably applied to evaluate any high energy processes,
however, on other side, the low energy processes are gov-
erned by the non-perturbative QCD effects for which so
far there is a lack of any reliable way to deal with. We
have already briefly discussed this issue in previous sec-
tions. Unfortunately, many real physics quantities are
related to the low processes, such as the fragmentation
in high energy collisions and hadronic transition form
factors in hadron decays. On an other aspect, the quark
model demands that mesons are composed of a pair of
quark and anti-quark, baryons consist of three quarks (or
anti-quarks), and the QCD interaction (i.e. strong inter-
action) binds all the constituents into hadrons. Both
of the theories do not prohibit the existence of exotic
states, such as glueballs, hybrids and multi-quark states
(tetraquark, pentaquark etc.) or even favor their exis-
tence. The pentaquark was a hot topic for a while as sev-
eral groups claimed that pentaquarks containing an anti-
strange quark or anti-charm quark were observed, then
new data from most of the major labs gave completely
negative results. Do they really exist or mix with regu-
lar hadrons as suggested in literature [125, 126]? That
is still an unsolved question.

Recently, the Babar, belle, CLEO and BES reported
many newly observed resonances which were randomly

named as X, Y and Z particles. In a review paper,
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Godfrey and Olsen discussed this issue in some detail
[127]. There are many theoretical works devoted to the
exciting field.

D?,(2317), D,;(2460), D,;(2860) and D, ;(2715)

The discoveries of mesons D?;(2317) and D, (2460)
[128—138] whose spin-parity structure are respectively
0T and 17, have attracted great interest from both the-
orists and experimentalists of high energy physics, be-
cause they seem to be exotic. Bardeen et al. supposed
that D¥;(2317) and D,;(2460) are (0", 1) chiral part-
ners of Dy and D¥ [139—141], i.e. p-wave excited states
of Ds and D? [142]. By studying the mass spectra, Bev-
eren and Rupp suggested that D¥;(2317) and D ;(2460)
are made of ¢ and § [143, 144]. With the QCD spectral
sum rules, Narison calculated the masses of D} ;(2317)
and D, ;(2460) by assuming them to be quark-antiquark
bound states and obtained results consistent with the
experimental data within a wide error range [145]. Very
recently, considering the contribution of the DK contin-
uum in the QCD sum rules, Dai et al. obtained the mass
of D¥;(2317), which is consistent with experiments [146].
Meanwhile, some authors suggested that D?;(2317) and
D,;7(2460) may be of four-quark structure [147—152].

Thus to clarify the mist of the structures of D¥;(2317)
and D,;(2460), serious theoretical works are needed.
The studies of the productions and decays of D} ;(2317)
and Dg;(2460) are very interesting topics. Several
groups have calculated the strong and radiative decay
rates of D¥;(2317) and D,;(2460) in different theo-
retical approaches: the Light Cone QCD Sum Rules,
the Constituent Quark model, Vector Meson Dominant
(VMD) ansatz, the constituent quark meson model, etc.
[153—161]. The authors of Refs. [150, 162] also calcu-
lated the rates based on the assumption that D?;(2317)
and D;;(2460) are in non-c§ structures. Their predic-
tions on the D?;(2317) and D,;(2460) decay rates are
obviously a few orders larger than that obtained by as-
suming the two-quark structure. Recently, Faessler et al.
studied the same subject, assuming D} ;(2317) as a DK
molecule state using an effective Lagrangian approach
163).

The semileptonic decay of Bg is one of the ideal
platforms to study the productions of D¥;(2317) and
D,;(2460).  Especially, the Large Hadron Collider
(LHC) will be running in 2008, which can produce large
amounts of B,. Thus, the measurements on B, —
D,(2317,2460)I7 would be realistic. In Ref. [164], the
author calculated rate of Bs — D;;(2317,2460)lv in
terms of the QCD sum rules and HQET. Recently, au-
thors of Refs. [165, 166] completed the calculations of

By — D4 ;(2317,2460)!7 semileptonic decays in the QCD
sum rules and obtained large branching ratios. However,
the results obtained by authors of Refs. [165, 166] are
one order smaller than those given in Ref. [164]. In Ref.
[167], authors studied the same topic in terms of the
Constituent Quark Meson (CQM) model. The branch-
ing ratios of By — D,;(2317,2460)!7 estimated by the
authors of Ref. [167] and that obtained in terms of the
QCD sum rules [165, 166] are of the same order of mag-
nitude.

In Ref. [168], the authors used the heavy quark ef-
fective theory (HQET) and a non-relativistic model to
evaluate the production rate of D?;(2317) in the decay
of 1(4415), and found that it is sizable and may be ob-
servable at BES IIT and CLEQ, if it is a p-wave excited
state of D4(1968).

Because D, (2632) was only observed by the SELEX
collaboration [169], but not by Babar [170], Belle [171]
and FOCUS [172], its existence is still in dispute, so we
do not intend to include D, ;(2632) in this review.

In the summer of 2006, the Babar collaboration ob-
served a new ¢35 state Dg;(2860) with a mass 2856.6 +
1.5 + 5.0 MeV and width I' = (48 £ 7 + 10) MeV.
Babar observed it only in the D°KT, DTK2 channel
and found no evidence of D**K*+ and D*TK?2. Thus
its quantum numbers should correspondingly be JF =
07,17,2% 37, ... [173]. At the same time, the Belle col-
laboration reported a broader ¢35 state D,;(2715) with
JP =17 in B* — D°DYK™ decay [174, 175]. Its mass
is 2715+ 1171 MeV and width I = (115 +20735) MeV.

According to the heavy quark effective field theory,
heavy mesons form doublets. For example, we have one
s-wave ¢§ doublet (07,17) = (D4(1965), D*(2115)) and
two p-wave doublets (07, 1%) = (DZ,(2317), D,;(2460))
and (1+,2%) = (Dy1(2536), Dy2(2573)) [95]. The two
d-wave ¢5 doublets (17,27) and (27,37) have not
been observed yet. The possible quantum numbers
of DSJ(2860) may be O—i_(23P0)7 1_(13])1)7 1_(2381),
21(23Py), 27 (1°F3) and 37(1°D3). The 23Py c5 state
is expected to lie around (2.95 — 3.0) GeV while the
mass of the 13Fy state will be much higher than 2.86
GeV.

D, 7(2860) was proposed as the first radial excitation
of D*,;(2317) [176, 177], or as a J© = 37 c5 state [178]
or as ¢5(2P) state [179]. By the potential model, one can
see that D,(2715) sits exactly at the position predicted
by the quark model, at 2715 MeV if it is a 23S; c5 state
[180]. The 1~ state should lie around 2721 MeV if a
(17,17) ¢5 chiral doublet is formed [181].

In Ref. [182], authors investigated the strong decays
of the excited cs states using the 3Py model. After
comparing the theoretical decay widths and decay pat-
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terns with the available experimental data, they tend
to conclude: (1) Dg;(2715) is probably the 17 (1°Dy)
cs state although the 17(23S;) assignment is not com-
pletely excluded; (2) D;;(2860) seems unlikely to be
the 17(23S;1) and 17(13D;) candidate; (3) Ds;(2860)
as either a 07 (23Pg) or 37(1°D3) c5 state is consistent
with the experimental data; (4) experimental search of
D;(2860) in the channels Dyn, DK*, D*K and DZn
will be crucial to distinguish the above two possibilities.

In Ref. [183], the strong decay of the D wave ¢5 meson
to the light pseudoscalar meson is studied in the frame-
work of the light cone QCD sum rule (LCQSR).

Recently, Dubynskiy and Voloshin proposed an inter-
esting picture to explain the newly observed rich fam-
ily of X, Y and Z. They suggested that the charmo-
nium states, such as J/¢, ¥(25), 1., can be bound in-
side light hadronic matter, especially inside higher res-
onances made from light quarks and gluons, and they
named such states as hadro-charmonium [184, 185]. Def-
initely, this picture should undergo some more serious
theoretical and experimental tests.

Indeed, this is a wide world to be explored, which
may help to validate the quark model and the low-energy
QCD principles as well as all the working phenomenolog-
ical models.

9 D°-D° mixing

This is an extremely interesting subject since a siz-
able mixing of D°-DO generally implies existence of new
physics beyond the standard model.

In the SM, mixing of particle and anti-particle, such
as K9-K9 DOD° and B(OS)—B?S), occurs via the box-
diagrams [186, 187]. The calculation is standard based
on the the GIM mechanism [188]. The contribution of
the box diagram is proportional to m?/m#,, where m;
is the mass of the exchanged quarks in the box and the
CKM matrix elements [189]. Thus for the B°-B° and B,-
B, mixing, the exchanged quark is the top quark and the
factor m?/m?%, > 1 becomes an enhancement, so that the
mixing is large; such mixing has been reported to have
been observed a long time ago and in history it played
an important role in hinting that the top quark might
be heavier than the W-boson. However, for D°-D°. the
exchanged quark can only be a b-quark, which is much
lighter than the top quark, so that the resultant mixing
must be very small. The D°-D® mixing has indeed been
measured by the Babar [190, 191] and Belle [192, 193]
collaborations. Therefore, it implies the possible exis-
tence of new physics beyond SM. There have been some
theoretical suggestions about the mechanisms which may

cause a sizable D°-DY mixing, for example, via a FCNC
process in the non-universal Z’ model [194] or the un-
particle model [195, 196].

The eigenstates of the mass matrix are [197, 198]

|Dgr) = p|D°) + q|D°)
|Dr) = p|D°) — ¢|D°)

with |p|? + |q|?> = 1, and the corresponding eigenvalues
are

(mH — mL) — 1(FH — FL)/2
=2\/(Myz — iI2/2)(Mf, — il /2)

where Mo and I'19 are the off-diagonal matrix elements
and are obtained by calculating the box diagrams; it is
noted that both of them are complex. In SM they are
small, thus a sizable non-zero mass and life difference of
the two physical states |Dg) and |Dr) must be caused
by new physics, as aforementioned.

Since the mass and life differences of the two eigen-
states are not very large, it is hard to measure it as one
did for the K%-K° system, and we can investigate the
evolution process of the D°-D° system which, in gen-
eral, is produced in B-decays or at higher excited states
of the ¢ family. One has [197]

IDO()) = g+(£)| D) + ;gf<t>|D0>
1DO(t)) = zg, (£)]D°) + g4.(1)|D°)

and

— i
gi—2€ e

and Am = myg — myp, Ay = vy — vr. The important
parameters are

Am A~y
xTr = 5 y:

Y Y

1 s A A S A A
—lmt—gt( o t— ftie—l ot 47t)

where +y is the average lifetime of Dy and Dy,.

In analogy to the K-system, there exists the indirect
CP violation which can be observed in the time evolution
of the system. The direct CP violation will be discussed
later.

The data of the Babar collaboration about the D°-

D° mixing [190, 191] are z'> = [~0.22 £ 0.30(stat.) +
0.21(syst.)]x 1073 and 3 = [9.7+4.4(stat.)+3.1(syst.)] x
1073, where 2’ = £ cos x4+ ySindgnr; y = —xsindgr +

ycosdi, and dx, is the strong phase between the
Cabibbo favored (CF) and doubly Cabibbo suppressed
(DCS) amplitudes. 2'is consistent with zero and y’ ob-
viously deviates from zero. The data given by the Belle
collaboration [192, 193] are yop = [1.31 4 0.32(stat.) £
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0.25(syst.)]%, where yop is defined as yop = ycos ¢ —
;AM sin ¢. When CP is conserved, A); = ¢ = 0, and the
results are consistent with that obtained by the Babar
collaboration.

The unparticle model was first proposed by Georgi
[201, 202]. Georgi argued that operators Opz made
of BZ fields in the scale invariant sector may interact
with operators Ogy of dimension dgy made of Standard
Model (SM) fields at some high energy scale by the ex-
change of particles of large masses, M, with the generic
form OSMOBZ/MLkl. At another scale Ay, the BZ sector
induces dimensional transmutation; below that scale the
BZ operator Opz matches onto unparticle operator Oy
with dimension di and the unparticle interaction with
SM particles at low energy has the form

)\Ai{*dSM —duy OsmOy

In the SM, the weak phase comes from the CP phase
in the CKM matrix. Since the SM contribution to Mj2
and I35 can be neglected, the weak phase must be in-
duced in the new physics. We would like to point out
some salient features of the unparticle contribution to
MY and '} due to an extra phase factor e ™40 in the
new scenario. We note that MY, can have both positive
and negative signs depending on the value of dyy due to
the factor cot(ndy ), therefore if information about the
sign can be obtained from other theoretical considera-
tions or experimental data, the dimension dy would be
restricted. There may be a sizeable contribution to I7s
at tree level, which is not possible for the usual mode
where heavy particles are exchanged at tree level. For di
equal to half integers, there is no contribution to M2,
but there is to I'12. Another salient feature is that the
unparticle contribution to the ratio Mya/(I'12/2) is re-
lated to the unparticle dimension parameter dy by

M

Yo = cot(ndy) (1)

If the unparticle contribution dominates meson and an-
timeson oscillation then the measurements of Mjo and
I'12 would provide a possible way to determine the di-
mension parameter dyy. In this case, we may gain valu-
able information about the dimension of unparticle dy;
which so far cannot be directly obtained when mapping
the operator Opz onto Oy and remains as a free and
adjustable parameter in most phenomenological research
works.

Definitely, the contributions of new physics would be
added to that of SM. The new physics effects also con-
tribute to K°-K9 and B?s)—f_((os) mixing, however, in
those cases the SM contribution obviously dominates
that from new physics and the effects of new physics

would be smeared out as the measurements are not very
accurate. By contrast, the SM contribution to D°-D°
is negligible and all contribution comes from the new
physics, thus measurements on it may provide us with an
ideal place for gaining valuable information about new
physics which is indeed the goal of all high-energy physi-
cists.

To make an accurate measurement, one needs a longer
flight time before the D meson decays, thus the main labs
for observing D°-D° would be the two B-factories, and
the LHCDb which will be running soon will offer us an-
other ideal spot to carry out such measurements. Even
though for this observation the BESIII does not have ad-
vantages in the kinematics because the linear momenta
of the produced D mesons is small and the relativistic
time dilation does not apply, as the builder promised,
the database will be very large and may greatly enhance
the statistics, so it may also be a possible lab for observ-
ing the mixing effects and explore new physics. Li and
Yang [199, 200] studied how to properly extract informa-
tion about the mixing from data and make an efficient
analysis.

It is natural to ask if one can observe CP violation in
the D-system. If Dy and Dy are not CP eigenstates,
there could be an indirect CP violation, however, since
D decays faster and there are many channels available,
one cannot determine the indirect CP violation as easily
as in the K system by measuring 74— and 7g at different
distances.

The direct CP violation is defined as
I(Dy(t) = f) = I(Dy(t) = f)

(DY) — )+ D(DY() — f)

which is a time-dependent measurable quantity. Some
details are given in Ref. [197]. So far, there is still no re-
port on the observation of CP violation at the D-system,
even though the direct CP violation has been measured
to be non-zero at the B-system. One may expect to make

Cy(t) =

progress along the line in the future.

10 Charmed baryons

Let us present our notations for the excited charmed
baryons. Inside a charmed baryon there are one charm
quark and two light quarks (u, d or s). It belongs to ei-
ther the symmetric 67 or antisymmetric 3 flavor repre-
sentation (see Fig. 1). For the S-wave charmed baryons,
the total color-flavor-spin wave function and color wave
function must be symmetric and antisymmetric, respec-
tively. Hence, the spin of the two light quarks is S = 1
for 67 or S = 0 for 37. The angular momentum and
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parity of the S-wave charmed baryons are JI = §+ or
§’+ for 65 and JF = ;+ for 37. The S -wave charmed

baryons are listed in Fig. 1, where we use the star to de-

note ;’+ baryons and the prime to denote the JZ = ;+
baryons in the 65 representation.
SO+ (uuc)
_ At (ud Ei(usc)
SO (ude) =0 (use) (udo)
ZM0(ddey =X (dsc) 20(ssc) Z0(dsc)
6 3

Fig. 1 The SU(3) flavor multiplets of charmed baryons.

In Fig. 2 we present our notations and conventions for
the P-wave charmed baryons. [, is the orbital angular
momentum between the two light quarks while [ denotes
the orbital angular momentum between the charm quark
and the two light quark system. We use the prime to
label the =.; baryons in the 65 representation and the
tilde to discriminate the baryons with [, = 1 from that
with l)\ =1.

J=0: 2(0(%*) 550% )
fs(6): L=1® §,,=1 n=12.4758) =2ud 3
A@):L=185,,=0 = J=14.,3"37) 2373
(a) ,=0, L=1
J=0 /LO(%*) 5{0(%7)
f[13): L=1®5,,=1 I=14.45) 2,63
h=24.8"5) 2. %)
f(6): L=1®8,,=0 = J = :SCI%,’%,) :;él%,’%,)
(b) L,=1,14,=0

Fig. 2 The notations for P-wave charmed baryons. fs(6r) and
fa(3F) denote the SU(3) flavor representation. Sg, ¢, is the total
spin of the two light quarks. L denotes the total orbital angular
momentum of charmed baryon system.

The notation for D-wave charmed baryons is more
complicated (see Fig. 3). Besides the prime, [, and [\
defined above, we use the hat and check to denote the
charmed baryons with [, = 2 and [, = 1 respectively. For
the baryons with [, = 1 and Iy = 1, we use the super-

script L to denote the different total angular momentum
in /vlle, ECL:]l and ;:CLJZ.

The Babar and Belle collaborations observed sev-
eral excited charmed baryons: A4.(2880,2940)*, Z.(2980,
3077)70 and £2.(2768)° [203—208]. We collect the ex-
perimental information from these recently observed
hadrons in Table 3. Their quantum numbers have not
been determined, except for A4.(2880)% [209].

In the past decades, there have been some research
work on heavy baryons [210—216]. However, these
new observation inspired new investigations of these
states [217—222]. In Ref. [220], the authors studied
the A.(2940)" and its possible decay modes, assuming
A.(2940)" to be a D*°p molecular state [220]. Cheng
et al. calculated the strong decays of newly observed
charmed mesons in the framework of the heavy hadron
chiral perturbation theory (HHChPT) [221]. In order
to understand their structures using the present exper-
imental information, in Refs. [223, 224], the strong de-
cay pattern of the excited charmed baryons are studied
systematically in the framework of the 3P( strong de-
cay model. After comparing the theoretical results with
the available experimental data, their favorable quan-
tum numbers and assignments are obtained in the quark
model.

It is an interesting field. There was a puzzle in that the
lifetime of B is close to that of B* (7(B°) = (1.530 +
0.009) x 10712 s, 7(B*) = (1.638 + 0.011) x 10~ '2s)
whereas the lifetime of D* is almost double of that
of D° (7(D°) = (410.1 £ 1.5) x 107 s, 7(D*) =
(1040 + 7) x 107! ). By the heavy quark effective the-
ory, the total width of a meson is mainly determined by
the total width of the heavy quark constituent in the me-
son, which is proportional to m5Q X Vorxym where Vorxm
are the corresponding CK M matrix elements. Obvi-
ously, the weak decay of the b-quark is Cabibbo sup-
pressed while for the charm quark is Cabibbo favored.
The obvious difference between the B and D lifetimes
is excellently explained by Bigi et al. [225—230]. An-
other puzzle is the lifetime difference between the A,
and B meson, which used to be as large as 0.29, how-
ever the recent measurement alleviates the discrepancy
as 7(Ap)/7(BY) = 1.041 4 0.057 [231], and is close to the
theoretical evaluation [232—234]. However, in the the-
oretical calculation, one needs to evaluate the hadronic
matrix element in analog to the discussion given in pre-
vious sections about the meson case, and the estimate
still has a large uncertainty, so we do not think that the
problem is completely solved.

A more intriguing issue is that the lifetime of 7(4.)(=
(200 & 6) x 1071° s) is much smaller than that of D°
and D*, and it implies that the light quark cannot com-
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I=152,453Y =33
f5(6): L=2®8S,,= J,:Q:Ed(% %) 522(%+%+)
Jy=3: ch(% % ) 55’:3(%+’%+)

£B3): L=2®5,,=0 =J=2 A,3"5") 25357

A=1:3458) 238
f(0): L=2®8,,= h=224355) Zu355)
h=3 245050 2u3h)
£B) L=288,,=0 —Ji=2 443"5 Z.(3"5")

(b) ,=2, L,=0

65

a=o i) =)
L=1®8,,=14— J=1.44%"3) =53
q=21355) =373
frl(g) L=0® Squp = Ji=1 ALI(% % ) Za (%+’%+)
n=1£E53Y =2355)
L=28S,,= T=24335) =359
Jy=3 Afs(%+’%+) :czzs(%Jr*%Jr)

L=0®5,,=0 = J,=0:5%1) =85
£5(6) <L—1®SW = s=1:544"3") =13
1=288,,=0 = =2533"§) =33

(C) l,,= 1, l/\=].

Fig. 3 The notations for the D-wave charmed baryons.

Table 3 A summary of recently observed charmed baryons by Babar and Belle collaborations.

State Mass and Width (MeV) Decay channels in experiments Other information
Ac(2880)F 2881.5 & 0.3, < 8 [209] Aemta— JFP favors ;+ [204],
2881.94+ 0.1+ 0.5, 5.8 + 1.5 & 1.1 [203] D% [1:((3((22;)52;)):;) = 0.225 + 0.062 + 0.025 [204]
2881.2 +0.2103, 55707 + 0.4 [204] 220 (2520) 0t
Ac(2940)F  2939. +£ 1.3+ 1.0, 17.5 + 5.2 4 5.9 [203] D%
2937.9+1.075 5, 10 + 4 4 5 [204] e (2455)0 Tt - -
Z0(2980)t  2967.1+ 1.9+ 1.0, 23.6 + 2.8 + 1.3 [205] AFTK—nt
2978.5 + 2.1 4 2.0, 43.5 4+ 7.5 4 7.0 [206] AFTK—nt -
=.(2980)° 2977.1 + 8.8 & 3.5, 43.5 [206] AT KT~ -
E.(3077)"  3076.4+0.740.3, 6.2 4 1.6 + 0.5 [205) AFTK—nt
3076.7 4+ 0.9+ 0.5, 6.2 + 1.2 & 0.8 [206] ATK—7t -
Z.(3077)°  3082.8 +£1.8+ 1.5, 5.2+ 3.1 + 1.8 [206] AT KT~ -
Z0(3055)1 [207] 3054.2+1.240.5, 17+ 6 + 11 ATK—7t -
E.(3122)1 [207]  3122.9+1.3+0.3,44+34+1.7 ATK—7t -
2:(2768)° 2768.3 & 3.0 [208] 29~ JP = ;’+

pletely be treated as a spectator and the binding effects
may also be important. In the heavy quark language, the

1
,, (n > 1) corrections may play important roles when

the total width is evaluated. The question is, for exclu-
sive decays, can one use the pQCD or a similar method
where the 1/m¢ expansion is adopted? It seems that one
can apply the pQCD method to analyze the A, decays
[235—239], but so far, there is no work devoted to pQCD
application in calculating A, decays yet. The reason is
that the energy scale of M, is relatively low and the
exchanged gluons in the processes are not hard enough

to enable us to consider only the leading, at most the
NLO, contributions. How to involve a great number of
higher terms in the expansion may be a very challenging
task for theorists.

A great sign of progress in the field is that the double-
charmed baryon =,.. was observed by SELEX [240—244]
at the Fermi Lab. Since it contains two charm quarks
which would decay via weak interaction independently,
one may expect to gain some information about the bind-
ing effects. In analog with the method given by Bigi et al.
[225—230], we evaluated [245] the lifetimes of =, Zt+

“ccr “ce

and 2} which contain different light flavors, to order of
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1/m2. The hadronic matrix elements were evaluated in
terms of the simplest model, i.e. the harmonic oscilla-
tor model [61]. The theoretical predictions can be tested
in the future experiments especially the LHCDb. Indeed,
we lay our hope on the LHCb data which may produce
a large database on such doubly charmed baryons, and
maybe also baryons containing two b-quarks Zp,, or b
and ¢ quarks Z. etc. By studying them, we will gain
valuable information on the non-perturbative QCD ef-
fects which bind the heavy quarks together with a light
flavor. Moreover, one may expect to observe baryons
which are composed of three heavy quarks (b and/or
¢). There has been some theoretical work in this field
[246], but phenomenological studies on their production
rates and decay modes require more serious works in or-
der to investigate their structures and governing mecha-
nisms in some details. Some details of baryons contain-
ing two heavy quarks have been reviewed by Kiselev and
Likholded in an enlightening paper [247].

We have also proposed a special decay mode of =, to
investigate the new physics. Namely, we suggest to mea-
sure a direct decay of =, into non-charm final states
[248], which is definitely a signal for new physics beyond
SM. Concretely, in the SM, the direct decay of =, into
non-charm final states are very restricted and the se-
quential decays, such as 5,. — A, +D — A+ K+ X
would produce final states which involve at least more
than two hadrons, so these can be easily distinguished
from the expected decay modes with two non-charmed
hadrons. We have tried to employ two models which
have recently become more popular to the theorists, the
7' and unparticle models which can induce the flavor-
changing neutral current at tree level, so we can realize
the reaction cc — qq’ where ¢ and ¢’ are light flavors.
However, our numerical results show that the two mod-
els cannot cause sizable fractions for practical measure-
ment, even though one can have a great luminosity at
LHCb. Our conclusion is that if such decay modes are
observed, one can claim that as a definite evidence of
new physics, but it is neither the Z’ model, nor the un-
particle model. This would motivate us to explore other
new physics models beyond the SM.

The charmed pentaquark is a hot topic and the QCD
theory does not exclude the pentaquark, the question is
do we need to take it more seriously and where should we
search for them and how do we identify them from the
regular baryons [249—252]7 As we discussed in previous
sections, many theorists favor tetraquarks as a plausi-
ble explanation for some newly observed X, Y and Z
resonances, therefore why should we firmly reject the ex-
istence of pentaquarks? A full scan of the pentaquark
is not intended in this review work, but we would like

to analyze some aspects concerning charm physics. The
first proposal on the existence of pentaquarks is based on
the group theory analysis [253], where in the pentquark
is composed of four u and d quarks and one anti-strange
quark with the strangeness baryon number being +1.
Then a claim of finding the charmed pentaquark was
made where a ¢ replaced 5. However, later, most major
labs in the world reported negative results in the search
for pentaquarks and the society of high energy physics
tended to deny discovery of the pentaquark. We also
made efforts to look for traces of the pentaquark via some
processes such as photo-production and radiative decay
of pentaquarks, as well as the hadronic decays involving
pentaquarks [254, 255], and the conclusion is still that
more accurate measurements are necessary. On an other
aspect, we seriously consider that the pentaquark may
mix with the other baryonic states [256].

It is interesting to investigate the quark-structure of
pentaquarks which is favored by QCD. Besides assuming
that all the four quarks and an anti-quark all mix to-
gether in a big hadronic bag, more favorable structures
are proposed by several authors, for example, Jaffe and
Wilezek [257, 258] suggested the diquark-diquark-anti-
quark structure whereas Karliner and Lipkin [259] fa-
vored the diqaurk-triquark configuration. The key point
is why the pentaquark has not been observed in any col-
liders but was seen in fixed target experiments. Lipkin
tried to explain the situation by considering the initial
quark configuration in the beam particle or target. This
should draw the serious attention of experimentalists and
theorists and design new experiments to search for evi-
dence of pentaquarks. Since in the pp collisions at LHC,
the rich quark contents and high luminosity may be a
good source to produce pentaquarks, and until then we
can draw a definite conclusion if the pentaquark can ex-
ist as a real particle. In this line the charmed pentaquark
may be more favorable because it contains a heavy flavor.
The most interesting subject would be that if the pen-
taquark is strictly prohibited, there must be a symmetry
to restrict it, it would require a new understanding on
the mechanism beside the general theory of QCD.

11 Diquark

It is an extremely interesting topic, not only for charmed
baryons, but since it is widely applied in studying phys-
ical processes where baryons are involved, the diquark
is worth careful investigation. By the SU(3) theory,
two quarks can reside in a color-anti-triplet 3 to con-
stitute a loose bound state and then combine with the
rest quark to make the baryon a color singlet. The QCD-
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induced potential is proportional to the Casimir factor
(Y| AN [p) where A* is the SU(3) generator and [|¢) is
the state, thus in a color-anti-triplet (or a triplet for two
anti-quarks) the two quarks attract each other because
the Casimir factor is negative. It seems that the bound
state is plausible, but for light quarks, their linear mo-
menta in the diquark are rather large and may spread out
in space, thus we cannot make a real physical subject in
common sense. Therefore whether the diquark structure
is only a mathematical description for a baryon or it can
be a physical subject is still in dispute. That is how to
understand that the subject “diquark” is an intriguing
topic in theoretical physics.

However, if the baryon contains a heavy quark, it be-
comes simpler than is usually assumed; the heavy quark
may sit near the geometric center of the hadron (almost
at the center) and one can further postulate that the lin-
ear momentum of the heavy quark is zero. Then the two
light quarks would compose a diquark even though its
spatial spreading is still large. Therefore, when we apply
the concept of the diquark in this case, we indeed do not
treat it as a point-like particle, but a loosely bound state
with a common momentum, and interact with the heavy
quark as a whole object. Moreover, when some reaction
takes place, it may also perform as a whole object, but to
compensate for the effects of its inner motion, one needs
to introduce a form factor(s) whose phenomenological

o : o QB
form was given in Ref.anselminol as F(Q?) = Q2+ Q2
where Qg is a parameter and is determined as Q3 ~ 3.2
GeV? by fitting data [260—263]. The form is obviously
understandable. The form factors should be normalized
to unity as Q%2 — 0, ie. as one looks at the diquark
from a far distance, the form factor becomes a unity,
whereas as Q> — o0, the inspector then penetrates into
the diquark, so that he would see the individual quarks
instead of the whole and the diquark picture no longer
holds and mathematically, it is required to approach zero
as Q2 — oo. The form factors should be calculated in
terms of a more fundamental way, i.e. based on quan-
tum field theory. However, the non-perturbative QCD
effects can by no means be treated completely based on
an underlying theory so far, instead we need to invoke
phenomenological models. The Bethe-Salpeter equation
obviously is a reasonable approach where the kernel de-
pends on concrete models. The form factor obtained in
terms of the BSE generally coincides with the picture
described above. Guo, Thomas and Williams [264, 265]
studied the 1/mg corrections for the B-S equations for
Ag, f2g in the diquark picture. Then in the framework of
the B-S equation, we calculate the form factors for vari-

ous types of diquarks [266], and the form factors obtained
based on the B-S theory are qualitatively consistent with
that given in Refs. [260—263]. Applying the diquark pic-
ture, we calculate several processes where heavy baryons
participate [267—269]. The results are somehow compe-
tent to be compared with data, and they indicate that
the diquark picture is vigorous and robust, even though
it still needs further study.

It may be worth mentioning a special situation,
namely that the baryons containing two heavy quarks
should fit in the diquark picture well. Falk et al
[270] counsidered that the two charm quarks in a dou-
bly heavy baryon constitute a “perturbatively bound di-
quark” whose wavefunction at origin follows:

1
|R(cey (0)]* =~ 8|R¢,(O)|2 ~ (0.41 GeV)?

and the factor 1/8 is due to the difference of the color
structures of color anti-triplet and singlet. Georgi and
Wise proposed a very special symmetry called the su-
perflavor symmetry [39, 40]. Simulating the supersym-
metry where the SM fermions have their supersymmet-
ric scalar partners and the SM bosons also have their
SUSY fermionic partners, in the superflavor symmetry,
the heavy quark is written in a doublet with its super-
flavor partner (scalar or vector) of color triplet as

U, = (hy+7Xv)T
and
Py = (hjv Avmu)T

where h is a heavy quark and obeys ¥h} = b, x,
and A# are the heavy color triplet scalar and vector,
respectively, with constraint v, Af = 0. With this sym-
metry, we can estimate the production rates of heavy
baryons which include two heavy quarks, i.e. a heavy
diquark. In this scenario, the heavy scalar or vector
diquarks can be treated as the superflavor symmetric
partners of the heavy quark and then one can compare
the baryon processes with the corresponding meson cases
where two heavy mesons are produced. For both cases
of the baryon and meson, the light quark would play
the same role. In the meson cases, at the leading or-
der, there is only one Isgur-Wise function to manifest
the non-perturbative QCD effects, thus by the superfla-
vor symmetry, we would also apply the same function
[41] to calculate the production rates of X¢e, Xpe, Xbb,
etc. in eTe™ collisions. Definitely the same procedure
can be applied to calculate the heavy baryon production
rates at LHC, even though the situation is a bit more
complicated.
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12 Production of charm

The production of charm, i.e. the production of charmed
mesons, baryons and charmonia, is a large subject, and
we are not going to cover this field in this short review,
but indicate some tricky and challenging issues.

The subject of production of J/¢, ¢ and T was re-
viewed by Lansberg [272] in some detail. In this incom-
plete review, we do not intend to cover the whole subject,
but indicate that this field is still tricky and intriguing by
two examples which are widely discussed in the physics
community.

As a long known question, the inclusive J/v¢ produc-
tion in ete™ — J/1cc raises a challenge to our theory.
At LO, the QCD prediction on the cross section is smaller
than the observed value by a factor of 5. This discrep-
ancy may come from the wavefunctions of the produced
J/1 [271] or the NLO corrections. In an enlightening
work [276], the authors suggested that the NLO may en-
hance the cross section by a factor of about 1.8. This
may greatly change the situation.

However, another serious question is raised in that if
the NLO can change this cross section so much, what
mechanism or symmetry determines this unusual en-
hancement? Generally, the loop suppression is propor-
tional to a5 /7, and at this energy scale « is smaller than
0.2. If the number of diagrams (at NLO, the number of
diagrams is rather large) is the reason, as long as the in-
terference among the diagrams are mostly constructive,
one could ask, how about the contribution of NNLO?
Definitely, even though the diagrams at NLO are con-
structive, it does not suggest that they are constructive
at NNLO at all. If the NNLO contribution decreases, we
can happily declare that the theory works well, however
if it continues to increase or the correction at NNLO is
even larger than that of NLO, the unitarity would con-
front a serious challenge and one needs to take the hint
more seriously. Indeed, to give a firm answer to the ques-
tion, one must calculate the NNLO corrections. How-
ever, there are over 1000 two-loop diagrams and a com-
plete calculation is an extremely difficult project. Since
it is necessary, some serious work must be done and it is
indeed worthwhile.

The problem about the production of .J/v was investi-
gated by several groups [273—275]. The authors studied
the hadronprocution of J/¢, ', T in association with
the heavy quark pair which was the subject we listed
above and investigated further, with a possible solution
to the J/v¢ production puzzle. Their result was con-
firmed by Gong and Wang [277, 278]. In the papers
[277, 278], the authors further studied the p; distribution

of the J/v polarization in the pp — J/¢ + X process.
There is also serious discrepancy between the theoret-
ical prediction and data. They calculated the NLO p;
distribution of the J/v polarization and found an amaz-
ing change. Namely, they found that the polarization
status of J/v¢ at large p; changes from the transverse-
polarization dominance at LO into the longitudinal po-
larization dominance at NLO. This correction indeed
partly makes up for the gap between the theoretical re-
sult and the data. In their first work, they only consid-
ered the color-singlet contribution and got improvement,
so there was a hope that when the color-octet contri-
bution was involved, the situation would be improved
further and the data could be explained eventually. But
unfortunately, when the color-octet contribution is taken
into account, the new correction is not so drastic and
does not change the whole picture much, therefore the
large gap between theoretical prediction and data still
exists. The authors [277, 278] claimed that to explain
the data, new mechanisms or new physics or new under-
standing of the J/v structure etc. are needed.

The two examples do not intend to cover the large-
scale field of production of charm, but indicate that there
are still many problems which are not fully understood
yet, and a lot of theoretical efforts are required. This
is also associated with the puzzle we discussed in this
review as to why the pentaquark has not been observed,
and so on.

13 Discussion

This are by no means a definite conclusion because in
this review, we raise many unsolved problems and list
some references where many authors devote great efforts
in this fascinating field. The theoretical difficulty is obvi-
ous in that charm the quark is heavy, but not sufficiently
heavy, so non-perturbative QCD effects still play impor-
tant roles, and moreover, the relativistic effects of quark-
quark in hadrons are also not negligible. Therefore, the
heavy quark effective theory (HQET) may apply to this
field, but needs to consider higher orders in the 1/m, ex-
pansions, which it brings unexpected uncertainties. The
good example is the lifetime difference between A, and D
mesons, compared to the B-cases. On an other aspect,
careful studies in the charm field may greatly enrich our
understanding of the basic principles; concretely, how to
properly deal with the non-perturbative QCD effects is
one of the most important issues. Moreover, the work by
the authors [276—278] indicates that higher order QCD
corrections may be very important, and even play a cru-
cial role. This indeed further intrigues the field of charm
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physics.

The main task in this field seems not to be closely re-
lated to searching for new physics beyond SM, as is gen-
erally considered because of its energy scale, but there
is indeed the possibility to investigate new physics. For
example, the D°-D° mixing, as aforementioned, and the
lepton flavor violation processes besides the neutrino os-
cillation experiments. Namely, one can examine the re-
actions like [279]

€+€_ — w — e_("")M""(_)

for which the charm-tau energy region may be the ideal
observation place. On the theoretical aspect, in the SM,
this FCNC can occur at one-loop order where neutrino
masses need to be large enough to produce observational
effects. However, it contradicts all the data of the solar
neutrino and atmospheric neutrino experiments, and one
can claim that observation of such a reaction is a clear
signal of new physics beyond SM. There are so many new
physics models which can produce this reaction, can the
reaction, if it indeed occurs, distinguish among them?
Generally it cannot, but one can at least tell which model
is a possible one and maybe, such a reaction would help
to get rid of a few other proposed models.

There are general discussions on the possibilities of
measuring the production rates from the theoretical an-
gle [280] and set bounds on the model parameters. Very
recently, we suggested [281] that the unparticle model
may induce such FCNC. By adopting the reasonable re-
gion of the concerned parameters, our calculation shows
that one can expect a large production rate near the res-
onance peak of J/v. Carefully analyzing possible back-
grounds, one has confidence to extract a clear signal for
the luminosity of PEPC II and detection accuracy of BE-
SIII. If it is observed, the unparticle model at least is one
of the favorable candidates of new physics. On the other
hand, if it is not observed, the unparticle model would
be somehow disfavored.

There are too many questions to be answered in this
energy region, and as we discussed above, there are sev-
eral very enlightening review papers which shed light on
this exciting field [12, 282—286].

Indeed, besides the major line, there are some other
subjects which should be researched in this field, for ex-
ample, it is proposed to test the Bell inequality in high
energy processes, 1. — AA — pr~ + prT [287] and de-
cays of charmonia into kaon [288—291]. As a matter of
fact, the scheme proposed in Ref. [287] was carried out in
terms of the DM2 data, however, because the database
was too small, poor statistics made the work meaning-
less. Today, the situation will be different, the BESIII
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will provide a tremendously large database of J/1, so
that one may expect to make accurate measurements to
validate the Bell inequality.

We believe that we are standing at a prosperous epoch
for high energy physics. The two B-factories continue to
produce more data where one may also have a chance
to study charm-related physics, such as CP violation
and higher excited states of charmonia and charmed
mesons and baryons. Moreover, the LHC will be run-
ning soon and not only a lot of information towards un-
derlying physics such as the Higgs mechanism and new
physics beyond SM will be collected, but also some de-
tails about bottom and charm physics can be achieved,
especially, we may lay great hope on the LHCb. Even
the ALICE can tell us some interesting subjects about
charm physics, for example, if the J/¢ suppression in
quark-gluon-plasma (QGP) really exists, can the higher
temperature and pressure change the potential between
quarks, can we expect an observable phase transition,
like deconfinement and chiral symmetry restoration, etc.
More than anything else which can enrich our knowledge
on charm physics, the BEPC IT and BESIII will be oper-
ating very soon, and a great database on .J/v¢ and other
members of the 1 family, as well as on the D-mesons,
baryons, and even on tensors will be available, so that
we are sure, many new challenges will be waiting for us.
So we feel much encouraged than at any other time, be-
cause so many questions need to be solved and more data
will help to do the job.
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